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Preface

Europe is self-sufficient in most major agricultural commodities and a net exporter
of some, particularly cereals. This remarkable productivity has come at a cost
for the environment and is associated with imbalances in European cropping
systems, manifest in particular by the low use of legumes. By 2010, when the
Legume Futures project was initiated, this imbalance was already a concern in
the mainstream agricultural policy community. This book is aimed at supporting
informed debate and decision making that addresses the resulting challenges.

Legume crops are neither good nor bad in themselves, so this book is not ad-
vocating their use. It is a contribution to the debate and knowledge for the rebal-
ancing of farming and food-using legumes. The main aim is to help people who
are involved in developing cropping systems: the decision makers of today and
today’s students who are the decision makers of tomorrow. It is aimed at all rele-
vant decision makers: farmers, professionals who support innovation in farming,
and the policy community in its widest sense. The core of the book is 13 chapters
describing various aspects of the use of legumes in European cropping systems. In
each chapter, the authors provide deep insight into the relevant literature to sup-
port understanding rather than a comprehensive academic review. The aim is to
empower the reader with insights and understanding of the underlying processes
that influence cropping system development.

While most of the authors were supported by the European Union through
the Legume Futures consortium, many others contributed. We are particu-
larly grateful to the following for their contributions: Michael Abberton, Paolo
Annicchiarico, Isabella Badenhausser, Jessica Capraro, Imelda Casey, Gilles Crocq,
Jens Dauber, Jean-Claude Emile, Daniel Enriquez-Hildalgo, Georg Everwand,
Fredrik Fogelberg, Francois Gastal, Eric Guillemot, George Hill, Bernadette Julier,
Denis le Chatelier, Gaétan Louarn, Alain Peeters, Udo Prins, Jiirgen Recknagel,
Alessio Scarafoni, Henk Westhoek, Michael Wink and Lana Zoric¢.

Each chapter is an independent piece of work, and we have sought to pro-
vide a range of articles that complement each other. We obtained the support of
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independent experts, including: Paolo Annicchiarico (Consiglio per la ricerca in
agricoltura e I'analisi dell’economia agrarian/Council for Research in Agriculture
and the Agrarian Economy, Italy), Georg Carlsson (Lantbruksuniversitet/Swedish
University of Agricultural Sciences, Sweden), John Carroll (Teagasc, Ireland),
Annette Gefrom (State Institute for Agriculture and Fisheries (LFA), Germany),
Richard Huxtable (Scotland’s Rural College, Scotland, UK), Bruce Pearce (Organic
Research Centre, UK), Kim Reilly (Teagasc, Ireland), Diego Rubiales (Consejo
Superior de Investgaciones Cientificas/Spanish National Research Council, Spain),
Richard Weightman (ADAS, UK), Ger Shortle (Teagasc, Ireland), Thomas Doring
(Humboldt University, Germany), Cristina Micheloni (Associazione Italiana
Agricoltura Biologica/Italian Association for Organic Farming, Italy), Sanna
Lotjonen (University of Helsinki, Finland) and Chris de Visser (Wageningen
University, the Netherlands).

Donal Murphy-Bokern
Frederick L. Stoddard
Christine A. Watson
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Glossary

Acidification: a process in ecosystems that lowers the pH of soil and water in
particular. It is caused by acids and compounds that can be converted into acids.
In life cycle assessments, acidification potential arises especially from combus-
tion processes, transport and from some nitrogen conversions in the soil.
Biological nitrogen fixation (BNF): the process by which a bacterium, usually
in symbiosis with a plant, converts inert nitrogen from the atmosphere into a re-
active form, usually ammonium. All agricultural legumes support BNF and they
are the only crops that do so.

Blair House Agreement: an agreement made between the USA and the
European Union in 1992 as part of the negotiations in the General Agreement on
Tariffs and Trade (now the World Trade Organization (WTO)). It aimed to reduce
subsidies to exporters and domestic producers, in particular restricting the area of
oilseeds supported in Europe to 5.5 million ha.

Break crop: a crop species that differs biologically from the main crops grown.
In cereal-based cropping systems, protein, tuber and oilseed crops are break
crops.

Common Agricultural Policy (CAP): the agricultural policy of the European
Union implements a system of agricultural subsidies and other programmes.
It was introduced in 1962 and has undergone several changes since then to re-
duce the cost and to consider rural development in its aims.

Decoupling: separation of farm payments from production activities. This was
a key part of the 2003 reform of the CAP, which packaged all farm payments
related to production into a single farm payment under the Single Payment
Scheme. These payments were progressively ‘decoupled’ from production activities.
Payments are now conditional on ‘cross-compliance’.

Diversification measure: one of the ‘greening measures’ within the CAP reform
proposed by the European Commission. The original proposal is that in most
cases, one crop species should not account for more than 70% of the cropped area
of a farm, and that at least three crop species should be grown, with none less

Xix
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than 5%. There is a threshold for the area of arable land on the farm that triggers
this requirement.

Ecological focus areas (EFAs): areas of agricultural land (excluding permanent
grassland) dedicated to enhancing biodiversity, and one of the ‘greening measures’
within the CAP reform proposed by the European Commission (EC). The EC pro-
posed that farmers manage atleast 7% of their ‘eligible hectares’ as EFAs as defined
in Article 25(2) of the proposal. This means management as fallow land, terraces,
landscape features, buffer strips and afforestation. Eligible areas are those that are
used for agricultural activity or, where the area is also used for non-agricultural
activities, predominantly used for agricultural activities.

Forage legumes: legumes generally fed as a whole plant, including those that
are grazed directly by the animal and those that are harvested and fed (green, as
silage, or as hay).

Grain legumes: those generally used for their seeds (known as pulses in some
countries) for either food or feed.

Greening measures: part of the European Commission’s (EC) proposals pub-
lished on 12 October 2011 setting out that 30% of direct farm payments be made
in return for improvements to the environment and protection of natural re-
sources, additional to those under cross-compliance. The EC hopes to combine vi-
able and diverse food production with improvements to soil, air, water and climate
protection. Three measures were proposed: (i) ecological focus areas; (ii) diversifica-
tion; and (iii) the preservation of permanent grassland.

Gross margin: revenues (including or excluding subsidies) minus variable costs
(excluding fixed and labour costs). It is often the key determinant of the attract-
iveness of legumes to farmers, indicating the profitability relative to other possible
cropping options.

Ley: temporary grassland which is rotated with arable crops.

Monogastric animals: animals having a stomach with only a single compart-
ment, including pigs and poultry. These animals have more specific protein re-
quirements than ruminants.

NUTS region: Nomenclature of Units for Territorial Statistics (NUTS), geocode
standard by the European Union for referencing the subdivisions of countries for
statistical purposes. The NUTS regions are based on the existing national admin-
istrative subdivisions and are subdivided into four levels of hierarchy: NUTS O are
the national states, and NUTS 1-3 are subdivisions into large, medium and small
regions, respectively.

Organic: Chemists and biologists use the term ‘organic’ when discussing the
chemistry of carbon-based molecules. Thus ‘organic nitrogen’ is nitrogen bound
to carbon in such compounds as amino acids and proteins. The opposite is
‘mineral’ and hence ‘mineral nitrogen’ is nitrate, nitrite or ammonium. Decaying
biological material in the soil is termed ‘organic matter’. The term ‘soil organic
carbon’ is used to distinguish the carbon in organic matter from that in carbonate
minerals such as calcium carbonate (chalk).

Organic agriculture: a production management system that aims to promote
and enhance agroecosystem health, including biodiversity, biological cycles, and
soil biological activity, by using agronomic, biological, and mechanical methods
instead of synthetic materials.
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Pillar 1: support in the CAP since 2000 that covers all production-related pay-
ments such as the direct payments to farmers (as they were known at the time)
and market support. Pillar 1 now accounts for about 75% of EU CAP expenditure.
Pillar 2: all CAP payments related to rural development (environmental and
social benefits, including the agri-environment schemes and support for young
farmers). Pillar 2 accounts for about 25% of CAP expenditure. Pillar 2 payments
are co-funded by national governments. Thus shifting from Pillar 1 to 2 can result
in a net increase in funding going to rural areas, but a net decrease in funds going
directly to farmers.

Pre-crop: the crop grown before the crop in question.

Pre-crop effect: the impact that the preceding crop has on the crop in question.
Protein crop: a legal EU-term including only pea, faba bean and lupins, and used
when relating to policies on protein crops.

Ruminant animals: cattle, sheep, goats, deer, antelope and camels. Ruminants
have a stomach of four compartments, the first of which is the rumen. They can
efficiently digest cellulose, which is the main constituent of forage such as grass.

Single Payment Scheme (SPS): the EU’s main agricultural subsidy scheme
within the CAP. Farmers receiving payments from the SPS have to satisfy
cross-compliance requirements, including farmers’ obligations to keep land in
good agricultural and environmental condition.

World Trade Organization (WTO): an international organization that estab-
lishes global rules of trade between nations. Its main function is to ensure that
trade flows as smoothly, predictably and freely as possible. WTO requirements
constrain various aspects of the reform of the CAP. Amber, blue, green and red box
measures refer to WTO conditions.
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Abstract

Grain legumes currently cover less than 2% of European arable area, and estimates
of forage legume coverage are little greater. Imported legume protein, however, is
an important livestock feed additive. This chapter introduces the varied roles of legumes
in cropping systems and in food and feed value chains.

Introduction: Importance of Legumes in European
Union (EU) Agriculture

Grain and forage legumes play an important role in European agriculture by
providing protein-rich food and feed. However, Europe currently depends on im-
porting large quantities of high-protein crop produce (15 million t of soybean and
25 million t of soy meal in 2013 (Eurostat, 2016)) mainly from South America
to meet demand for feed for pigs and poultry. This accounted for about 12% of the
worldwide production of soybean in 2013/14, and 15 million ha of arable land
outside the EU (Westhoek et al., 2011). In 2013, grain legumes were produced
on 1.8 million ha of land in Europe (1.6% of the arable area) compared with 5.8
million ha in 1961 (4.7%). On average over the 1961-2011 period, Europe im-
ported 63% of its domestic supply of grain legumes (Cernay et al., 2015, based
on FAOSTAT, 2015). Forage is produced on permanent grasslands (pastures), on
temporary grassland rotated with arable crops also known as leys, and by dedi-
cated forage legume crops such as lucerne (alfalfa). The area of pasture containing
forage legumes, and the proportion of legume in the pasture, is not recorded in all
EU countries, making it difficult to estimate their overall contribution. However,
estimates from CAPRI, the Common Agricultural Policy Regional Impact modelling

*christine.watson@sruc.ac.uk

© CAB International 2017. Legumes in Cropping Systems (eds D. Murphy-Bokern,
F.L. Stoddard and C.A. Watson) 1



2 Christine A. Watson and Frederick L. Stoddard

system (http://www.capri-model.org/dokuwiki/doku.php accessed 30 September
2016), suggest that forage legumes play a minor role, covering an average of
3-10% in grassland mixtures in each country (Baddeley et al., 2013), while
Eurostat showed pure stands of lucerne and clover on 2.1 million ha in 2009.

The per capita consumption of livestock products continues to increase
worldwide (Lassaletta et al., 2014). In Europe, there has been a fourfold increase
in poultry meat consumption over the last 50 years, with pig meat consumption
increasing by 80% over the same period (Westhoek et al., 2011). The increased
consumption of products from monogastric animals has driven changes in
the use of crop land and crop products to supply the demand for livestock feed
(Pelletier and Tyedmers, 2010) and the increased availability of inexpensive feed
has allowed the monogastric sector to grow. This intensification of agriculture
has resulted in a shift from pasture-based systems to indoor rearing, influencing
the amount of concentrate feed used in livestock production (Hasha, 2002). In
Europe, crises in farming such as concerns over animal proteins in livestock diets
in the 1990s (bovine spongiform encephalopathy (BSE)) have also changed live-
stock diets, contributing to the further increase in the use of soybean in livestock
diets (Vicenti et al., 2009).

Increasing home-grown production of legumes is attractive because it con-
tributes to the sustainable development of European agriculture by a variety of
mechanisms, including reduced dependence on fossil fuels in agriculture, reduced
greenhouse gas (GHG) emissions, increased crop diversity in cropping systems,
increases in above and below ground biodiversity, improved soil fertility, increased
carbon storage, and reconnection of crop and livestock production. Perhaps the
most distinctive and valuable feature of legumes is their capacity for biological
nitrogen fixation (BNF) in symbiosis with bacteria in the Rhizobiaceae. This book
explores some agronomic and environmental aspects of the current production
of forage and grain legumes in Europe. We exclude leguminous trees such as
carob because of their minor economic role, although they have value as feed,
food and fuel resources.

Producing Legumes
Grain production systems

Grain legumes are produced in a variety of ways across Europe, including as dry
grain, green forage, arable silage and green manure, with the choice often depending
on climatic and edaphic conditions as well as intended end-use. Several species
are grown in Europe, some with both spring-sown and autumn-sown variants.
The main species are pea (Pisum sativum L.), lupins (Lupinus spp.), faba bean (Vicia
faba 1..), chickpea (Cicer arietinum L.), lentil (Lens culinaris Medik.), common bean
(Phaseolus vulgaris L.) and soybean (Glycine max (L.) Merr.). Although soybean
is officially classified by the Food and Agriculture Organization of the United
Nations (FAO) as an oilseed crop rather than a protein crop, it has a similar func-
tion in cropping systems to the other grain legumes and is the reference protein
crop, so we include it here. Grain legumes are most commonly produced as sole
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crops, although there is currently great interest in intercropping (Malézieux et al.,
2009). Cereal/legume intercrops can be grown for grain or silage, the latter as
a way of boosting the forage protein content of livestock diets (Anil et al., 1998)
mainly under wetter conditions in northern and western Europe, and in some
situations have a higher and more stable gross margin than the mean of the sole
crops (Bedoussac et al., 2015).

Forage production systems

Forage is produced on permanent grasslands (pastures), on temporary grassland
rotated with arable crops also known as leys, and by dedicated forage legume
crops such as lucerne (Medicago sativa L.). Although forage legumes are grown
in an estimated 2.1 million ha as pure stands (Eurostat data for 2009), they are
more generally grown in mixtures with grasses, other legumes and forbs. They
are attractive because: (i) they allow reduction or elimination of nitrogen (N) fer-
tilizer use; and (ii) they benefit the farming system by supplying N to following
crops, and improving soil structure and biodiversity. Grass—legume mixtures pro-
vide significant agronomic benefits in terms of yield, agronomic quality, low input
costs, and feed quality as compared with pure grass and (sometimes) silage maize
(Peyraud et al., 2009). Disadvantages include slow growth in spring (Peyraud et al.,
2009), less persistence than grass under grazing, risk of livestock bloat and some
difficulties in conservation as hay or silage (Phelan et al., 2015). They are also
used in some medium intensity systems to reduce the need for fertilizer N (e.g. or-
ganic grasslands). The use of fertilizer reduces clover content of mixtures below
50% (Carlsson and Huss-Danell, 2003) and the combination of high fertilizer use
and stocking rates practically eliminates the legume component (clover) and its
impact (O'Mara, 2008).

Red clover (Trifolium pratense L.) leys generally last 2—3 years, whereas white
clover (Trifolium repens L.) stands can last 15 years or more (Humphreys et al.,
2008; Stoddard et al., 2009). White clover is the subject of Chapter 9, this volume,
and red clover of Chapter 10, where their management is discussed in detail.

Nutrition — Humans and Livestock

Grain legumes are important in the human diet in providing protein, essential
amino acids and nutrients through direct consumption and indirectly through
meat, fish, milk and eggs. Current nutritional guides such as The Eatwell Guide in
the UK (Public Health England, 2016) and the Finnish National Nutrition Council
(VRN, 2014) suggest decreased consumption of animal protein and increased use
of vegetable protein, particularly from food legumes. Grain legume seeds contain
protein, energy in the form of starch or oil, dietary fibre, micro- and macronu-
trients, vitamins and numerous bioactive phytochemicals (Strohle et al., 2006),
such as flavonoids and other antioxidants (Scalbert et al., 2005). They provide
dietary iron, zinc and calcium, all of which are important for humans and mono-
gastric animals, but the availability of these nutrients is reduced by chelation



Christine A. Watson and Frederick L. Stoddard

to inositol hexakisphosphate (phytate). There is increasing interest in the use of
preparation procedures such as germination and fermentation to enhance both
macro and trace element availability (Humer and Schedle, 2016). The protein
content of grain legume species ranges from 20% in common bean and lentil to
40% in soybean and yellow lupin (see Chapter 5, this volume). This compares
with 7-17% in cereals and 17-26% in rapeseed (Day, 2013). There are signifi-
cant positive effects on human health when animal proteins are replaced by plant
protein including lowering cholesterol (Harland and Haffner, 2008), controlling
hypertension (Harland and Haffner, 2008) and improving cardiovascular health
(Sirtori et al., 2009). Eating soybean and lupin can decrease cholesterol in humans
(Sirtori et al., 2012), and grain legumes may also be useful in the diet of diabetics
(Bertoglio et al., 2011) and in maintaining a healthy weight (McCrory et al.,
2010). A role in prevention of some cancers has also been suggested (Campos-
Vega et al., 2010). There is a large body of research on the health benefits of
pulses (the starchy grain legumes), including a special issue of the British Journal
of Nutrition in 2012 (volume 108, Supplement S1).

In addition to their high protein content, forage legumes have the advan-
tage of high voluntary intake and animal production when feed supply is non-
limiting (Phelan et al., 2015). A literature review (Steinshamn, 2010) showed
that red clover and white clover increased dry matter intake by 1.2 kg and 1.3 kg,
respectively, relative to grass-based diets and that milk yield was 1.5 kg/day
and 2.2 kg/day higher, respectively. Condensed tannins present in forage leg-
umes can benefit ruminant animal health, by reducing the risk of bloat and the
parasitic worm burden (Waghorn, 2008) as well as potentially reducing GHG
emissions (Beauchemin et al., 2008; Azunhwi et al., 2013). The consumer can
also benefit from the impacts of bioactive compounds present in legumes such
as condensed tannins and polyphenols through both improved meat flavour
(Schreurs et al., 2007) and increased levels of beneficial fatty acids (Girard
et al., 2015).

Legumes have the potential to replace part or all of the fish meal in the diets
of farmed fish and the potential of a range of plant-based protein sources was
recently reviewed by Ayadi et al. (2012). Grain legumes are a suitable feed for
herbivorous fish such as carp (Cyprinus carpio), but a variety of legume-based
extrudates can substitute for the fish meal normally used for many farmed carniv-
orous fish and crustaceans (Trushenski et al., 2006). Soybean, particularly in high
doses, can reduce growth rate due, at least in part, to antinutritional components
(Kroghdahl et al., 2010), but work is underway to breed new lines of soybean spe-
cifically for aquaculture (Herman and Schmidt, 2016). Compounded fish feeds
contained a mean of 25% soybean meal in 2008, representing 4.5% of world soy-
bean meal production in that year, and a trend was detected for increased use of
other pulse and cereal proteins (Tacon et al., 2011). There are numerous studies
in the literature focusing on determining the best grain legume protein, and its
optimal proportion in the diet, for different fish. For example, rainbow trout grew
well on up to 30% narrow-leafed lupin meal (Glencross et al., 2008). Faba bean or
pea flour can replace some of the wheat or other cereal starch in the formulation
of feed pellets under heat extrusion. Blending of different protein sources into a
mixture is also common, as it balances the amino acid composition and dilutes the
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antinutritional effects of individual components (Gomes et al., 1995). These aspects
were reviewed in a Legume Futures report on novel feed and non-food uses of leg-
umes (Stoddard, 2013).

The FAO (2004) estimated that soybean meal accounted for 75% of the
high-protein raw materials used in compounded livestock feeds. The amount of
soy required per kilogram of product ranges from 11 g/kg for raw milk through
330 g/kg for eggs to 600 g/kg for poultry meat (Hoste and Bolhuis, 2010).

Legumes protect themselves from oxidative stresses and herbivores with
a range of secondary compounds, including alkaloids, saponins and isoflavo-
noids that often have so-called antinutritional effects. The presence of these
antinutritional factors substantially limits the use of legumes in monogas-
tric diets, sometimes through reducing nutrient digestibility and absorption
(Gatel, 1994), sometimes affecting feed intake and nutrient digestibilities, and
sometimes, such as vicine-convicine to chickens, toxicity (e.g. Huisman and
Jansman, 1991). These antinutritional factors include non-starch polysac-
charides (NSP), tannins, alkaloids, pyrimidine glycosides, lectins and trypsin
inhibitors (TIs), depending on the species (see Chapter 5, this volume). Soybean
meal (SBM) is the main protein supplement in pig feed (Crépon 2006; Jezierny
et al., 2010) due to its high crude protein (CP) content (44%) and useful amino
acid profile, but its powerful TIs require denaturing. The rising costs of soybean
meal and the environmental controversy over soybean imports has given rise
to increased interest in the use of alternative home-produced legumes. Other
grain legumes contain considerably less protein and quite different amino acid
profiles, with methionine and tryptophan being the usual limiting amino acids.
White et al. (2015) recently demonstrated the viability of alternative grower
and finisher pig diets formulated from pea and faba bean. Pea, low-vicine faba
bean and lupins all work as partial substitutes for soybean in broiler diets, with
pea generally performing best (Diaz et al., 2006; Palander et al., 2006). These
alternatives to soybean have also been shown to be acceptable in egg produc-
tion (Laudadio and Tufarelli, 2010). Soybean in ruminant rations can also be
partially replaced by pea, faba bean and lupins (Vander Pol et al., 2008; Volpelli
et al., 2010; Dawson, 2012). This can potentially affect both yield and product
quality (Renna et al., 2012).

Some secondary compounds have medicinal uses. Two well-known drugs
derived from products of forage legumes are the antithrombotic warfarin, which
comes from sweet clover’s coumarin, and the antidiabetic metformin, derived
from sainfoin’s guanidine. In some cases, analysis has not proceeded beyond a
crude aqueous or solvent extract, but in many cases the specific active compound
has been identified and tested. Cornara et al. (2015) recently reviewed temperate
forage legumes as a resource for nutraceuticals and pharmaceuticals.

Non-food Uses of Legumes

During the Legume Futures project, non-food uses of legumes were surveyed
and catalogued, with a focus on bioenergy and phytoremediation (Stoddard,
2013).
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Bioenergy

Legumes have a potential role in bioenergy cropping as they reduce reliance on
synthetic fertilizer and thus fossil fuel energy, with associated reductions in GHG
emissions.

First-generation biofuels are made using simple technologies in order to re-
place fossil fuels. Legume starch can be converted to bioethanol in the same way
as cereal starch, but since starchy legumes generally yield much less than cereals
and their starch content is lower, it is highly unlikely that this will ever be eco-
nomic or sustainable. An early life-cycle analysis of bioenergy production showed
that the BNF capacity of soybean gave it a significant advantage over other oil-
seeds (Hill et al., 2006), but, given the value of soy for food and feed, it is unlikely
to ever be grown primarily for energy.

Intercropping bioenergy grasses with legumes can reduce N fertilizer re-
quirements. In North America, switchgrass (Panicum virgatum L.) yield was not
significantly affected by selected legume intercrops, particularly lucerne where
soil fertility was low, but N fertilization was greatly reduced or eliminated (Wang
etal., 2010; Butler et al., 2013). Comparable datasets from Europe are scarce, but
at high latitudes, the N fertilization requirement of reed canary grass (Phalaris
arundinacea L.) can be reduced by mixed cropping with Galega orientalis Lam. with
a mild reduction in yield (Epie et al., 2015). Use of BNF in this way generally re-
duces nitrous oxide (N,0) emission, contributing to GHG mitigation.

Biorefining offers another way of combining feed and bioenergy production
(Jensen et al., 2012). Leaves or leaf protein of lucerne, clover—grass or clover—cereal
mixtures can be used for livestock feed and the lignified stems as feedstock for
either biofuel or biodegradable plastics (Thomsen and Hauggaard-Nielsen, 2008;
Gonzalez-Garcia et al., 2010; Kamm et al., 2010).

Phytoremediation

Phytoremediation, or plant-based bioremediation, is a way of using contamin-
ated ground for the production of bioenergy or other industrial products, when
growing food or feed is considered inappropriate.

Petroleum oil raises the carbon-to-nitrogen ratio of soil, so the BNF capacity
of legumes is a valuable attribute. It also generally includes polycyclic aromatic
hydrocarbons (PAHs) that are very toxic and durable, but poorly mobile. Plants
have little direct effect on the degradation of petroleum residues; rather, their as-
sociated rhizosphere microbes are responsible. Thus in pot experiments, G. orientalis
inoculated with Rhizobium galegae promoted oil degradation (Jussila et al., 2006;
Kaksonen et al., 2006), but in field experiments there was little difference between
galega, brome grass, their mixture, and bare fallow on the rate of oil degradation
(Yan et al., 2015).

Sunn hemp (Crotalaria juncea L.) produces long fibres that can be used in
similar ways to hemp or jute (Ingle and Doke, 2006), along with pyrrolizidine
alkaloids that can bioremediate nematode-infested soils, making it a poten-
tially valuable multi-purpose crop. Field experiments in many warm climates
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have demonstrated the resistance of Crotalaria species to root-knot, root-lesion
and other nematodes that parasitize crop plants. Laboratory studies have shown
that the alkaloids from sunn hemp species paralyse some nematodes and arrest
the development of others (Subramaniyan and Vadivelu, 1990; Jourand et al.,
2004; Curto et al., 2015). Sunn hemp can be used as a green manure to control
nematodes in field (Curto et al., 2015) and greenhouse (Lajudie et al., in prepar-
ation, reported by Stoddard, 2013) production of vegetables.

Legumes in Crop Rotations

Grain legumes are usually handled as components of crop rotations or sequences
rather than as continuous monocultures, because they are just as susceptible to
the build-up of soil-borne pathogens and pests as any other arable species. In order
to optimize management of pests, weeds and diseases, and to exploit nutrient
availability through the soil profile, crop rotations or sequences should incorp-
orate species with different life cycles, growth habits, root architectures and pest
spectra (Cook, 2013; Garrison et al., 2014; Reckling et al., 2016a). Rotations
are widely understood to improve soil structure, permeability, microbial ac-
tivity, water storage capacity, organic matter content and resistance to erosion,
thus increasing crop yields and sustainability of production systems (Bullock,
1992; Karlen et al., 1994). Both BNF (Knight, 2012) and soil microbial func-
tion (Lupwayi et al., 2012) are affected by the frequency of grain legume produc-
tion. It is usually necessary to inoculate the legume with an appropriate strain of
Rhizobium if it is to be sown where it or a related species has not been produced
within the previous 5 years, and this inoculation often results in improved legume
yields and contributions to soil fertility (Denton et al., 2013). Low soil pH reduces
the survival time of rhizobia when no legume host is present (Carter et al., 1995).

A legume influences following crops through a set of ‘break-crop’, ‘nitrogen’
and ‘legume-specific’ effects (Chalk, 1998; Peoples et al., 2009). The break-
crop effect occurs when a cropping sequence lacking diversity, such as the con-
tinuous production of small-grain cereals (wheat and barley) typical of most of
Europe, is ‘broken’ by a broadleaved crop or a ley (Robson et al., 2002). The most
important part of the effect is the reduction in soil-borne diseases of cereals
(Kirkegaard et al., 2008), while other components include the removal of hosts
of other pests and the opportunity to use alternative methods and agrochemicals
for pest, pathogen and weed reduction (Prew and Dyke, 1979; Stevenson and van
Kessel, 1997) and improvements in soil structure (Chan and Heenan, 1996). The
nitrogen effect is the release of biologically fixed N from legume residues, the rate
of which is affected by their relatively low C:N ratio, and the impact on the fol-
lowing crop is clearer in sandy than loamy soils (Jensen et al., 2004). The key part
of the legume-specific effect is the enhanced growth of plant growth-promoting
bacteria (Lugtenberg and Kamilova, 2009), particularly hydrogen-fixing bacteria
(Maimaiti et al., 2007), contributing to the improved growth of the following
crops such as broccoli after narrow-leafed lupin (Thorup-Kristensen, 1993). The
taproot architecture and coarse lateral roots of grain legumes, in contrast to the
fine network of cereal roots, assist water infiltration and form channels followed
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by the roots of the subsequent crop, but may also affect leaching (Dunbabin et al.,
2003;Neumann et al., 2011). The N content of the legume residues influences the
potential for nitrate leaching and N,O emissions (Pappa et al., 2011), increasing
the value of an N-retaining cover crop, particularly when the following crop is
spring sown, leaving a winter fallow (Tuulos et al., 2014). When used as a cover
crop, a grain legume can supply N to the following crop while protecting the bare
soil, and mixtures of legumes with other crops further reduce leaching potential
(Tosti et al., 2014), with vetches being the most cost-effective (Biichi et al., 2015).
N and phosphorus losses, and ways to limit them, are covered in greater detail in
Chapter 3, this volume. The impacts of legumes on biodiversity are reviewed by
Everwand et al. (Chapter 4) in this volume.

Current Perspectives on Legume Production

Within the Legume Futures project we carried out a set of ‘case studies’, in the
sociological sense of the term, in which experts were asked about their knowledge
and opinions on various legume-related issues. In Table 1.1, we summarize the
opportunities and the challenges for the four main agroclimatic regions (Metzger
et al., 2005) as identified by project partners and their local colleagues. Although
there were clear regional differences in species grown and agronomic constraints,
there were common features as well. A need for economic and environmental
evaluation of legume impacts was widely seen. Novel food uses and other in-
novations could increase demand, which it was hoped would lead to increased
profitability. All regions needed better cultivars with higher yield, greater stress
resistance and improved quality.

We drew on a network of field research sites across a wide range of agricul-
tural regions of Europe, where legumes had been used in cropping system studies.
The network was carefully selected to cover a wide variety of agroeconomic and
pedo-climatic zones across Europe, and also covers a range of different uses. By
utilizing existing experiments the project aimed to achieve a broad overview of
contrasting farming systems with the project resources used to derive additional
benefits from their networking. The coverage extended from Jokioinen, Finland
in the north (60.81°N 23.49°E) to Fundulea, Romania in the east (44.46°N
26.51°E), Cordoba, Spain in the south (37.46°N 4.31°W) and Solohead, Ireland
in the west (52.51°N 8.21°W). Each field site tested certain environmental
impacts, and in some cases provided many decades of data (Table 1.2). Five of
these locations were used as test sites for examining potential crop rotations and
their environmental impacts: (i) the Leibniz Centre for Agricultural Landscape
Research (ZALF) Brandenburg; (ii) the Swedish University of Agricultural Sciences
(SLU) Skane; (iii) Scotland’s Rural College (SRUC) Edinburgh; (iv) Fundulea; and
(v) Reggio Calabria.

It became clear during the project that the assessment of a legume crop in iso-
lation was not enough. The environmental impacts of legume crops are felt over
more than one season and beyond the farm gate, so their economic impacts ex-
tend in comparable ways. For these reasons, a multi-criteria assessment frame-
work was developed on two sites, integrating leaching potential and GHG emission



Table 1.1. Expert opinions from the panel of Legume Futures specialists on the attributes and potentials of grain legumes in the four
mega-climatic regions of Europe.

Atlantic

Continental-Pannonian

Mediterranean

Boreal-Nemoral

Countries
contributing

Main forage legumes

Main grain legumes

Major agronomic
constraints

Supply chain
constraints

Farmer knowledge
needs (mix
of knowledge
exchange and
research needs)

Policy needs

UK and Ireland

White clover
Pea, faba bean

Weed control in grain
legumes

Feed quality, lack of
processing facilities

Agronomic info,
value of legumes
in rotations,
consistency of
performance
(clover), quantity of
N fixed, economic
and environmental
information

Economic and
environmental
evaluation

Germany, Romania

Lucerne, clovers, serradella

Pea, faba bean, soybean,
lupin, lentil

Yield stability in grain
legumes, soil-borne and
other diseases, weed
infestation, drought

Varying prices and qualities
of legume fodder
compounds results in low
market demands

Lack of knowledge about
water use, economic and
environmental information

Economic and
environmental evaluation

Italy, Greece, Spain

Irrigated lucerne

Wide range, including
chickpea

Weed control, yield
stability

No answer

Green manures and
intercropping,
economic and
environmental
information, lack of
knowledge among
young farmers

Economic and
environmental
evaluation

Denmark, Finland, Sweden

Red clover
Pea, faba bean

Disease (e.g. aphanomyces,
chocolate spot, grey mould),
competitiveness against weeds
(especially in organic systems),
yield stability

Markets needed to encourage
farmers to grow grain legumes,
companies have difficulty
handling small volumes of
variable quality

Perception that it takes too long
to provide N via legumes

No answer

Continued
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Table 1.1. Continued.

Atlantic

Continental-Pannonian

Mediterranean

Boreal-Nemoral

Other needs
Growth areas/
opportunities

Breeding demand

Consumer education
Beans for feed (fish

and monogastrics),
increased use

of white clover

in pastures to
reduce fertilizer N
use, legumes for
perennial systems
(e.g. agroforestry)

Early maturing winter

beans, cultivars
compatible with
undersowing or
intercropping with
cereals

No answer

Demand for GM-free? food,

functional foods and

locally produced food/feed

Winter hardiness, disease
resistance, low contents of
antinutritional compounds,

peas with stiffer straw,

autumn-sown cultivars of

grain legumes

Better extension service

Legumes for food,
green manures
for soil fertility,
intercropping for
forage and grain, use
of intercrop residues
for biofuel production,
engagement of
seed companies in
promotion

Adapted cultivars
for winter sowing,
many landraces
used in some
countries, cultivars for
intercropping

No answer

Novel food uses, lucerne for
restoring compacted soils,
growth in organic production
will drive legume production

Earlier maturity especially in
beans, better feed quality,
disease resistance, processing
to improve feed quality

3GM, Genetically modified.
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Table 1.2. Field experiments used in the Legume Futures project.

Country Institution® Primary purpose of the field experiment® Environmental impacts investigated
Denmark  Aarhus University Organic/conventional cropping comparison including N cycling
dairy, mixed cropping, rotations, assessment of
leaching, GHG and NH, emissions (three sites)
Finland University of Helsinki Rotations, crop diversity, intercropping Bioremediation, multifunctionality
Finland LUKE Organic/conventional cropping comparison with and without ~ Multifunctionality
livestock, green manure, leaching
France CIRAD Green manure in greenhouse vegetable production Biological control of nematodes
Germany  ZALF Organic dairy farming Weed reduction, nutrient dynamics
Germany  Von Thinen Institute Mixed organic cropping, rotations, whole-crop silage, N cycling
leaching assessment
Greece Agricultural University Organic/conventional cropping comparison Salinity management
of Athens
Ireland Teagasc and Trinity Mineral N vs BNF, N flow, life cycle assessment, leaching Biodiversity, disease cycles, N
College Dublin cycling
Italy Universita Mediterranea Legume—cereal intercropping N cycling, biodiversity,
di Reggio Calabria multifunctionality
Poland IUNG-PIB Organic/conventional (‘integrated’) cropping comparison, N cycling
crop rotation
Romania Agricultural University of Organic cropping; cultivars for organic systems N cycling, biodiversity
Romania at Fundulea
Spain University of Cérdoba Rotations, tillage; broomrape control N cycling, disease cycles, C
sequestration
Sweden SLU Rotations; non-dairy systems (three sites) Disease cycles, N cycling
UK SRUC 1: Organic rotation; stocked and stockless systems, GHG Nutrient dynamics
exchanges; 2: Synthetic nitrogen sources; GHG exchange
UK James Hutton Institute Stockless, arable rotations, conventional and alternative N cycling, biodiversity, disease

strategies for nutrient supply

cycles, multifunctionality

aCIRAD, Agricultural Research Centre for International Development; IUNG-PIB, Institute of Soil Science and Plant Cultivation; LUKE, Natural Resources
Institute; SLU, Swedish University of Agricultural Sciences; SRUC, Scotland’s Rural College; ZALF, Leibniz Centre for Agricultural Landscape Research.
®BNF, Biological nitrogen fixation; C, carbon; GHG, greenhouse gas; N, nitrogen; NH,, ammonia.
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risk along with the gross margins of crop production including pre-crop ef-
fects in a modified rotation generator (Reckling et al., 2016a) and extended
to five sites (Reckling et al., 2016b). On average, N,O emission was reduced in
legume-supported systems by 18% (arable) and 33% (forage), while nitrate
leaching potential was reduced by 24% and 38%, respectively). Gross margins
were improved by legumes in all three forage test cases, but in only two of the five
arable test cases (Reckling et al., 201 6b). Novel rotations were generated that pro-
vided higher potential gross margins than the current general practice. Related
economic aspects of using legumes in European agricultural systems are covered
by Preissel et al. (Chapter 13, this volume) and the attendant policy issues by
Kuhlman et al. (Chapter 14, this volume) in this volume.

Conclusion

Grain and forage legumes have considerable potential in European cropping
systems. When used wisely and produced with appropriate attention to their
requirements, they can improve the environmental impact of agriculture and
farm incomes. This book presents chapters on the complete legume chain, from
the production of forage and grain species, to their impacts on the environment,
the economy and the human diet. The perspective is European throughout, with
overseas data included where appropriate.
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Abstract

This chapter examines the role of legumes in the provision of nitrogen and protein in the
European food system. It follows the nitrogen cycle starting with a description of biological
nitrogen fixation (BNF) and its role in generating reactive nitrogen that is essential to the
functioning of ecosystems. From this, it describes the role of legumes in supplying protein
for food and feed from this reactive nitrogen. A detailed account of sources and uses of
plant protein in Europe is provided, including a consideration of the effect of diet. Grain
legumes are lower yielding than cereals. Cereals, which are particularly high yielding
in Europe, dominate most European cropping systems. BNF and protein formation are
demanding in terms of plant energy (photosynthate) but this does not fully explain the
difference in yield between cereals and legumes. The high yield of cereals has had a pro-
found impact on European agricultural systems. Through the combination of fertil-
izer nitrogen, imported protein-rich crop commodities and specialization in high-yielding
cereal production, Europe has achieved self-sufficiency in temperate foodstuffs, including
commodities required to support high consumption of meat and dairy products. Cropping
in the European Union (EU) is dominated by cereals and 57% of the cereals grown are fed to
animals in the EU. The growth in the demand for plant protein by the expanding livestock
sector has resulted in a 71% deficit in high-protein crop commodities, 8 7% of which is filled
by imported soybean or soybean meal. Through the close relationship between this def-
icit and the production of livestock, European dietary patterns have profound implications
for the global nitrogen cycle. A reduction in the production of livestock products from the
current high level in Europe, in line with a reduction in consumption towards official
health recommendations, has been estimated to reduce nitrogen pollution emissions from
farming by about 40% and the demand for imported soy by 75%. If reducing the protein
deficit is a priority, an integrated approach combining agricultural, environmental, food
and trade policies is required.
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Introduction

Proteins are large organic molecules that are essential to life. Proteins catalyse a
wide range of biological reactions and are the main component of muscle tissue.
Protein is also essential for photosynthesis, so leafy plant material is protein-rich.
Storage proteins located in seeds, tubers and other plant storage organs that sup-
port plant reproduction are the source of traded protein in our feed and food. The
building blocks of proteins, amino acids, are nitrogen-based compounds (con-
taining about 16% nitrogen). Proteins account for most of the nitrogen in living
organisms. This nitrogen is provided to higher plants in a reactive or ‘fixed’ form
such as ammonium or nitrate derived through fixation from inert nitrogen (N,)
in the atmosphere. Rhizobia, which are bacteria hosted as symbionts on legume
roots, fix atmospheric nitrogen. Legumes are the major source of reactive nitrogen
in natural ecosystems. Due to the ready supply of nitrogen, legumes are also rich
in protein. Legumes therefore play a critical role in the nitrogen cycle and in the
supply of protein, both in natural ecosystems and in farming systems, especially
where the use of fertilizer nitrogen is restricted. The purpose of this chapter is
to describe the link between these fundamental nitrogen-related ecological pro-
cesses and the functioning of our food system, and to derive conclusions for the
development of legume-supported cropping systems.

Legumes: the Mainstay of Protein Provision in Natural Terrestrial
Ecosystems

Dinitrogen (N,) in air is inert, and splitting and reducing it to generate reactive
nitrogen available for biological processes requires substantial inputs of energy
in the three major pathways: (i) atmospheric fixation taking place in lightning;
(i) biological fixation; and (iii) industrial or synthetic fixation. In synthetic nitrogen
fixation, hydrogen, usually derived from methane (CH,) in natural gas, is combined
with nitrogen at high temperature and pressure in the Haber-Bosch process. For
fertilizer production, ammonia is usually converted to urea or ammonium nitrate
and the total energy required is about 49 MJ/kg fertilizer nitrogen (Fehrenbach
et al., 2007), or the equivalent of about 1 kg of natural gas.

Biological nitrogen fixation (BNF) depends on only a few types of microorgan-
isms: (i) rhizobia bacteria (of the family Rhizobiaceae) on legumes; (ii) actinomycetes
(Frankia spp.) on about 200 woody species belonging to eight angiosperm families
such as Alnus spp.; (iii) free-living soil bacteria (Azotobacter, Azomonas, Clostridium,
Citrobacter and others); and (iv) cyanobacteria that are either symbiotic (Anabaena
spp. with the aquatic fern Azolla spp.) or free-living. In this BNF, atmospheric N,
is reduced to ammonia (NH}) through the bacterial nitrogenase enzyme system.
In mixed plant communities, the fixed nitrogen in legumes becomes available
to the other plants through root exudates, by degradation of senescent organs, or
via the excretions of animals grazing on the legume.

Supported by BNF, legumes are very effective pioneering plants. Legume spe-
cies of the genus Genista (brooms) are so closely associated with colonizing new
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soils that the common and Latin names of one, Genista aetnensis (Mount Etna
broom), refer to the mountain where it is a prominent feature of vegetation on old
lava flows (Fig. 2.1). Legumes remain common in natural plant communities be-
yond the pioneering stage, and most of the nitrogen in natural and semi-natural
ecosystems, including that in animal protein, is ultimately derived from legumes.

Fig. 2.1. The pioneer character of legumes is clearly exhibited by Mount Etna broom
(Genista aetnensis), so named because of its prevalence on old lava flows on the
lower slopes of Mount Etna. (Photo credit: Velela on Wikimedia.)
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The partnership between legumes and rhizobia

BNF in legumes depends on effective symbiosis between the host legume plant and
therhizobium. Rhizobia are relatively specific to their hostlegumes. Lucerne (alfalfa;
Medicago spp.) and sweet clovers (Melilotus spp.) are associated with Sinorhizobium
meliloti; clovers (Trifolium spp.) with Rhizobium leguminosarum biovar. trifolii; pea
(Pisum spp.), vetches (Vicia spp.) including faba bean (Vicia faba) and lentil (Lens
culinaris) with R. leguminosarum bv. viciae, common bean (Phaseolus vulgaris) with
R. leguminosarum bv. phaseoli; soybean (Glycine max) with Bradyrhizobium japon-
icum, lupin (Lupinus spp.) with Bradyrhizobium ‘sp.’; and bird’s foot trefoil (Lotus
spp.) with Mesorhizobium loti (Amarger, 2001).

The compatible rhizobia enter the plant via plant-derived infection threads
and occupy root cells to form the nitrogen-fixing nodule. The nitrogen-fixing
enzyme nitrogenase is produced within the bacterium, and red leghaemoglobin
(a molecule similar to the haemoglobin) in the cytoplasm of the root nodule
cell controls the flow of oxygen to the bacteria. As a result, active nodules have
characteristic pink centres. Nitrogenase is active as long as the plant is metabol-
izing, even close to 0°C (Lindstrom, 1984; Stoddard et al., 2009).

Enhancing fixation

The use of inoculation with the ‘right’ rhizobium for a given legume is an
important production technology in some situations. For pea, faba bean and
clover, rhizobia native to European agricultural soils are generally regarded as
sufficient to establish symbiosis, but inoculation of seed with improved selec-
tions can increase BNF, particularly where a crop is new to a site, or where
the soil pH is low (van Kessel and Hartley, 2000; Lindstrom et al., 2010).
Inoculation of lucerne where it has not been cropped for a long period is often
beneficial. Even where the same inoculant species infects several hosts, there
are differences between bacterial strains, so the isolate of R. leguminosarum
used on pea differs from that used on faba bean or clover. Selections (biovars)
of R. leguminosarum have been identified that optimize the amount of nitrogen
fixed by each host species (Lindstrom, 1984; Stoddard et al., 2009). Inoculation
with Bradyrhizobium japonicum is considered essential for optimal nitrogen fix-
ation in soy (see Chapter 7, this volume).

There are several methods of inoculating legumes, and inoculants often re-
quire special care to maintain their viability. Furthermore, rhizobial inoculants
and grain legumes must match to realize the BNF benefits. Other non-rhizobial
bacteria such as plant growth-promoting bacteria can also improve nodulation
and grain yield with co-inoculation with crop-specific rhizobia (Tariq et al., 2014).
However, inoculation of seed is not always useful. When the population of indi-
genous root-nodule bacteria for the given crop is high, they can out-compete the
introduced inoculant bacteria (Thies et al., 1991). The survival of the indigenous
population of R. leguminosarum is affected by soil pH (Leinonen, 1996), so soil pH
is a good indicator of the potential survival of rhizobia.
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Costs of biological nitrogen fixation

Analogous to synthetic nitrogen fixation, BNF requires energy. Each molecule of
atmospheric nitrogen (N,) fixed by conversion to two ions of NH} (ammonium),
requires 16 molecules of ATP (the molecule that transfers energy within cells),
representing a cost of 10—15 g glucose per gram of nitrogen fixed (Hay and Porter,
2006). This energy cost is met by the legume plant in the form of photosynthate
supplied to the rhizobia and this has consequences for the yield of legumes com-
pared with cereals and other non-leguminous plants fertilized using synthetic
nitrogen fertilizer or manures.

However, there are compensating effects. The availability of biologically
fixed nitrogen obviates the need to reduce nitrate to ammonium, which avoids a
cost of 4-5 g glucose per gram of nitrogen (Hay and Porter, 2006), a saving esti-
mated to be equivalent to 10 g glucose per gram of nitrogen in faba bean (Schilling
etal., 2006). This partly compensates for the energy cost of the BNF. Vertregt and
Penning de Vries (1987) reported that BNF has a net cost of 4.5 g glucose per gram
of nitrogen fixed. The overall effect on crop yield potential depends on whether the
growth of the plant is limited by its ability to photosynthesize (‘source limited’) or
by its ability to use the photosynthate for new plant tissue (‘sink limited’). In faba
bean and soybean, rhizobial symbiosis uses 4—16% of the host plant photosyn-
thate, but this can be compensated by an increased photosynthetic rate (source)
as the plant responds to the demand (sink). The increased demand stimulates
photosynthesis so the net yield penalty of BNF is zero (Kaschuk et al., 2009). In
pea, yield was found to be source limited, and a significant yield penalty attrib-
utable to BNF was shown (Schulze et al., 1994). Crops subjected to stresses are
source limited, and in these cases there is a negative effect of BNF on yield, on
top of that caused by the stress itself. A review concluded that legumes produce
about 15% less above-ground biomass per unit of photosynthetically active radi-
ation intercepted than carbohydrate-rich crops (Gosse et al., 1986) but much of
this can be accounted for by the higher energy requirements of protein synthesis.
The synthesis of protein requires about 60% more glucose than the synthesis of
starch (Penning de Vries et al., 1974) even though the energy content of starch
and protein is the same. This, and the energy cost of BNF, only partly explains why
grain legumes are lower yielding than cereal crops (Table 2.1).

Quantity and Fate of Fixed Nitrogen

Estimating the quantity of nitrogen fixed by legumes is of interest to agricultur-
alists, environmental scientists and policy makers. Pea and faba bean were esti-
mated to derive 60% and 74% of the nitrogen in their shoot biomass from BNF
(Peoplesetal., 2009). However, estimating total BNF requires estimates of nitrogen
in roots and released to the soil by roots. Calculations based on root:shoot ratios
and root nitrogen content suggest that below-ground nitrogen is only 8—14% of
above-ground nitrogen in pea, faba bean and narrow-leafed lupin (Baddeley
et al., 2013). Others have estimated that 30-60% of total plant nitrogen may be
below ground (Peoples et al., 2009), representing up to 100 kg N/ha for faba bean
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(Jensen et al., 2010). Some of the differences may be due to nitrogen deposited
in the root zone from root exudates, shed cells and dead root fragments. Such ni-
trogen represented 12—16% of plant nitrogen, or 80% of below-ground nitrogen,
from pea, faba bean and white lupin (Mayer et al., 2003).

Table 2.2 presents data assembled by Baddeley et al. (2013) on a range of
nitrogen-related parameters for seven grain legume species. This shows that
nitrogen harvest indices are generally below 0.80, which is lower than in cereals
(e.g. as reported by HGCA, 2006; Barraclough et al., 2014). Therefore the high

Table 2.1. The average annual grain yield (¥/ha), yield of protein, starch and oil in grain (t/ha)
and the concentration of protein, starch and oil in grain for four major grain legumes and
wheat and oilseed rape as two non-legume reference crops in Europe. (Crop production data
from FAOSTAT, 2015; composition information from Feedipedia, 2015.)

Yield (t/ha) Concentration in grain (%)

Grain Protein Starch Qil Protein Starch Qil
Faba bean 2.8 0.81 1.25 0.04 29 447 14
Pea 2.7 0.68 1.39 0.03 25 51.3 1.2
White lupin 1.6 0.61 0.00 0.16 38 0.0 10.0
Soybean 2.6 1.07 0.17 0.55 41 6.4 21.3
Wheat 5.6 0.67 3.87 0.10 12 69.1 17
Oilseed rape 3.1 0.63 0.1 143 21 3.4 46.1

Table 2.2. Constants and calculated values used to derive estimates of fixed nitrogen (N) and
N balance for FAQ? classes of grain legumes. All calculated quantities are relative to 1 t of
grain produced. (Coefficients from Baddeley et al., 2013.)

Data on crop parameters  Faba Yellow

relating to 1 t of grain bean Chickpea Lentil lupin Pea Soybean Vetches

Grain protein 29 22 29 36 25 40 29
concentration (%)

Dry matter harvest index 0.49 0.31 0.42 0.44 0.51 0.52 0.34

N harvest index 0.68 0.80 0.65 0.84 0.73 0.73 0.79

Above-ground N (g/kg) 59.5 37.3 610 58.5 472 75.0 50.5

Root:shoot ratio 0.23 0.44 0.37 0.28 0.11 0.20 0.35

Root biomass 0.40 1.22 0.77 0.551 0.19 0.33 0.89
production (t)

Root N concentration (%) 2.2 14 1.4 1.2 2.2 1.7 29

Root N production (kg) 8.9 171 10.7 6.5 4.1 5.7 25.8

Proportional 0.18 0.53 0.15 0.17 0.12 0.20 0.15
rhizodeposition

Rhizodeposition (kg) 12.6 28.8 10.8 11.1 6.2 15.7 1.4

Total N production (kg) 81.1 83.2 82.5 76.1 574 96.5 87.7

Proportional 0.77 0.50 0.70 0.82 0.70 0.52 0.72
atmospheric N

N fixed (kg/t grain) 62 42 58 62 40 50 63

3FAO, Food and Agriculture Organization of the United Nations.
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protein content in legume grain is attributable to a high nitrogen concentration
in the plant generally rather than an especially high rate of transfer of nitrogen
(protein) into the grain.

The data presented in Table 2.2 led to estimates of rates of BNF in grain
legume crops from 90 kg/ha to 170 kg/ha on the basis of average yields. Greater
fixation is supported by higher yielding crops.

BNF in temperate forage legumes has been examined by Peeters et al. (2006).
Estimates range from between 100 kg N/ha and 350 kg N/ha for white clover, and
between 100 kg N/ha and 400 kg N/ha for red clover and lucerne. This nitrogen
fixation supports 7—11 t dry matter (DM)/ha for white clover and grass; 9-16 t
DM/ha for red clover and grass (Peeters et al., 2006) and 10-15 t DM/ha for
lucerne (Annicchiarico et al., 2015).

Baddeley et al. (2013) estimated that 811,000 t of nitrogen was fixed in the
European Union (EU) (not including Croatia) by agricultural legumes (grain and
forage legumes) in 2009. (This compares well with the model estimate presented
later in the chapter in Fig. 2.4.) While this is a significant quantity of nitrogen, it
is only approximately 5% of the reactive nitrogen entering Europe’s farming sys-
tems (in fertilizer and imported feed). The total amount of nitrogen fixed by forage
legumes was estimated to be 586,000 t, with approximately 70% from permanent
pasture and 30% from temporary grassland. De Vries et al. (2011) estimated the
total fixation by agricultural legumes at a slightly higher value of 1.12 million t
based on four European nitrogen budget models that include about 5 kg/ha of
nitrogen fixation by free-living microbes in all non-legume arable land.

Legumes and Our Protein Supplies

In nature, the ready supply of reactive nitrogen from BNF supports high concen-
trations of protein in legume plant tissues, especially in seeds. In grain legumes,
seed protein concentrations range from 20% to 25% in common bean, lentil,
chickpea and pea, to over 40% in soybean and yellow lupin. The higher protein
concentrations are found in those legume species that store other energy in oil.
This has implications for the economic competitiveness of starchy grain legumes
such as faba bean and pea because a relatively low cereal price tends to depress
the price of pea and faba bean due to the high proportion of starch in the seeds.
Carbohydrate-rich cereals dominate most European cropping systems. In
these systems, oilseed rape and sunflower are the dominant alternative to cereals,
referred to as ‘break’ crops because they break the sequence of cereal cropping.
These oilseed break crops lead to higher yields in subsequent cereal crops and
complement cereals with high protein and oil contents. The grain yield perform-
ance of grain legumes compared with wheat and oilseed rape is a good indicator
of how well grain legumes can compete for land resources (Stoddard, 2013; de
Visser et al., 2014). Because these are average yields for the EU, there are many
regions where the data in Table 2.1 are only partly relevant. However, important
generalizations can be drawn. On average, the annual yield of starch-rich grain
legumes (faba bean and pea) is about half that of wheat and similar to that of
oilseed rape. In order to maintain economic output, the price per tonne of grain
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legumes must be substantially higher than that of wheat and comparable with
oilseeds taking into account additional rotational benefits from legumes. Such a
position depends on a high price for protein compared with oil and starch.

Protein quality

The quality of the protein for feeding, as determined by the amino acid compos-
ition, also plays a role in the competitiveness of legumes. Because of its amino
acid profile (Table 2.3), soy is particularly highly valued for inclusion in many
animal feeds and valued also because of the high digestibility of the essential
amino acids. For large-scale feed manufacture, the availability of large batches
shipped into Europe is an additional advantage. However, grain legume proteins
generally complement cereal proteins in a similar way. They are all higher in ly-
sine than cereals. The notable difference between soybean and other legumes is
the generally higher concentrations of methionine, cysteine and tryptophan in
soy protein, which combined with a high concentration of lysine provides the
foundation of a well-balanced supplement in cereal-based feeds for monogastrics.
There are also differences between legume species in terms of the characteristics
of the fibre fraction, but all grain legume species deliver high-quality protein ma-
terials suitable for use in Europe’s livestock sectors.

The recently completed GreenPig project showed clearly that pea and faba
bean can be used to completely replace soy in feed for growing and fattening pigs
(Houdijk et al., 2013; Smith et al., 2013). This good performance compared with
that reported in earlier research is attributable to advances in balancing ingre-
dients using standardized ileal digestibility (Stein et al., 2005) and to the use of
synthetic amino acids to optimize the amino acid profiles.

Europe’s sources of plant protein

European agriculture is often characterized as being heavily reliant on imported
plant protein (e.g. Hausling, 2011; USDA, 2011). For assessing the extent of the
protein deficit and especially opportunities to reduce it, a wider approach exam-
ining the sourcing and use of all plant proteins is needed. To consider this, we first

Table 2.3. The concentration (%) of major limiting amino acids in the protein of four
grain legume crops and two non-legume reference crops used for animal feed in
Europe. (From Hazzledine, 2008.)

Lysine Methionine Cysteine Tryptophan
Faba bean 6.2 0.7 1.2 0.8
Pea 72 0.9 1.5 0.9
White lupin 6.2 0.7 1.2 0.9
Soybean 6.2 1.4 1.5 14
Wheat 29 1.6 23 1.3

Oilseed rape 5.6 2.0 2.4 1.4
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examined the transfers of protein in the major traded crop commodities (Table 2.4).
We estimate that the total consumption of protein derived from tradable arable crop
products (import + EU production - export) was 55 million tin 2011, of which 52%
is provided by cereals. Of this cereal protein, 60% is fed to animals. In addition,
forage maize provided 3.9 million t, almost all for beef and milk production. There is
anet export of cereals (the only major crop commodity group that has a net export)
and EU cereal production in total equates to 53% of tradable protein consumption.
When all supplies and trade are considered, the EU is 69% self-sufficient in tradable
plant protein. Imported soy accounts for 62% of the high-protein commodities used
(pulses and oilseed meals). The deficit in these high-protein commodities is 71%

Table 2.4. The European Union (EU) tradable plant protein balance — net import, EU
production and use of protein in feed or food.2

Net import Production Use in animal feed Use in food

Crop quantities (million t)

Soybean 36.9 1.3 38.1 0.1
Oilseed rape 2.7 19.3 22.0 0.0
Sunflower seed 4.9 8.5 13.4 0.1
Other oilseeds 3.5 0.0 3.5 0.0
Pea 0.1 1.6 0.8 0.9
Faba bean 0.2 1.9 1.2 0.9
Fruit and vegetables 14.0 192.7 8.9 198.5
Cereals -15.6 293.1 167.7 110.9
Forage maize (DM)® 0.0 55.0 55.0 0.0
Protein quantities (million t)
Soybean 15.13 0.53 15.62 0.04
Oilseed rape 0.57 4.05 4.62 0.00
Sunflower seed 0.68 145 2.13 0.00
Other oilseeds 0.91 0.00 0.91 0.00
Pea 0.02 0.38 0.19 0.21
Faba bean 0.06 0.46 0.30 0.22
Fruit and vegetables 0.14 1.93 0.09 1.98
Cereals -1.80 29.06 16.38 10.88
Total ‘tradable’ crops 15.71 37.86 40.24 13.33
Forage maize 0.0 3.85 3.85 0.0
Total from arable crops 15.71 41.71 44.09 13.33

aThe data are derived from FAOSTAT (2015), accessed in January 2015. Data on soy, rapeseed
and sunflower meal were converted to seed equivalents using the following conversion factors:
soy 1.25; oilseed rape 1.83; sunflower 2.27. The protein contents of the seed quantities so
derived come from Feedipedia (2015) as follows: soy 41%; oilseed rape 21%; sunflower 17%;
pea 25%; faba bean 29%; fruit and vegetables (including starch crops) 1%. The estimate of
forage maize production comes from Riidelsheim and Smets (2011) adjusted for the maize area
in Germany used for biogas production by reducing the total area from 5.0 million ha to 4.6
million ha. The forage maize yield is assumed to be 12 t dry matter/ha with a protein content of
7% (from Feedipedia, 2015). Data for some co-products of the food sector such as dried
distillers grains with solubles (DDGS), sugarbeet pulp, and food waste recycled into animal feed
are not considered because of lack of data. FEFAC (2014) estimate that about 17 million t of
such material are used in compound feed manufacture.

°DM, Dry matter.
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and imported soy meets 87% of that deficit. These data confirm other assessments
based on industry data that the EU deficit in high-protein materials is around 70%.
Houdijk et al. (2013 ) reported a deficit of 68% for 2011 in the EU.

The total agricultural area of the EU (EU-27) was 185 million ha in 2012, of
which about 67 million ha is grassland (FAOSTAT, 2015) (i.e. 36% of the agricul-
tural area). These grasslands make a substantial contribution to the total protein
production in Europe. They are mainly transformed into meat and milk produced
by cattle, sheep and other ruminants for human consumption. The total protein
production from EU grasslands is estimated here on the basis of two assumptions
on yields (based on expert opinion): annual average production of 4 t DM/ha or
6 t DM/ha (Table 2.5). It must be emphasized that there are few relevant data
available on the productivity of European grasslands and the assumptions made
in Table 2.5 are based on our expert opinion. There are great uncertainties about
the efficiency of grazing. This estimates that the total protein harvested (including
grazing) from grassland is between about 40 million t and 60 million t, which
compares with 42 million t from arable and permanent crops (Table 2.4).

Combining these data, the total plant protein consumption in the EU ranges
from approximately 100 million t to 120 million t. A net import of 16 million t
accounts for 13-16% of total protein supplies where protein from grassland is
included.

Table 2.5. Protein production from European permanent and temporary grasslands
on the basis of two yield assumptions.?

Average/total Grazed grass Grass silage Hay

Utilization assumption 100 66.7 16.7 16.7
(grazed, silage, hay %)
Crude protein content (%) - 16.0 13.0 10.4
(Erwing, 1997)
Grassland area (EU-27) 67.6 451 11.3 11.3
(Eurostat, 2013) (million ha)
Production assumption 1 4.0 4.0 5.0 3.0
(4 t/ha, DM basis)®
Crude protein yield (t/ha) 0.59 0.64 0.65 0.32
Total protein production 39.9 28.9 73 3.5
(million t)
Production assumption 2 6.0 6.0 70 5.0
(6 t/ha, DM basis)
Crude protein production 0.88 0.96 0.91 0.52
(t/ha)
Total crude protein 59.5 43.2 10.2 5.9

production (million t)

aThe authors emphasize the uncertainty in the assumptions made in this table. The assumed
yields are an average for all grassland in the EU, which includes unproductive semi-natural
grassland on the British Isles, short-season grassland in Scandinavia, and grassland subject to
heat and drought stress in the Mediterranean region. While the assumption of 4 t/ha DM might
appear low, it is supported by estimates cited by FEFAC (2014).

°DM, Dry matter.
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The use of soy in European livestock production

There are no official data on the use of soy in the various livestock sectors but
estimates have been made. Gelder et al. (2008) estimated the allocation of the soy
to species based on feed formulation and farm practice in the Netherlands with
inclusion rates in concentrate feed of 37%, 29%, 22% in feeds for broilers, pigs
and laying hens, respectively. The inclusion of soy in beef and dairy concentrate
feeds is lower at 14% and 10%, respectively. These estimates indicate that mono-
gastrics (pigs and poultry) account for at least 80% of soybean meal use in the
Netherlands. This results in the following rates of use on a per unit food com-
modity output basis: beef, 232 g/kg; milk, 21 g/kg; pork, 648 g/kg; poultry meat,
967 g/kg; eggs, 32 g/egg.

Because of the lack of official species-specific data, there is great uncer-
tainty in these estimates. The total industrial feed production in Europe was 155
million t in 2013 (FEFAC, 2014). Our assessment of the FEFAC (European Feed
Manufacturers’ Federation) data suggests that inclusion rates of soy in feed is
lower across the EU than suggested by Gelder et al. (2008) for the Netherlands,
particularly for the monogastrics. This is reflected in the estimates provided by
Westhoek et al. (2011).

Research in regions affected by nutrient surpluses caused by concentrated
livestock production show that there is substantial scope to reduce the soybean
meal and the total protein content of compound feeds without affecting animal
performance. From farm practice, Lindermayer (2015) reported that soybean
meal inclusion rates for pig fattening can be reduced to 10% with substantial re-
duction in nitrogen excretion while maintaining animal productivity. There is
even greater scope for reducing soybean meal use in ruminants that not only di-
gest cellulose-based feeds such as grass which provides protein, but also synthe-
size amino acids from non-protein nitrogen compounds in their digestive system.
This means that for protein supplementation, alternatives to soybean meal are
more easily adopted in milk, beef and sheep production.

Europe’s Evolving Agri-food System

To understand the related roles of nitrogen and legumes in the European food
system, it is useful to examine changes in food consumption and production that
have occurred in recent decades. A number of forces have come together since
1960: (i) changes in trade policy; (ii) technical change in livestock production;
and (iii) economic growth leading to increased disposable income. Between 1961
and 2011, livestock production in Europe increased in line with consumption
from the equivalent of 822 kcal/capita/day to 993 kcal/capita/day with 395%
and 170% increases in poultry and pig meat, respectively (FAOSTAT, 2015). This
was facilitated by intensification in production, particularly for pigs and poultry,
associated with a decoupling of livestock production from the land resource
base. The FAOSTAT reports that between 1961 and 2008, the number of pigs
and chickens increased significantly in the EU (63% and 56%, respectively) but
there was an 11% reduction in the number of cattle and sheep. The increases
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in livestock numbers were less than the increase in output due to increases in
productivity per animal. Changes in trade policy gave European farmers access to
low-cost soy, which in effect reduced the value of home-grown sources of protein
in Europe — including protein from grassland. Changes in soy imports align with
changes in livestock production, particularly pigs and poultry (Fig. 2.2). Access
to compound feeds and some technical developments in animal housing allowed
a regional concentration of livestock production (Fig. 2.3), particularly pigs and
poultry with very significant nitrogen and phosphorus pollution challenges and
reduced opportunities for legume production in these regions. This scale of live-
stock production, based largely on European-grown cereals, is facilitated by the
complementary qualities of soybean meal. Approximately 60% of Europe’s cereal
harvest is now used to feed livestock.

Changes in cropping

The proportion of the EU arable area under cereals has remained remarkably
stable at about 57% of the annually cropped area. Between 1961 and 2011, the
maize area more than doubled, and the area of oilseed rape and sunflower in-
creased from 1.3 million ha to 11.2 million ha (13% of arable cropping). Grain
legume areas declined from 5.8 million ha in 1961 (4.7% of the arable area) to
1.9 million hain 2011 (1.8% of the arable area).

While FAOSTAT data indicate that the proportion of EU agricultural land
under grass has remained stable overall, Eurostat data show that between 1970
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Fig. 2.2. Changes in the production of meat and corresponding changes in fertilizer
nitrogen use, protein crop production and net soy import for the EU-27 (1961-2011).
(From calculations based on data from FAOSTAT, 2015.)
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Fig. 2.3. Increased and concentrated livestock production, particularly pigs and poultry, has had
consequences for the demand for concentrate feeds (including soy) and the nitrogen cycle. (A)
Variation in regional livestock densities across Europe. (B) Intensive pig production in north-west
Germany combined with specialization in carbohydrate-rich cereals crops (in this case rye).
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and 2012, about 9.6 million ha of permanent grasslands (about 36% of 1970
levels) were lost in the founding six member states of the EU (Eurostat, 2013).

The annual increase in cereal productivity of about 0.15 t/ha (Supit, 1997),
facilitated by the switch to autumn sowing, fertilizers and plant protection prod-
ucts, has probably been an important factor in promoting conversion of grassland
to arable cropping. The rate of increase in yield of cereals was higher than that of
grain legumes in most regions (Stoddard, 201 3), reinforcing the dominant position
of cereals. Intensification, driven by the comparative advantage of specialization, has
resulted in more concentrated production and more homogeneous farming systems.

Trade policy also had alarge effect. The ‘Dillon Round’ of the General Agreement
on Tariff and Trade (GATT) negotiations in 1962-1963 resulted in European
agreement to tariff-free imports of protein-rich feedstuff for animal feeding. These
imports in effect reduced the value of European plant protein sources, compared
with starch-rich crops that benefited from some market support. This situation was
reinforced in 1992 in the Memorandum of Understanding on Oilseeds (often re-
ferred to as the ‘Blair House Agreement’) negotiated during the GATT Uruguay
Round. Europe is now the second largest importer of soy (China is the largest).
Imported soy accounted for about 19 million ha of land outside the EU in 2008 and
is the largest cause of the EU net ‘virtual land import (39% of total virtual land im-
ports). It corresponds to the size of the German agricultural area (von Witzke and
Noleppa, 2010). This trade in soy has implications for the global carbon and ni-
trogen cycles and has supported land-use change, directly and indirectly leading to
habitat losses and greenhouse gas (GHG) emissions in South America (Malingreau
and Tucker, 1988; Fearnside, 2001, 2007; Carvalho and Batello, 2009; Murphy-
Bokern, 2010).

Diet, legumes and the nitrogen cycle

Given the connection between livestock production and soy use (Fig. 2.2), what
is the effect of food system change on the nitrogen cycle, and what role do leg-
umes have in such change? Using the data from biophysical modelling reported
by Westhoek et al. (2014) we can estimate the flows and conversions of nitrogen
in the European food system (Fig. 2.4). This shows that the European agri-food
system uses 17.7 million t of reactive nitrogen, 64% of which is provided in fer-
tilizer form. About 18% is provided by BNF, dominated by BNF in soybean grown
outside Europe. This 17.7 million t of nitrogen supports a flux of 87 million t of
plant protein used directly or indirectly for food.

These model estimates are in reasonable agreement with our estimates based
on FAOSTAT commodity data (Table 2.4). However the Westhoek et al. (2014 ) esti-
mate for protein from grassland is significantly lower than the estimates presented
in Table 2.5. In reasonable agreement with the results in Table 2.4, the EU is more
than 80% self-sufficient in plant protein. According to this modelling work, about
35% of all the plant protein used is from grassland (from 36% of the utilized agri-
cultural area). About 86% of the plant protein used is consumed by livestock.

Only about 13% of the reactive nitrogen entering the system ends up in
human food. Much of the loss occurs in the conversion of plant protein to
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Fig. 2.4. Nitrogen (N) flows (million t/year) in the European Union (EU) agricultural and
food system based on data for the EU-27 from 2004. (From Westhoek et al., 2014.)

animal protein in livestock. This raises the question of the effect of dietary
change on the nitrogen cycle. Westhoek et al. (2014) showed that a 50% reduc-
tion in the consumption and production of livestock products (which would be
in line with current public health guidelines) would result in a 40% reduction in
nitrogen emissions, 25-40% reduction in agricultural GHG emissions and 23%
reduction in the per capita agricultural land requirement. The EU would become
a larger net exporter of cereals and the use of soybean meal would be reduced
by 75%. The nitrogen use efficiency (NUE) of the food system would increase
from the current 18% to between 41% and 47%, depending on choices made
regarding land use.

Pointers to Change in Developing the European Agri-food System

European agriculture can be characterized as reliant on a combination of re-
active nitrogen in fertilizers and in imported feeds. Supported by this external
input of reactive nitrogen, arable land is allocated to high-yielding cereals and
oilseeds that provide the dietary energy needed. Through the combination of
fertilizer nitrogen and imported protein-rich commodities, Europe has achieved
remarkably high levels of self-sufficiency in temperate foodstuffs, including that
required for a high level of consumption of meat and milk. This allocation of
resources, with its profound implications for the nitrogen cycle, characterizes
Europe’s core farming activities.

Achieving higher protein independence and decreasing the negative environ-
mental consequences of soybean imports are desirable objectives (Westhoek et al.,
2011; Peeters, 2012, 2013). While the European self-sufficiency in most foods is
sometimes celebrated in the policy community, the public debate about soy imports
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and the pollution emissions from the nitrogen cycle requires a science-based re-
sponse: what are the options for change? Here we can draw conclusions directly
from the analysis presented.

In line with the approach argued by Martin (2014), our calculations show
that the EU has a greater protein resource than is often acknowledged. Changes in
consumption, European protein production, and in the efficiency of use of protein
in livestock feeding could together make a significant contribution to reducing the
protein deficit. The very large effect of livestock product consumption and produc-
tion on the nitrogen cycle, land use and the demand for protein-rich crop com-
modities means that the effect on the deficit of increased grain legume production
is small compared with the effect of consumption change.

Most Europeans consume more meat and milk than is recommended for their
health. Westhoek et al. (2014) showed clearly the consequences of this for land
use, the nitrogen cycle and our soy imports. A shift towards more sustainable diets
which are also healthier would have profound consequences, increase interest in
grain legumes for human consumption, release land for new uses including grain
legume production, and lead to a very significant reduction in the demand for
soy. However, even with significant consumption change there would remain a
demand for high-quality plant protein that only legumes can meet. The basic
crop physiological processes that affect the yield potential in legumes only partly
explain the large differences between grain legume and cereal yields in Europe. In
terms of capturing solar radiation, taking into account additional photosynthetic
requirements of BNF and protein production, grain legumes are physiologically
less productive than cereals in Europe. This indicates that there are opportunities
to increase grain legume yields. A rate of increase in grain legume yields that is
faster than that of competing cereals and especially oilseeds would provide the
foundation for a recovery in grain legume production in the long term.

Our analysis highlights the potential role of legumes in grassland. Even
though the proportion of clover in grassland is now low, the BNF in grasslands
is significant and estimated to exceed that of arable land (Baddeley et al., 2013).
In Chapter 9, this volume, Humphreys et al. highlight that increased use of white
clover can be economically effective in grassland farming systems. There is con-
siderable uncertainty in estimates of plant protein production on grassland that
we provide, but we can confidently say that total plant protein production on
Europe’s grassland is at least similar to that on arable land, which raises the
possibility of using legume-supported forage systems more intensively as a pro-
tein source. We can also infer that there is a large potential for the development
of forage legumes in permanent and temporary grasslands, especially in the con-
text of increasing prices of synthetic nitrogen fertilizer. Where converted to meat
and milk, there are additional food quality benefits of forage legumes. Plant
secondary compounds (PSC) in forage legumes interact with rumen microbes,
resulting in higher proportions of linoleic and alpha-linolenic acid in the lipids in
milk and meat (Githiori et al., 2006; Jayanegara et al., 2011; Willems et al., 2014).
Compared with grain-fed meat or milk, grass-fed meat or milk is: (i) higher in total
omega-3 (and has a healthier ratio of omega-6 to omega-3 fatty acids); (ii) higher
in conjugated linolenic acid (CLA) (cis-9 trans-11) (Dhiman et al., 1999); and
(iii) higher in vaccenic acid (that can be transformed into CLA) (Duckett et al., 1993).
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Abstract

The loss of nutrients from agricultural systems is recognized as a major environmental
problem, contributing to air pollution and nutrient enrichment in rivers and oceans. The
use of legumes within agriculture provides an opportunity to reduce some of these losses
in ways which maintain or enhance agricultural productivity. This chapter considers
the role of legumes in crop rotations, legumes in intercrops and legume-based green
manures in influencing nutrient loss and turnover. Nitrous oxide emissions are particu-
larly important here given that they are the largest contributor to greenhouse gas emis-
sions from many agricultural systems. There are many circumstances in which the use of
legume-supported cropping systems can reduce overall nitrous oxide emissions and the
biological nitrogen fixation process associated with legumes can replace synthetic nitrogen
fertilizer use.

Introduction

The efficiency of nitrogen (N) fertilizer application in agroecosystems is often no
higher than 50% with 45-50% of the N applied being taken up by the crop for
growth and the remaining N being lost primarily through the combined processes
of denitrification, ammonia volatilization and leaching (Smil, 1999; Crews and
Peoples, 2004). Using legumes in cropping systems reduces reliance on inorganic
N fertilizer but in many cases the problem of low efficiency of N use remains.
Through their ability to fix N, legumes play a significant role in N supply in both
natural ecosystems and agriculture/agroforestry contributing as much as 500 kg
N/ha/year (Briggs et al., 2005). The potential environmental and agronomic
implications of biological fixation have been reviewed recently by Jensen and
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Hauggaard-Nielson (2003), Munoz et al. (2010) and Jensen et al. (2011). Positive
environmental effects of legume cropping arise from a reduced reliance on inor-
ganic N fertilizer and improvements in soil structure from residue incorporation.
Negative effects are primarily associated with N losses to the atmosphere and
groundwater where peaks in available N from mineralization of N-rich residues
occur at periods of low crop growth or high rainfall. Soil acidification may also
prove problematic, eventually leading to decreases in crop productivity, but here
liming of soils is an effective treatment although affecting N losses too (Galbally
et al., 2010). This chapter provides a review of recent literature on N losses from
legume crops and highlights management options that may reduce nitrous oxide
(N,0) emissions to the atmosphere. In addition enhanced phosphorus (P) uptake
is considered particularly in respect to legume intercropping.

Nitrous Oxide Production in Agricultural Soils

Agriculture, forestry and other land use are estimated to account for 24% of
anthropogenic greenhouse gas (GHG) emissions (Edenhofer et al., 2014). The
agricultural sector is a particularly important source of emissions of methane
(CH,) and N, 0O globally, these two GHGs being approximately 25 and 298 times
more effective at causing warming of the climate than carbon dioxide (CO,).
In addition atmospheric N,O plays a significant role in depletion of the tropo-
spheric ozone layer.

Analysis of air trapped in ice cores shows that levels of N,0 range from inter-
glacial values of 270 parts per billion by volume (ppbv) to lower glacial values
of 200 ppbv (Sowers, 2001; Fluckiger et al., 2004). Since approximately 1850
though, the concentration of N,O increased to over 280 ppbv by 1905, to over
300 ppbv by the mid-1970s and currently the atmospheric concentration of N,0
exceeds 320 ppbv, representing approximately 6% of the present-day greenhouse
effect (IPCC, 2007) and 60% of global agricultural emissions of GHGs (Prather
etal., 2001; Smith et al., 2007).

A measure of the present-day imbalance between sources and sinks for N,O
is provided in Fowler et al. (2009), and serves to highlight the role of agriculture
in N,O production (Table 3.1). Of the imbalance between sources and sinks, 70%
can be attributed to increased N,0 production from agriculture, primarily a con-
sequence of the addition of reactive N fertilizer to soils (Kroeze, 1999). Synthetic
N fertilizer use has increased by over 800% between the years 1960 and 2000
(Fixen and West, 2002) and this trend will probably continue. Agricultural N,O
emissions are predicted to rise by 30—60% over the next 20 years, driven by a
steadily increasing population and subsequent stresses on food demand leading
to increased N inputs into agricultural systems through synthetic fertilizers, ma-
nure, human waste and N, fixing crops (Smith, 1997; Bruinsma, 2003).

N,O production in soils reflects both the oxidation and the reduction of in-
organic N forms by a wide range of soil microorganisms (fungi, bacteria and
archea). These have evolved to use inorganic N compounds as essential compo-
nents of energy-coupled, electron transport systems. The rate of N,0 production
is determined by a wide range of factors, but primarily the microbial capacity of



Nitrogen and Phosphorus Losses from Legume-supported Cropping 39

the soil, temperature, pH, substrate supply and the degree of oxygenation of the
soil (Flessa et al., 2002; Khalil et al., 2002; Simek and Cooper, 2002; Smith et al.,
2003; Malhi et al., 2006; Ding et al., 2007). In addition, the diffusive properties
of the soil will affect the flux rate of N,O to the atmosphere (Fig. 3.1). Water-filled
pore space (WFPS) is frequently highlighted in the literature as the most important
controlling variable in agricultural soils as it is directly linked with aeration and
oxygen availability (Davidson, 1991; Davidson et al., 2000; Smith et al., 2003).
In general, N,O production is thought to be greatest at intermediate WFPS values
in the range of 50-80% (Davidson, 1991; Dobbie and Smith, 2003a) with peak
denitrification rates (N reduction pathways) being favoured by high WFPS values
(80-85%) where reduced oxygen availability is also coupled to increased solubility

Table 3.1. Sources and sinks of nitrous oxide (N,O) accumulation in the atmosphere.
(Adapted from Fowler et al., 2009.)

Source—sinks

Sources 10°t N,O/year Sinks 10°t N,O/year  10°t N,O/year
Oceans 3.8 (1.8-5.8) Stratosphere 12.5 (1.8-5.8)
Atmosphere 0.6 (0.3-1.3) Soils 1.5-3.0
Soils 6.6 (3.3-9.0)
Agriculture 2.8 (1.7-4.8)
Biomass burning 0.7 (0.2-1.0)
Energy and 0.7 (0.2-1.8)
industry
Others 2.5(0.9-4.1)
Total sources 177 (8.5-277) Total sinks 14.0 (11.5-18.0) 3.7
N,O
METABOLIC CONTROL

e.g. substrate supply
(inorganic N and respirable C)

(

MICROBIAL CAPACITY

FUNGI
BACTERIA
ARCHEA

-

ENVIRONMENTAL CONTROL
e.g. diffusion, soil water content,
temperature, oxygen supply)

Fig. 3.1. Limiting factors on nitrous oxide (N,O) production in the soil.
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of organic carbon and nitrate (Bowden and Bormann, 1986). Nitrification
(N oxidation pathways) may also prevail at WFPS values above 50%, while above
75% denitrification is the major pathway for N,O production (Well et al., 2006).

Nitrous Oxide Emissions from Legume-supported
Cropping Systems

Monocrop legumes, legumes in rotation, legumes as intercrops and legumes
grown as cover crop/green manures will all influence N,0 emissions from the
soil through their input of biologically fixed N into the soil. In addition, root
nodules may contribute directly to N,O emissions via the inherent capacity of
some rhizobial species/strains to reduce nitrite to nitrous oxide. In practice, the
contribution of legume cropping to soil N,0 emissions may be divided into three
separate processes:

e rhizobial denitrification within the nodules;
e nitrification and denitrification of biologically fixed N; and
¢ decomposition of N-rich residues to provide inorganic N.

Of these three processes, the addition of N-rich legume residues to soils is the most
critical for peak N,O emissions.

Rhizobial denitrification and N,O production

The process of biological N fixation does not lead directly to N,O emissions, but
it has long been suspected that the enzyme responsible (nitrogenase) may con-
tribute to some production of N,O from reduction of nitrates present in root
nodules. Isolated legume nodules and rhizobia bacteroids from a range of plant
species have been shown to produce N, O at limiting concentrations of oxygen and
with nitrate as their source of nitrogen (Daniel et al., 1980; O’'Hara and Daniel,
1985; Coyne and Focht., 1987; Bedmar et al., 2005; Monza et al., 2006). Not all
rhizobia share this property, indeed denitrification has been shown in only a few
genera of N -fixing bacteria and a majority of the species/strains studied lack a
full complement of denitrification genes (Monza et al., 2006).

Whatever the distribution and function of denitrification enzymes among
symbiotic rhizobia, the extent of N,O production from legume nodules in the
field is not clear. Early work on upscaling laboratory rates of denitrification high-
lighted a considerable potential of N,-fixing bacteria to remove nitrate from agri-
cultural soils. In the case of Rhizobium lupini, a measured bacterial density of
10* cells/g soil was calculated to give initial rates of denitrification of the order
of 20 kg N removed/ha (O'Hara et al., 1984), this loss of nitrogen being of a
similar magnitude to field rates of N, fixation (O'Hara and Daniel, 1985). Despite
such concerns, evidence for high rates of denitrification by legume nodules in
the field is scarce (Zhong et al., 2009). Given the considerable uncertainty in
upscaling laboratory rates of N,O flux by isolated nodules or symbiotic bacteria
to the field, useful experiments would be those incorporating suitable controls to
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compare N, O flux from inoculated and non-inoculated plants. In the case of both
pea and lentil, little difference in N,0 emissions has been determined between
plants inoculated with strains of Rhizobium leguminosarum and control plants,
and even between inoculated plants and soils planted with wheat (Zhong et al.,
2009). This suggests that N,O emissions are not directly related to biological N,
fixation by grain legumes, as further illustrated in soil box experiments incorpor-
ating wetting and drying cycles with pea and lentil crops and R. leguminosarum
(Zhong et al., 2011). Taking the lack of field-based data into consideration, N,
fixation by legumes as a source of N,0 is no longer considered important by the
Intergovernmental Panel on Climate Change (IPCC) and has been dropped from
their emission calculation guidelines (Rochette and Janzen, 2005; IPCC, 2006).

Nitrification and denitrification of biologically fixed N

A comparison of N,0 emissions from different cropping systems by Munoz et al.
(2010) is summarized in Table 3.2 and highlights the range of N,0 emissions
recorded.

Table 3.2. Nitrous oxide (N,O) fluxes from different soil use and management. (From Murioz

etal., 2010.)
Range N,O
flux (kg N,O-
System N/ha/year)  Country References
Cropping
Continuous 0-44 Brazil, Canada, Denmark, = Wagner-Riddle and Thurtell
and rotation New Zealand (1998), Gregorich et al.
crops (2005), Metay et al. (2007),
Saggar et al. (2008),
Chirinda et al. (2010),
Allen et al. (2010)
Leguminous 0.3-4.7 Canada Gregorich et al. (2005)
crop
Rice 0-36 Australia, USA, Japan, Majumdar (2009)
China, Philippines,
Indonesia, Taiwan, India
Shrub land/ 0-21 New Zealand, Finland Malijanen et al. (2006),
natural Saggar et al. (2008)
landscape
Pasture
Animal waste 0-156 Canada, New Zealand, Gregorich et al. (2005),
applied England, the Saggar et al. (2009)
Netherlands, Japan,
Canada, Denmark, USA
Grazing 0.1-183 UK, New Zealand, Saggar et al. (2008),

Australia Cardenas et al. (2010),
Galbally et al. (2010),
Matthews et al. (2010)
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Pastures

Grazed grass/clover pastures have the largest recorded N,O emissions with fixed
nitrogen being released into the soil through both decay of leaf, stem and root
litter and transfer to the soil N pool via faeces and urine from the grazing animals.
Leaching of N and acidification of soils is a common problem here (Bouwman
et al., 2002), the drop in soil pH due to the acidifying effects of the nitrogenase re-
action. This eventually leads to a decline in productivity of the grassland (Williams,
1980) hence liming of grasslands is a common solution (Galbally et al., 2010). As
N,O emissions are reduced when soil pH values fall below pH 5.5, liming may
lead directly to decreases in N,O flux although field data on the effect of liming
is scarce. Galbally et al. (2010) found no significant effect of liming on N,O emis-
sions from grazed legume pastures typical of Australia. Laboratory incubations
of limed soils with urine added as a source of N also show little effect of raising
the soil pH above 5.5 on N,O emissions (Zaman et al., 2007, 2008). Clover density
may also be assumed to affect N,0 emissions in such systems through increasing
N inputs into the soil but, as with the case of liming, few field data are available.
A study of N,0 emissions from high- and low-density clover patches concluded
that spatial heterogeneity in clover abundance may have very little impact on
field-scale N ,O emissions in fertilized grasslands (Klumpp et al., 2011).

Legume monocrops
These show the least emissions of N,O in the published literature (Table 3.2) but
care must be taken in interpretation of short-term studies. Nitrification and
denitrification of biologically fixed N may represent a significant source of N,0
from agricultural systems in the long term where incorporation and mineralization
of legume residues may lead to peaks in available nitrate. The majority of studies
on legume monocrops are limited at best to 1 year and hence focus on the short
term. Under these conditions with removal of a high proportion of biologically
fixed N to the grain during growth and harvest, short-term measurements of N,O
emissions will fail to incorporate the effect of carryover of the remaining plant
nitrogen in the soil (Evans et al., 2001; Peoples et al., 2001). Some authors con-
sider the stubble of grain legumes to be a minor source of N,0 through mineral-
ization given its low organic N content (Lemke et al., 2007; Peoples et al., 2009).
For grass—clover stands or stands of forage legumes long-term dynamics of N
loss are important. Carter and Ambus, (2006) found only 2% of the total N,O-N
emissions of biologically fixed N lost as N,O in the short term, highlighting the
importance of the long-term mineralization of plant material for N,O emissions
compared with recently fixed N. Accepting these limitations, Table 3.3 illustrates
the mean and range of N,0 emissions as summarized by Jensen et al. (2011) and
using additional data from the Legume Futures project, for a range of specific
legume and non-legume crops. The apparent trend would be that grain legumes,
forage legumes and grass—clover stands receiving minimal inorganic N fertilizer
have lower emissions of N,0 than N-fertilized pastures and non-legume crops, but
higher emissions than non-fertilized, non-legume crops (Rochette et al., 2004;
Jensen et al., 2011).

In the case of legume systems showing higher N, O emissions than non-legume
crops grown with no added fertilizer, this would reflect N inputs provided by the
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Table 3.3. Comparison of nitrous oxide (N,O) emissions from legume and
non-legume crops.

Total N,O emissions per year or growing
season (kg N,O-N/ha)

Crop Jensen et al. (2011) Legume Futures project
Grassland

N-fertilized pasture (grass) 4.5 (0.3-18.6)

Mixed pasture sward 0.5(0.1-1.3)

(grass—clover)
Pure legume stands

Lucerne 2.0 (0.7-4.6) 0.6

White clover 0.8 (0.5-0.9)

Galega 1.3 (1.1-1.4)
Grain legumes

Faba bean 0.4 0.6 (0.02-1.5)

Field bean 0.08 (0.06-0.12)

Mung bean 0.4

Lupin 0.05 0.4

Lentil 0.06 (0.05-0.07)

Chickpea 0.06 (0.03-0.16)

Field pea 0.7 (0.4-1.7) 1.0 (0.08-3.0)

Soybean 1.6 (0.3-71) 1.1 (0.9-1.2)
Mean of all lequmes 13 0.6
N-fertilized crops

Wheat 2.7 (0.09 -1.6)

Maize 2.7 (0.16-12.7)

Canola 2.7 (0.13-8.6)
Mean N-fertilized crops 3.2
Soil (no legumes or fertilizer) 1.2 (0.03-4.8)

legumes. As an example, Dick et al. (2006) in a comparison of soils from N-fixing
and non-N-fixing trees found both higher N,0 emissions and pool of available
N (NH; and NO;) in the soil from those trees fixing N, from the atmosphere.

There are a few exceptions in the literature where very high emissions of N,O
have been recorded from legume monocrops, such as lucerne (alfalfa) (Rochette
et al., 2004) and soybean (Parkin and Caspar, 2006), but here the influence of
previous land management and sources of N other than biologically fixed N must
be considered.

Before inorganic N fertilizers, soil fertility in farms was typically managed
using legume-rich pastures, cover crops or rotation. These management systems
are seen by some as a means of increasing productivity in poorer areas of the
globe and also to increase sustainable agricultural production (Crews and Peoples,
2004). For instance: (i) cereal-legume intercropping is a common crop production
system in Africa; (ii) incorporation of groundnut into rice-based cropping systems
increases productivity and income of smallholders in South-east Asia (Whitmore
et al., 2000); (iii) rotation of crops with fast-growing tree, shrub and herbaceous
N,-fixing legume species is widely adopted for soil fertility management in the
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humid tropics (Millar et al., 2004); and (iv) in southern Brazil the use of legume
cover crops is increasingly common in no-tillage systems (Mielniczuk et al., 2003).

Decomposition of N-rich residues to provide inorganic N

Both legume crops in rotation and their use as cover crops involve the incorpor-
ation of high-N plant residues into the soil. It is this aspect to legume systems, the
incorporation of organic N into soils which following mineralization will provide
sufficient substrate for nitrification and denitrification, which represents a signifi-
cant source of N,0. This may be further compounded by the higher N content and
lower C:N ratios of legume tissues compared with other plant material.

In general, plant residues with high C:N ratios will immobilize soil N during
initial microbial decomposition. In the short term, this has the effect of delaying
the availability of inorganic nitrate for nitrification/denitrification but also for
crop growth. In the long term though, plant-available N, yield and N uptake in-
crease following straw addition with mineralization being extended (Cassman
et al., 1996; Eagle et al., 2000). Inorganic N tends to be released from plant residues
once excess C has been consumed by microbial growth. For legume residues this
will occur rapidly due to both the high N content and the low C:N ratio of the
tissue. A threshold C:N value of 20-25 has been proposed below which rapid N
mineralization occurs (Frankenberger and Abdelmagid, 1985; Myersetal., 1994).

The typical N content values for a variety of plant residues taken from data
presented in Jensen et al. (2011) shows that C:N values vary from approximately
26:1 to 10:1 for legume tissues and from approximately 26:1 to 105:1 for non-
leguminous tissues (Fig. 3.2). Both the high overall N content and low C:N ratios
of legume residues will result in more rapid net N mineralization, providing an
excess of mineral N with respect to microbial growth and increased substrate for
the combined processes of nitrification and denitrification. In general, therefore,
greater N,0 emissions are measured after incorporation of high-N plant residues
(Baggs et al., 2000; Millar et al., 2004; Kaewpradit et al., 2008; Gomes et al., 2009;
Frimpongetal., 2011, 2012), with the peak in N, O emissions occurring early after
incorporation. Imbalances between the timing, availability and amount of newly
mineralized N from legume residues and the onset of plant growth are therefore
critical with respect to N,O emissions, particularly if the legume is a cover crop
and ploughed in as a green manure (Baggs et al., 2000) or part of an improved ley
ploughed over before cereal planting (Pu et al., 1999).

To illustrate these points further, Table 3.4 provides a comparison of the
percentage change effect on N,O emissions of legumes grown in rotation versus
legumes as green manure/cover crops. Accepting that few published studies pro-
vide suitable control values, the limited data available highlight the significant
increase in N, O flux possible where high N residues are incorporated into the soil.
Irrespective of the scale of the percentage effect observed, the largest recorded
flux values are comparable with those measured from crops fertilized with inor-
ganic N. This comes in contrast to savings in both cost to the farmer in reducing
fertilizer usage and environmental costs of reducing fertilizer manufacture, and
further benefits of N carryover into the following crop.
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Fig. 3.2. N content and C:N ratios for legume and non-legume plant residues.
(Adapted from Jensen et al., 2011.)

Table 3.4. Effect of legume crop on N,O emissions.

Effect of legume crop on N,O emissions compared
with cereal crop/control (percentage change)

Legume Crop as cover

Legume crop in rotation crop/green manure (significant
(some residue incorporation)? residue incorporation)®
Mean 1.6 679
Minimum -59 7.8
Median -8 236
Maximum 113 1888

aData from: MacKenzie et al. (1997), Dick et al. (2006), Drury et al. (2008), Halvorson et al.
(2008), Guo et al. (2009) and Barton et al. (2013).

®Data from: Baggs et al. (2003), Millar et al. (2004), Kaewpradit et al. (2008), Gomes et al.
(2009) and Frimpong et al. (2011).

Improving the synchrony between N availability and crop growth in these
management systems would be critical in reducing N,O flux and maybe N fer-
tilized systems where top-dressings can match supply of N to demand are better
than legume rotations in this respect (Cassman et al., 2002; Crews and Peoples,
2004). One strategy that may prolong mineralization of legume residues through
the season would be to manipulate the overall C:N ratio of the plant material
applied. This may be achieved by mixing high-C cereal residues with high-N
legume residues to allow for some measure of N immobilization (Myers et al.,
1994; Vinten et al., 1998; Schwendener et al., 2005; Kaewpradit et al., 2008;
Frimpong et al., 2011).
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Nitrate Leaching from Legume Crops

Leaching of nitrate from agricultural land is another important route of N loss
from field soils reflecting both excess N in the soil comparative to crop growth
requirements and the amount of water held by the soil immediately following
N application (Addiscott and Powlson, 1992; Ledgard, 2001; Jensen and
Hauggaard-Nielsen, 2003). In Europe, nitrate pollution of surface water and
groundwater is a significant environmental problem with the annual nitrate
concentration of approximately 30% of groundwaters exceeding the European
Commission (EC) threshold value of 50 mg/I (Al-Kaisi and Licht, 2004; Hooker
et al., 2008). In legume-supported systems, particularly legume-rich pastures,
leaching may be less of a problem than intensively managed systems (Owens
et al., 1994), although field data are lacking. Legume crops in rotation, or
legume cover crops/green manures may still be associated with significant ni-
trate leaching from the soil due to both the lack of synchrony between N avail-
ability and crop growth and the amount of N provided through mineralization
of the low C:N plant residues. As almost 75% of legume cover crop biomass is
killed and left on the soil surface as a mulch which may be decomposed after 120
days, the potential for N leaching is high (Quemada et al., 2004). Comparable
field data on the effect of legume cropping on nitrate leaching is scarce in the lit-
erature. Beaudoin et al. (2005) observed the highest rates of nitrate leaching in
crop rotations including pea for northern France due to the higher N content of
plant biomass and lower N uptake rates from the soil, while one recent study on
the use of legumes as cover crops in Capsicum production showed both high N
leaching and a linear correlation between the N accumulated in the legume bio-
mass and the total amount of nitrate leached (Campiglia et al., 2011). Targeting
the reduction of mineral N accumulation in soil, synchronizing N inputs with
crop growth and crop N uptake and avoiding the buildup of excess N in soils
would contribute towards decreased leaching (Mosier et al., 2002) and one pos-
sible way to achieve this would be through intercropping of legumes with cer-
eals, a form of low-N input agriculture popular in the tropics and now receiving
interest in Europe.

Nitrogen and Phosphorus Losses from Intercropping
of Legumes

Intercropping of legumes and cereals offers an opportunity to increase the input of
fixed N into an agroecosystem both in the short term through direct N transfer
(Patra et al., 1986; Xiao et al., 2004), and in the long term through mineraliza-
tion of residues (Olesen et al., 2002; Thorsted et al., 2006). This may be achieved
without compromising N uptake by the cereal crop or crop yield/stability
(Hauggard-Nielsen et al., 2001), and in terms of economic yield may even prove
beneficial (Willey, 1979; Hauggaard-Nielsen et al., 2001). As intercropping in-
volves both a reduction in applied inorganic N and, by virtue of the legume and
non-legume plants growing in close proximity, a more efficient use of N, emissions of
N,0 may be expected to be lower than for monocrops. However, as with Nleaching,
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there is a scarcity of information whereby direct comparisons between intercrops
and monocrops can be made. Dyer et al. (2012) reported short-term N,0 emis-
sions from a temperate maize—soybean intercropping system which was com-
pared with monocropped maize and soybean. Emissions of N,O were significantly
lower from the intercrop treatments (11.5-12 ug N,0-N m*/h) than either the
soybean or maize crops (13.5 ug N,O-N m*/h and 14 ug N,O-N m*/h, respectively).
Only one study has reported cumulative emissions for legume—cereal intercrop-
ping (Pappa et al., 2011). This study included both barley—pea and barley—clover
intercrops and also looked at varietal differences in N,0 emission and N leaching
(Table 3.5). As the barley monocrop received no added N other than that provided
from the previous grass crop, inclusion of the clover and pea (cv. Nitouche) crops
increased annual N,0 emission by 211% and 267%, respectively. Of significant
interest, however, was the observation that one of the second pea varieties (cv.
Zero 4) reduced the annual N,0 emission by 22% and that unlike barley—clover,
the barley—pea intercrops reduced nitrate leaching.

Intercropping may also have positive effects on plant phosphorus (P) uptake.
Phosphorus is an essential plant nutrient but is a relatively immobile element
in soils. Following adsorption by soil surfaces and organic matter it forms stable
largely insoluble compounds that cannot be removed from soils by leaching or
volatilization. Small amounts of phosphorus are, however, released into the soil
solution in the form of phosphate ions and it is these that become available for
plant uptake and potential loss through drainage.

In many Western countries, fertilizer phosphorus inputs over many years
have led to the enrichment of soil with phosphorus in immobile pools. Utilization
of this excess phosphorus can be improved by selecting rotational designs to
include crops or intercrops that optimize phosphorus uptake (Edwards et al.,
2010). Brassicas have been shown to be particularly effective at mobilizing phos-
phorus from the soil, possibly as a consequence of their root exudates (Walker
et al., 2012). There is considerable evidence that the use of legume-based inter-
cropping systems improves the efficiency of soil phosphorus utilization and it has
been suggested that this may be also a consequence of mycorrhizal associations
with the roots of legume species (Ren et al., 2013). It is considered likely that
legume roots are able to alter the pH of the soil and influence phosphorus avail-
ability accordingly (Betencourt et al., 2012; Li et al., 2013). Legume-supported

Table 3.5. N losses from spring barley—clover and barley—pea intercrops. (Adapted
from Pappa et al., 2011.)

Change Nitrate Change
N,O flux compared with leached compared with

Crop (kg N,O-N/ha) control (%) (kg NO;-N/ha) control (%)
Barley 0.9 0.3

Barley—clover 2.8 + 211 1.3 + 333
Barley—pea cv. 3.3 + 267 0.2 -33

Nitouche
Barley—pea cv. 0.7 22 0.1 —66

Zero 4




48 Michael Williams et al.

rotations (including intercrops) are of particular value in soils with lower phos-
phorus content or in circumstances where phosphorus is applied in insoluble
forms. For example, organic farming regulations preclude the use of soluble
phosphorus fertilizers, preferring instead to use composts or manure or other
forms of phosphorus input such as rock phosphate. However, extreme phos-
phorus deficiency (often encountered in low pH soils) could possibly result in
reduced growth of legumes in rotation as this becomes the next most limiting
nutrient after nitrogen.

Conclusions

In terms of N loss from the soil via N,O flux and NO," leaching then available
evidence indicates that the use of legumes as cover crops/green manure and sur-
face mulches lead to high risks of losses of reactive nitrogen to the environment.
Legumes in rotation, forage legumes and legumes as intercrops are more likely to
be beneficial both in terms of reducing fertilizer inputs and in terms of cumulative
N,O emissions, but in the case of nitrification/denitrification, N,O flux would be
dependent on N inputs through mineralization of the previous crop.

Insufficient field data allows a definitive statement on N leaching and in terms
of variable results from intercropping may reflect deeper rooting varieties (Pappa
et al., 2011). However, of the four cropping systems considered, the greatest po-
tential for N loss would be the green manure/cover crop/mulch option.

Although legumes are known to mobilize phosphate pools, this comes at a
cost of soil acidification that requires liming and may lead to some drainage losses.

Improvement of soil quality through soil structure and carbon sequestration
would be pronounced both in long-term legume forage systems and in direct appli-
cation of legume residues to soils as green manures/surface mulches.
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Abstract

Modern intensive cropping systems rely on simple cropping sequences, mineral fertilizers
and chemical crop protection. This has led to a reduction of crop diversity, simplified land-
scapes and declines in biodiversity. However, even today in intensive farming systems,
legume-supported cropping has the potential to deliver many ecosystem services, both dir-
ectly due to unique trait combinations and indirectly via promoting biodiversity and by
facilitating services such as pollination, pest control and soil improvement. This chapter
outlines the effects of legume cropping on biodiversity, focusing on legume-specific traits
and their interactions with agricultural management. Legumes have complex direct and
indirect interactions with the surrounding agroecosystem and its management, so it is not
possible to fully separate general crop management effects from effects of management
that is specific to legume crops, and legume-trait effects. Legumes can benefit farmland
biodiversity when included in highly productive cropping systems. Legume crops qualify
for the ecological focus areas in ‘greening’ of the Common Agricultural Policy (CAP) of
the European Union (EU). Several of the effects of legumes are related to changes in man-
agement practices, such as a reduced use of pesticides, fertilizer or soil tillage. Of course
benefits for biodiversity may be also partially achieved by other crops and diversified crop
rotations. However, legume traits and management practices vary at a species or even
cultivar level and so here we provide a general overview of the effects on biodiversity.

Introduction

Agroecosystems are characterized by more frequent disturbance of vegetation
than occurs in most natural and semi-natural ecosystems. Crops are communi-
ties of plants that are simplified by weed control and fertilization (Tilman et al.,
2002). Additionally, agricultural management affects many non-crop species via
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addition (fertilization) or removal of organic material (harvest), regular soil dis-
turbance (tillage, compaction), and the use of crop protection products. This re-
duces the ability of ecosystems to provide goods and services (Tilman et al., 2002).
The use of legumes to diversify cropping systems and simultaneously support spe-
cies conservation and food security requires an understanding of the underlying
mechanisms that generate and maintain diverse and productive agroecosystems.
As dicotyledonous, mass-flowering and nitrogen-fixing plants, many legume
species are different from non-leguminous mass-flowering crops such as oilseed
rape (Brassica napus ssp. napus) or sunflower (Helianthus annuus). Grain legumes
(e.g. soybean, Glycine max Merr) or faba bean (Vicia faba) and forage legumes (e.g.
lucerne (alfalfa), Medicago sativa; and clovers, Trifolium spp.), as ‘catch’, ‘cover’,
‘green manure’ or ‘alternative host’ intercrops vary in their characteristics and
accordingly in their impact on the agroecosystem and surrounding landscapes.
Yet to harness potentially positive effects, the agricultural management as well
as the trait combination and expression of the specific legume crop must be con-
sidered (Fig. 4.1).

How Legume Traits Influence Local Biodiversity on Farmed Land

Research into effects on biodiversity has focused predominantly on natural or
semi-natural ecosystems. In farmed ecosystems, biodiversity is vital for the supply
of supporting and regulatory ecosystem services, including pollination, nutrient
cycling, soil structure and functioning, hydrological processes and crop protec-
tion (Tscharntke et al., 2005; Altieri and Rogé, 2010) if provisioning services
(crop production) are to be maximized (Tscharntke et al., 2005; Altieri and Rogé,

Agricultural
Management

- Tillage/soil management

- Harvest regime

- Crop protection management
- Fertilizer management

- Crop rotation and composition

Legume-specific Biodiversity
Traits - Soil organisms
- Plants
- Flowering - Herbivorous and predatory
- Seed production invertebrates
- Above-ground plant structure - Pollinators
- Deep root structure

- Birds

Fig. 4.1. Potential effects and interactions between legume traits, agricultural
management and biodiversity in legume-supported cropping.
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2010). In both natural and farmed systems, several legume traits, such as mass-
flowering, biological nitrogen fixation (BNF), weed suppression, niche generation
or soil improvement often act in combination to affect biodiversity. However, for
an understanding of the effects of legumes on biodiversity, it is useful to consider
these traits separately, also because they differ between legume species in their
combination and expression.

Flowering and pollination

The characteristic floral morphology of most legumes, comprising a long corolla,
curved nectar tube and bright colour is widely considered to have contributed
to the rapid divergence of this plant group and co-evolution with specific pol-
linators (Leppik, 1966) (Fig. 4.2). As a result, flower-feeding insects of the order
Hymenoptera, whose proboscis and feeding strategies have evolved in tandem
with the pollination requirements of legume flowers, benefit from legume-rich
grass and forage systems. Studies have shown that the floral abundance, species
richness and the availability of nectar and pollen, especially in the form of leg-
umes, can drive bumblebee community composition and can enhance pollinator
populations (Potts et al., 2009).

Pollinator decline has been driven in part by habitat loss, reducing the abun-
dance and diversity of floral resources and nesting opportunities (Goulson et al.,
2015). In addition, pollinators have been exposed to cocktails of agrochemicals
and other changes in agricultural practices (Goulson et al., 2015). As a conse-
quence of declines in pollinator abundance and diversity, seed yields can decline,
for example, in red clover (Trifolium pratense) (Bommarco et al., 2012). To conserve
and promote bees and local pollination services, field margins sown with the leg-
ume-based pollen and nectar mixture have been shown to be beneficial in terms
of attracting bees (Carvell et al., 2007; Woodcock et al., 2014), although legume
flowers are not a suitable resource for many non-bee pollinators. Therefore, plant-
ing legumes could enhance bee populations in some contexts (Scheper et al.,
2013), aid conservation efforts and simultaneously improve crop yields (Palmer
et al., 2009). Additionally, many legumes provide extra-floral nectar, which is
accessible to many invertebrates, including beneficial species such as parasitoid
wasps (Géneau et al., 2012). Not all legumes depend on bee-mediated pollination or

Fig. 4.2. Honeybee (Apis melifera) foraging on lucerne (Medicago sativa subsp.
varia). (Photo credit: Christine Venjakob.)
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provide sufficient amounts of accessible nectar and pollen to be visited by foraging
bees (e.g. pea, Pisum sativum; or lentil, Lens culinaris) (see Chapter 5, this volume),
or produce resources throughout the season. Thus a positive effect of legumes on
pollinator abundance and diversity depends on the legume species and whether its
rewards can be utilized by a particular species or not (Palmer et al., 2009; Mader
and Hopwood, 2013). On a broader scale, this may also influence the pollination
of other flowering plants, including other crops, either by facilitating pollination
in other species by attracting additional pollinators, or by competing for pollin-
ators (Brookes et al., 1994; Ghazoul, 2006).

There are calls for altering crop breeding targets to improve additional envir-
onmental functions and support better integration of crops into healthy agroeco-
systems (Palmer et al., 2009). Selection for traits to improve floral attractiveness,
including colour, morphology, phenology and the quantity and quality of nectar
and pollen rewards for pollinators is an area in which crop breeding strategies
could make gains while simultaneously improving crop productivity through in-
creased cross-pollination and hybridization (Palmer et al., 2009). Self-pollination
has been promoted in many grain legumes such as soybean during their do-
mestication (Mader and Hopwood, 2013). However, out-breeding remains the
dominant mode for the majority of forage legumes and other species not predom-
inantly bred for seed production (Carbonero et al., 2011).

Biological nitrogen fixation

The nitrogen (N)-rich root, shoot and leaf biomass of legume crops, en-
abled by BNF, increases the availability of N to neighbouring or succeeding
non-legume crop plants (Kumar et al., 1999). Decomposer communities,
microorganisms, dependent fauna and herbivores play an important role in
recycling plant litter and making the fixed N available to surrounding plants.
For example, the N transfer from clover to wheat is related to earthworm ac-
tivity (Schmidt and Curry, 1999). Root exudates as well as living and senes-
cent root biomass provide additional below-ground N-enriched input to the
soil (Sugiyama and Yazaki, 2012). Through subsequent trophic interactions,
these N-rich resources are transferred throughout the food web. This may in-
crease plant density and unsown vegetation biodiversity, although this may
not be the case in highly fertile managed agricultural grasslands where ni-
trogen is not a limiting nutrient (Tilman et al., 1997).

The low C:N ratio of legume biomass can also influence higher trophic levels
by providing high-quality, accessible nutrients (Sileshi and Mafongoya, 2007).
This is available to all invertebrate herbivores, so it benefits pest species as well
as those with neutral or positive impacts on crop productivity. Thus without a
diverse and well-structured community of invertebrates and other organisms on
farms, the attractiveness of legumes could have a detrimental effect on production
in cropping systems by attracting herbivores that may spill over into both legume
and non-legume crops and become pests. In a healthy ecosystem, increased pest
populations also lead to increased predator and parasitoid populations, sup-
porting equilibrium between pests and natural enemies (Price et al., 1980).
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Increased diversity and other changes to the non-crop vegetation and inver-
tebrate community, resulting not only from legume cropping, can also benefit
farmland bird populations by promoting species upon which their diets rely
(Moorcroft et al., 2002).

N-rich legume plant material used as a green manure crop or present as litter
increases the activity and abundance of soil fauna such as Enchytraeidae (Lagerlof
et al., 1989) as well as decomposition by soil microbes (Sileshi et al., 2008). The
presence and quality of the litter (below and above ground) increases the abun-
dance of earthworms, as van Eekeren et al. (2009) showed in a comparative study
of white clover (Trifolium repens) and ryegrass (Lolium perenne). Soil invertebrates,
including earthworms and centipedes, were found to benefit from incorporating
legume material pruned from leguminous trees into the ground in maize cropping
agroforestry systems (Sileshi et al., 2008) indicating that such added nutrients
may benefit decomposer groups and the soil food web.

Above-ground plant structure of legumes

Legumes compete with non-crop species in a way that contrasts with monocoty-
ledonous crops such as cereals or maize. This leads to weed communities that are
different to those in monocotyledonous crops (Meiss et al., 2010c). Climbing and
creeping growth forms add further structural complexity, which is of particular rele-
vance in intercropped and undersown systems that have a high leaf area index (Bilalis
et al., 2010). Thus, where legumes are strong competitors, such as the fast-growing
and creeping white clover (T. repens) within green mulches, intercropping and under-
sowing can reduce non-crop vegetation preventing invasion of swards by otherwise
competitive weeds (Frankow-Lindberg et al., 2009). Legume-based cover and green
manure crops may alter the community structure of associated vegetation in favour
of broadleaved species leading to the maintenance of a more diverse community fea-
turing a greater range of rare plant species (Meiss et al., 2010c).

The regrowth of a perennial legume such as lucerne or clover allows sev-
eral harvests/cutting cycles per year and creates longer ground cover. The cut-
ting regime has a strong influence on floral and faunal composition and diversity
(Everwand et al., 2014). In grassland systems with legumes the balance between
cutting and grazing can also influence the persistence of legumes within the
sward. Grazing maintains legume cover more effectively than cutting (Woodcock
et al., 2014). The presence of perennial grass or grass—legume leys in rotation
affects the weed flora (Meiss et al., 2010b) and can reduce the risk of noxious an-
nual weeds (see Chapter 11, this volume).

Root characteristics and morphology

Legume-supported systems impact on vegetation communities via changes to
soil structure, seed bank and soil chemistry over the course of several cropping
cycles. Many legumes have deep roots, high mycorrhization and high abundances
of both symbiotic and non-symbiotic N-fixing bacteria in comparison to cereals.
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Those root and rhizosphere characteristics improve soil structure (Mytton et al.,
1993; Lupwayi and Kennedy, 2007). However, root characteristics differ be-
tween legume species. The taproot of faba bean (V. faba) for instance is larger and
more robust than that of other cool-season legumes (see Chapter 5, this volume).
The roots of lucerne can grow deeper than 2 m, and transport assimilates down
as well as nutrients up through the soil profile (see Chapter 11, this volume).
Additionally, lucerne roots release allelopathic compounds, some of which dir-
ectly limit the growth of weed flora in the later stages of a crop rotation (Xuan
and Tsuzuki, 2002) or suppress root damage by pathogenic nematodes and en-
hance interspecific biocontrol within the nematofauna, as shown for the legume
species Mucuna pruriens var. utilis (Blanchart et al., 2006). This reduces the need
for pesticide input and weed control measures. For example, lucerne is used as a
‘biological break’ in a rotation to reduce soil pest populations that may build up
over successive seasons of other arable crops (Altieri, 1999).

How Management of Legume-supported Cropping Affects
Biodiversity

Crops are managed to maximize production and control competitive weeds, pests
and diseases. When considering management effects, it is useful to differentiate
between beneficial and detrimental organisms. Pollinators or predators are wel-
comed by farmers, but they are often affected by management that is targeted at
pests and weeds. While this is a common problem with most crops, management of
legume systems affect diversity in ways that differ from the effects on other crops.

Weed control — management of non-crop flora

In conventional crops, many non-crop flora species are considered to be ‘weeds’.
However, many of these weeds may not have detrimental effects on the crop and
even provide benefits for agrobiodiversity (Albrecht, 2003). Regardless, the in-
creased control of weeds is responsible for significant declines in flowering plant
species, including those once common in agricultural habitats and in any inten-
sively managed crop, herbicide use and tillage practices reduce non-crop vegeta-
tion biodiversity (Hole et al., 2005; Swanton et al., 2006). Some legume crops,
such as lupins, are very susceptible to post-emergence herbicide application, so to
avoid this cultural control methods such as harrowing are used on such legume
crops (see Chapter 6, this volume).

Several legume crop species are competitive and suppress non-crop vegeta-
tion. However, not all legumes (e.g. peas) are sufficiently vigorous to significantly
reduce weed abundance via competition when grown as a single crop (Deveikyte
et al., 2009). Reduced weed pressure can also be achieved by deliberate choice
of site-specific crops, crop mixtures or rotations, for example by alternating per-
ennial and annual crops (Meiss et al., 2010b) or by intercropping legumes with
cereals to increase the competitiveness of the crop mixture and to reduce the need
for herbicides (Hauggaard-Nielsen et al., 2001; Poggio, 2005). In organic systems
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in particular, white clover—ryegrass leys are included in rotations specifically for
the purpose of growing highly nutritious feed for animals, increasing soil fertility
and for controlling annual weeds (Hole et al., 2005). The length of the perennial
ley is also an important factor influencing weed dynamics due to a balance be-
tween species competitiveness and the influence of the lack of disturbance in the
ley phase: Anderson (2010) suggests 3 years of lucerne is more beneficial than
longer or shorter leys. Reduced weed management can even limit weed popula-
tions in the longer term: if weeds act as a food source for seed-feeding organisms,
the presence of weeds can encourage the activities of these organisms and re-
duce the weed seed bank (Meiss et al., 2010a). This in turn can create a positive
feedback on overall biodiversity, especially if no- or low-till management is imple-
mented with intercrop mixtures. However, the effects of including legume crops
in rotations on weeds vary. The diversity and abundance of certain weed species
can either increase or decline, depending on system design, management prac-
tices and weed species (Murphy et al., 2006; Graziani et al., 2012). Overall, the
impacts of weed management in individual legume-supported cropping systems
will depend on how the potential vegetation community is affected, and the com-
petitiveness of the legume versus other crop and non-crop plants. Thus, only a
well-planned and well-informed legume-supported crop rotation can help to keep
competitive weeds below problematic levels and achieve the target of positive
effects on biodiversity.

While legume-supported cropping in Europe is predominantly concerned
with herbaceous plants, many leguminous tree species are used in agricultural
systems elsewhere. For example, in tropical areas with particularly nutrient-poor
soils and where predominantly low-input subsistence farming is practised
(Graham and Vance, 2003), material pruned from leguminous trees and hedge-
rows can be incorporated into the soil, resulting in yield increases of maize (Egbe
etal., 1998). Some leguminous tree species such as acacias have additional allelo-
pathic properties leading to enhanced suppression of weed germination from the
soil seed bank (El-Khawas and Shehata, 2005). Such use of leguminous tree spe-
cies for short rotation forestry might also fit in some European systems and could
be beneficial for biodiversity via diversified landscapes.

Pest control — management of crop-associated fauna

Legume traits such as high plant N, flowering and extra-floral nectaries make leg-
umes a potential food source not only for pollinators but also for other herbivores
which can potentially become pests. In addition, they provide habitat and food
sources for potential pest control agents, including predatory and parasitoid in-
sects (Géneau et al., 2012). The diversity of fauna, both beneficial (pollinators and
natural enemies) and detrimental (pests) in legume-supported systems, however,
is heavily dependent on the type and frequency of chemical pest control as well as
crop and rotation management.

Organic systems, which lack pesticides and mineral fertilizers and have dif-
ferent crop rotations compared with conventional ones, are often associated
with increased diversity and abundance of fauna. This may be attributed to the
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presence of legumes (e.g. Power and Stout, 2011). However, although many
studies have demonstrated increased fauna associated with organic practices, it is
difficult to determine which component of organic farming is responsible (Gabriel
etal., 2013). As well as legume-supported cropping, other organic and integrated
management options include: (i) modifications of planting time, tilling regime
and fertilizer application in relation to the pests’ life cycle; (ii) intercropping to di-
vert pests or attract natural enemies; (iii) using trap crops, natural plant products
or biopesticides alone or in combination with synthetic pesticides; or (iv) the de-
ployment of resistant varieties and other measures (Sharma et al., 2005). Thus it
isnot simple to disentangle the effects of legume cropping from the effects of other
practices in organic systems.

Other legume-supported management practices which influence crop fauna
include intercropping with legumes, adding them to field margins or including
them in rotations. Such practices can provide more diverse resources and habi-
tats for a range of faunal species over both spatial (within fields, across the land-
scape) and temporal (over a longer period of time) scales. This can reduce pest
and disease pressure due to physical barriers and larger spatio-temporal distances
between host plants. Such practices can also increase structural complexity of
vegetation, providing additional habitats for invertebrate species. Thus cover
crops, undersowing, intercropping, legume-based field margins and mulches can
increase beneficial invertebrate biodiversity (Curry, 1986; Osler et al., 2000) and
the ecosystem services, such as increased biocontrol, provided by it (Hooks and
Johnson, 2001; Midega et al., 2009).

Management of fungal disease

Fungicides used to control diseases may have negative effects on symbiotic and
neutral fungal organisms and higher trophic levels. Legumes can disrupt host
availability for the pathogens, but host plant resistance is the best means of dis-
ease control (Stoddard et al., 2010). Furthermore, the risk of fungal infestation of
the crop can be reduced (in both legume-supported and conventional cropping
systems) by adjusting seed density, water and nitrogen management. Additionally,
maintaining sufficient intervals between potential host plants reduce the risk of
fungal diseases.

Soil management

In legume-supported cropping systems, tillage and crop rotation are often closely
linked. This is because the root morphology of many legumes allows no-till
farming practices on the following crop, which leaves the soil structure intact and
crop residue on the field surface. This reduces soil disturbance and promotes bene-
ficial insects and earthworms, as well as increasing microbial activity, and helps
with preservation of soil organic matter. No-till management further increases the
amount and variety of other wildlife due to improved cover, reduced soil compac-
tion and the reduced chance of destroying ground-nesting birds and mammals.
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Legume-supported crop rotations, such as those incorporating red clover and soy-
bean, benefit some groups of soil fauna, including earthworms (Jordan et al., 2004).
Earthworm populations increase soil aggregate stability and the storage of C and N
in a soybean cropping system (Ketterings et al., 1997), but earthworms are affected
by soil disturbance (Curry et al., 2002). Impacts of legume cropping on earthworms
are therefore moderated by soil management practices. For example, Schmidt et al.
(2003) assessed the effects of the absence of tillage and the presence of a permanent
white clover understorey on earthworm populations in winter wheat cropping sys-
tems. They found only a modest effect of the absence of ploughing alone, but the
combination of absence of ploughing and presence of a clover understorey greatly
increased earthworm populations. This suggests that large earthworm populations
in legume-supported cereal cropping systems are primarily supported through the
organic matter input from such systems sustaining a food supply throughout the
year (Schmidt et al., 2003). The abundance of earthworms is further influenced
by the rate at which earthworm populations can recover after disturbance by re-
production and colonization from neighbouring undisturbed soil. For example, at
least 2 years of permanent grass/clover cover are required for the full development of
earthworm populations, even in highly favourable temperate soils (Schmidt and Curry,
2001). Earthworm populations in crop rotations are therefore likely to fluctuate de-
pending on crop type and management, order of rotation and duration of non-tilled
recovery periods. The potential benefit of legumes for earthworms would have to
be weighed against potential negative impacts of soil disturbance through tillage.

Small-seeded, dormant and rapidly germinating ruderal plant species are able
to take advantage of newly tilled soil. Legume-supported systems incorporating
no-till or reduced tillage may see a reduction in the abundance of ruderal non-
crop species. Additionally, legume cropping systems, with improved soil quality,
may promote seed-feeding soil organisms, as well as higher microbial activity, re-
sulting in faster rates of seed decay. This can reduce seed longevity and create
‘weed-suppressive’ soil conditions (Meiss et al., 2010a).

Harvesting

The effect of crop residues on subsequent crops depends on the efficiency of har-
vesting methods and recombination of material into the soil. Increases in N-rich
organic matter in soils following some legume crops may promote non-crop
vegetation biodiversity. Organic matter of some legumes, such as lucerne, may
suppress other plants with allelopathic compounds remaining in the soil after
harvesting the crops. To protect ground-breeding birds, small mammals and am-
phibians while maintaining a habitat and food source for pollinators in forage leg-
umes, it is considered best to harvest lucerne at least 8 cm above the soil surface
and not more often than three times per year. This maintains a high regrowth
capacity for the plants, optimal quality and profitable regrowth. Leaving strips
of the forage legume near field boundaries or within the field in an alternating
manner with every harvest provides additional positive effects for biodiversity.
These strips could also provide habitat and flowers for pollinators, even if most of
the field is cut three times a year (DAFA, 2012).
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Legume-supported Cropping Affects Biodiversity at Site
and Landscape Scale

Increasing the diversity of crops creates a greater range of habitats and a more
heterogeneous landscape, which can increase niche and thus species diversity
(Kleijn and Verbeek, 2000; Tscharntke et al., 2005). Therefore, adding legumes
to the cropping system in regions dominated by cereals (Altieri, 1999) leads to
greater spatial and temporal habitat diversity. With a more complex landscape
(e.g. with more boundaries between habitat types), biodiversity (including habitat
diversity, as well as the abundance and richness of pest and beneficial arthropods)
may be enhanced (Duelli, 1997). When legumes are added to crop margins or
as cover crops, food resources are provided for beneficial organisms, especially in
comparison to where margins or fields are left bare and resources are scarce.

To sustain a diverse community of pollinators in landscapes otherwise dom-
inated by grass and cereals, it is crucial that nectar- and pollen-providing legumes
and other plants, including crops, flower (Woodcock et al., 2014) and that pollin-
ators and higher trophic guilds are not affected by non-selective systemic insecti-
cides (Goulson et al., 2015). Furthermore, although they provide a substantial
resource for pollinators, legume crops, like most mass-flowering crops, flower
for only a short time. Perennial legumes, such as lucerne, have longer flowering
periods, so they provide a food source for a wider range of pollinators, especially
when other mass-flowering crops such as rapeseed have stopped flowering (Knight
etal., 2009; Stanley et al., 2013).

Pollinator responses to legumes in field margins and to different crops depend
on the surrounding landscape context and crop management regimes (Knight
et al., 2009; Stanley et al., 201 3). Different crops or wild flowers attract different
pollinators (Rollin et al., 2013; Garratt et al., 2014; Grass et al., 2016), and so
planting field-margin floral resources has a bigger effect in arable crops than in
forages and in simple rather than complex landscape contexts (Scheper et al.,
2013). A landscape with a wider range of crop and non-crop flowers can support
a greater diversity of pollinators. As such, legumes can contribute to the land-
scape-wide diversity in floral resources to support pollinators.

Such changes at the landscape scale have the greatest impact on larger and
more mobile organisms such as farmland birds, bats, vertebrates and flying in-
sects through provision of increased foraging and nesting habitats, and range of
food, prey or other resources (Wilson et al., 1997; Wollff et al., 2001; Santangeli
and Dolman, 2011; Andersson et al., 2013). For example, lucerne crops are sig-
nificant habitats for other taxa such as grasshoppers (Bretagnolle et al., 2011)
and small mammals (common vole and mouse species) that overwinter and re-
produce there (Inchausti et al., 2009), and are a main prey for top predators, such
as raptors (e.g. Montagu'’s harrier, Circus pygargus; Salamolard et al., 2000). The
abundance of these prey species drives the population dynamics of their predators
at the landscape scale. An increase in the area of lucerne benefits skylarks (Alauda
arvensis) (Kragten et al., 2008), ortolan bunting (Emberiza hortulana) (Morelli,
2012) or the little bustard (Tetrax tetrax) (Bretagnolle et al., 2011), which are
birds of high conservation value.
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Conclusions

Legume-supported cropping can have significant impacts on biodiversity in agro-
ecosystems, both above and below ground, locally, on individual farms, and at the
landscape scale. The relationships between legume crops and non-crop flora and
fauna are highly complex, and there is no single overriding positive or negative
effect on biodiversity in general.

Overall, increasing the use of legumes will generally improve biodiversity in
European agricultural landscapes. Nevertheless, it is important to consider the
many factors impacting negatively on biodiversity, such as rotational problems
and crop protection measures. Furthermore, alternative implementation meas-
ures need to be taken into account to achieve the expectations. It is clear, however,
that a more in-depth approach to comparing the biodiversity of legume-supported
and conventional cropping over regional and global scales is required before
biodiversity costs and benefits can be accurately quantified.
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Abstract

The grain legumes are important sources of protein in animal and human diets. This chapter
provides an overview of some basic aspects of their biology and production in Europe. All
early agricultural societies apparently domesticated a grain legume at much the same time
as a cereal, perhaps indicating that their nutritional value was noticed. The cool-season
grain legumes came to Europe from the Middle East with arable agriculture, followed in
historical times by common bean from the Americas and soybean from China. The basic
growth habit is indeterminate, with simultaneous flowering and pod filling. Most species are
self-pollinating but produce more flowers than can mature as pods. The cool-season starchy
species (pea, faba bean, lentil and chickpea) have many attributes in common, including
parallel diseases. The lupins (white, narrow-leafed and yellow) form a closer cluster, and
have an unusual seed composition where the main energy store for germination is cell wall
material. The number of warm-season legume species is large, but only two, common bean
and soybean, are important in Europe. Seed size is highly variable in the cool-season species
and common bean, and seed colour in all species. Many cultures prefer specific sizes and col-
ours for food use. A wide range of antinutritional substances has evolved to protect legume
seeds from predators, and humans have developed methods to remove or denature them, or
reduce them through breeding, in order to improve quality for food and feed.

Introduction

The legume family (Fabaceae) is one of the largest families of flowering plants. The
unifying feature of the family is the characteristic legume pod with a double row
of ovules. The family is also characterized by flowers with five fused sepals and
five petals. The wide diversity of about 20,000 species comes from adaptability,
particularly to nutritionally poor environments, helped by the ability of most
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species to biologically fix nitrogen in symbiosis with bacteria of the Rhizobiaceae.
According to the current model, early in the evolution of the legumes, a copy of
the basic plant-mycorrhizal fungus recognition system was harnessed (neofunc-
tionalized, in evolutionary jargon) to recognize nitrogen-fixing bacteria. Another
co-evolutionary process occurred above ground, as the flowers and bees became
adapted to each other for pollination.

In agriculture, the legume family is second in importance only to the cereals
(Poaceae), based on area harvested and total world production, with more than 650
million t of grain legumes produced on 240 million ha in 2011 (FAOSTAT, 2016).
Several roles attributed to the legumes are often overlooked. Grain legumes provide
one-third of the plant protein and a similar proportion of the vegetable oil used
for human consumption (Graham and Vance, 2003). The amino acid composition
of legumes complements that of cereals and root crops (Wang et al., 2003), per-
haps explaining why the two groups were domesticated together (Gepts, 2004).
Legumes are also important forage crops in temperate and tropical regions.

Legumes provide essential minerals for the consumer (Grusak, 2002). In
addition, the secondary metabolites that protect the plant against pathogens and
pests (e.g. see Ndakidemi and Dakora, 2003) may also protect the human con-
sumer against certain cancers (Madar and Stark, 2002) and have some benefit
in the treatment of diabetes (Jenkins et al., 2003). The consumption of grain leg-
umes can reduce cholesterol in blood, and shows a hypoglycaemic effect. Other
secondary compounds include antinutritional factors, such as trypsin inhibitors
(Gupta, 1987) and allergens (Spergel and Fiedler, 2001).

The family has been traditionally divided into three subfamilies: Caesalpinioideae,
Mimosoideae and Papilionoideae, the latter comprising 28 tribes and including the
grain legumes along with the important forage legumes (Fig. 5.1). The cool-season
legumes (tribes Fabeae, Cicereae and Trifolieae) are closely related and highly similar
at the genome level, and slightly removed from the Genisteae (Wojciechowski et al.,
2004), and the warm-season legumes (tribe Phaseoleae) are similarly closely re-
lated (Lee et al., 2001) (Fig. 5.1).

The Fabaceae, together with a range of less important plants, play a vital role
in biological nitrogen fixation (BNF), which is tens of times more effective taking
place in symbiosis than in free-living bacteria. It was only in the final quarter of
the 20th century that more nitrogen was fixed in the manufacture of synthetic
fertilizer than by BNF. Although ancient farmers would not have known how the
legumes worked, they certainly noticed the effect of the legume on the following
crop, as was made clear by Columella in ancient Rome (Evans, 1998).

Since legume crops can fix their own nitrogen, the question of ‘starter nitrogen’
is often raised: should the farmer apply some N fertilizer to assist with crop estab-
lishment until symbiotic nitrogen fixation is active, and if so, how much? Hence,
agronomists in many countries recommend the application of 20-40 kg/ha of
N fertilizer at sowing time.

Origin and Spread in Europe

The movement of early Neolithic agriculture into south-west Asia and then the
Mediterranean Basin is fairly well documented from the archaeological record.
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Caesalpinoideae — Eight clades

Genisteae ————  Lupinus
Mimoisoideae —— Three clades
— Genistoids ———————— Eight other clades
Papilionoideae —— 50 kb clade —— Hologalegina —— IRLC clade —— Faboids —— Cicereae Cicer
Lens,
I— Fabeae Pisum,
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Fig. 5.1. Phylogeny of the legumes, arranged to highlight the genera that include
important crops in Europe. IRLC, Invert repeat lacking clade; s.s., sensu stricto; s.1.,
sensu lato. (Adapted from LOWO, 2013.)

The most numerous grain remains found in early farming villages come from three
cereals: (i) emmer wheat (Triticum turgidum subsp. dicoccum Schrank ex Schulber);
(ii) einkorn wheat (Triticum monococcum subsp. monococcum L.); and (iii) barley
(Hordeum vulgare L.). Several grain legumes appear as companions of the cereals,
as far back as 10,000 Bc, and the most frequent of these in the Fertile Crescent
are lentil (Lens culinaris Medik.), common pea (Pisum sativum L.) and bitter vetch
(Vicia ervilia (L.) Willd.) (Zohary and Hopf, 2000), the latter now hardly cultivated.
Faba bean (Vicia faba L.) and chickpea (Cicer aretinum L.) are now understood to be
part of that initial round of domestication, and their apparent rarity is attributed
to the fragility of the carbonized seeds (Tanno and Willcox, 2006). As agriculture
started in other parts of the world, a grain legume was always among the early
domesticates, with common bean (Phaseolus vulgaris L.) having been brought into
cultivation in Central and South America, and soybean (Glycine max L.) in China.
Lupins, with their adaptation to acid, sandy soils, were brought into cultivation
much later, in the first millennium Bc. Lucerne (alfalfa) (Medicago sativa L.) was
taken into use for horse feed in Bronze Age Anatolia. The records of the exploit-
ation of clovers and other forage legumes, in contrast, began in Spain around ap
1000 and spread beyond the Pyrenees after about ap 1500 (Kjaergaard, 2003).
Vetches (Vicia spp. other than faba bean) sit on the boundary between forages and
grain legumes, being primarily grown for forage purposes but having sufficiently
large seeds to be developed for grain use, if certain antinutritional factors can be
overcome.

Grain legumes have been used for food for thousands of years and their his-
tory is tightly linked with the evolution of human civilization. They remain vital
in the nutrition of many societies, although they have been replaced as protein
sources by meat, sometimes excessively in many other countries where they
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retain importance as animal feed. Furthermore, most are also consumed as green
vegetables when the seeds and/or pods are immature.

The Cool-season Starchy Legumes

The grain legumes in the Faboid clade have many characteristics in common.
Germination is hypogeal, meaning that the cotyledons and cotyledonary buds re-
main under the soil surface, and if the emergent shoot is damaged, it can be re-
placed by new shoots from the axils of the cotyledons. The seedlings are generally
tolerant of mild frosts, from —4°C in lentil to —10°C in some spring-sown cultivars
of faba bean and pea. The leaves are pinnately compound, with oval leaflets gener-
ally ending in tendrils (reduced to a point in faba bean). A pair of stipules clasps the
stem at the node. After a certain number of nodes of vegetative growth, racemes
of flowers are produced in the leaf axils (Fig. 5.2). The induction of flowering is ei-
ther day-neutral (not affected by day length) or long-day (promoted by increasing
day length above a certain minimum value). Flowers and developing seeds are

Fig. 5.2. (A) Faba bean at flowering stage, showing axillary racemes of four to six flowers,
and the stipules clasping the stem at the node. (B) White lupin at flowering stage, showing
palmately compound leaves and long, terminal inflorescence.
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not tolerant of frost. The basic growth habit is indeterminate, with flowering and
podding continuing as long as conditions allow. Heat and water deficit are the
stresses most likely to halt growth, and moderate stress late in the growing season
is often desirable in order to bring the crop to a harvestable state. The number of
flowers per raceme is generally determined by genotype, and the number of seeds
per pod (on which pod length depends) is strongly determined in that way, while
the number of flowering nodes is substantially affected by environment. Sowing
is usually in the spring in continental, oceanic and boreal climates, and in the
autumn in Mediterranean climates. Autumn-sown faba bean and pea have been
developed in oceanic climates and efforts continue to increase their frost tolerance
so they can be grown in some continental climates.

Seed size is determined by the size of the pod (Patrick and Stoddard, 2010),
which is maternal tissue and determined primarily by the genotype of the mother
plant. Severely restricting growing conditions late in the grain-filling period may
reduce seed size, but most legumes in such conditions abort pods as a first measure
to reduce sink strength, thereby preserving seed size and hence seedling vigour in
the next generation. Within a pod, individual ovules may not get fertilized, or in-
dividual developing seeds may abort due to some nutritional or mutational cause,
but these losses are minor.

None of these species is considered particularly tolerant of drought, flooding,
heat or salinity, although there are marginal differences between them, and con-
siderable genetic variation within each one that can be harnessed through plant
breeding (Stoddard et al., 2006). Chickpea is considered the most heat-tolerant,
both chickpea and lentil are relatively drought-tolerant, and faba bean is the most
tolerant of waterlogging.

Rhizobium leguminosarum is the nitrogen-fixing symbiont for most of these
species, with several biovars having been selected for optimum performance on
individual hosts. Chickpea requires Rhizobium ciceri.

The protein concentration in the seeds is 20-25% (higher in faba bean). Their
main energy store is starch, in ovoid granules about 15 pm X 25 pm, comprising
40-50% of the seed’s dry matter. The amylose (long-chain, essentially unbranched
molecules) content of the starch is 30-35%, which is higher than in most cer-
eals, contributing to the slow digestibility of legume starch, which is valuable for
lowering the glycemic index and maintaining satiety of the consumer (Stoddard,
2004). The oil concentration is low, around 1% of dry matter except for chickpea
which is 3-6% oil, and its main fatty acid is linoleic (Lizarazo et al., 2015).

The most important and widespread insect pests are aphids (Aphis fabae, the
black bean aphid, and Acyrthosiphon pisum, the green pea aphid), leaf weevils
(Sitona lineatus and other species), seed weevils or bruchids (Bruchus pisorum on
pea, Bruchus rufimanus on faba bean and Bruchus lentis on lentil), and the pea
moth (Cydia nigricana). The aphids are important not only because of the direct
damage they do but also for their role as virus vectors. The adult leaf weevils
reduce the photosynthetic area of young seedlings, and their larvae do worse
damage by consuming root nodules. Bruchids are the hardest to control, as the
larvae develop within the seed and are protected from contact insecticides.

The main pathogens are sets of closely related fungi (Tivoli et al., 2006).
Each has a leaf, pod and stem blight of the genus Ascochyta: (i) Ascochyta fabae
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on faba bean and lentil; (ii) Ascochyta rabiei on chickpea; and (iii) Ascochyta pisi
together with Mycosphaerella pinodes and Phoma medicaginis var. pinodella
on pea. These diseases are splash-dispersed and have a low optimum tempera-
ture for growth, so are most prevalent on autumn-sown crops in Mediterranean
and oceanic climates. The sclerotia of the perfect stage can last up to 3 years in
the soil, so a minimum 4-year rotation is recommended. Each has a rust:
(i) Uromyces viciae-fabae on faba bean and lentil; (ii) Uromyces pisi on pea; and
(iii) Uromyces ciceris-arietini on chickpea. The rusts grow best in warm, relatively
humid weather, such as late summer in a continental climate. In other climates,
they often arrive so late in the growing season that they help to desiccate the
nearly mature crop. Chocolate spot disease, caused by Botrytis fabae, is exclu-
sive to and important on faba bean and some vetches, while Botrytis cinerea,
grey mould, is occasionally found on pea, lentil and chickpea, and is sometimes
considered to contribute to chocolate spot disease on faba bean. These fungi
can cause catastrophic crop losses when plant surfaces remain wet for a pro-
longed period and temperatures are close to 20°C, but are seldom problematic
in other conditions (Stoddard et al., 2010). Peronospora viciae causes downy
mildew on pea, faba bean, lentil and some vetches. The literature on its inter-
action with pea is larger than that on the rest of its hosts combined, suggesting
that it is most important on that crop, and it is this author’s experience that
downy mildew is not detectable on faba bean until the other three diseases are
controlled. Because of these diseases, and their ability to survive in the soil, it
is widely recommended that grain legumes are used no more often than every
fourth year in the cropping sequence.

Aphanomyces euteiches is an oomycete that has become the major limitation to
growing pea in many parts of the world, as it causes a root rot disease and persists
in the soil for up to 9 years, so rotations have to be at least that long. Lentil is con-
sidered generally susceptible, but resistance exists in some accessions of faba bean
and vetches (Moussart et al., 2013).

Broomrapes (Orobanchaceae) are flowering plants that parasitize the roots of
many crops and are particularly limiting in Mediterranean climates. Orobanche
crenata Forsk. is the most common one attacking pea, faba bean, lentil and vetches,
but most germplasm of chickpea is resistant to it (Rubiales et al., 2004).

The cool-season grain legumes are generally seen as poorly competitive with
weeds, owing to relatively slow establishment after sowing and, in several species,
low levels of crop cover and thus shading of the ground from the small leaflets and
tendrils. Unfortunately, few herbicides are suitable for use on legumes, and even
fewer are approved for use on legumes in European countries, so weed control re-
mains difficult. The use of anti-weed net on the soil is an option for weed control
in high-value food crops.

Except for the largest-seeded cultivars of faba bean, common bean and
chickpea, conventional sowing and harvesting machinery can be used for all
of the grain legumes. Target crop densities depend on many factors and local
agronomists should be consulted, but the following figures (per square metre) can
be used as starting points: 20 for winter faba bean, 30-50 for chickpea, 50-70 for
spring faba bean, 70-100 for pea and 140-160 for lentil. Sowing depth is usually
three to four times the seed diameter.
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Pea

The species are presented below in order of the quantity harvested in Europe
as mapped by Eurostat, comprising the European Union (EU) and all other
European countries west of the former Soviet Union. Eurostat data are not avail-
able for lentil, chickpea or common bean, so FAOSTAT data are used for these,
according to the Eurostat countries.

Pea is the most widely grown grain legume in Europe and the fourth most grown
in the world (FAOSTAT, 2016). According to Eurostat, total European production
in 2013 was 1.26 million t, of which 39% was harvested in France (Fig. 5.3). Pea
is also one of the most widely grown vegetables, as a mutation in the gene coding
for starch-branching enzyme I leads to a reduction in synthesis of the amylo-
pectin fraction of starch that is not compensated by increased amylose synthesis
(Bhattacharyya et al., 1990), so sucrose accumulates in the seed, making it pleasant
to eat and causing it to wrinkle when it dries. The pea pod can also be eaten fresh,
when it lacks the inner layer of parchment. A new type of horticultural pea, cur-
rently grown in Spain, is the ‘tear pea’, whose grain is consumed very tender and
almost raw, with a size of about 3 mm and a sweet taste. By its sensory qualities it is
called ‘vegetable caviar’. Peas grown for dry use as food or feed are generally smooth
and round, and dimpled or blocky cultivars are desired for specific food markets.
Seed size varies from 100 mg to 350 mg, but the majority of cultivars have
seeds of 200-250 mg. ‘Marrowfat’ cultivars are at the large end of the size
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distribution and the seeds are angular rather than round. Cotyledons are either
yellow or green, depending on the degradation of chlorophyll during maturation.
Most cultivars have white flowers and tannin-free seed coats that are either col-
ourless or pale green, but autumn-sown cultivars and whole-crop forage cultivars
have coloured flowers and seed coats. Starting at node 12-16, racemes bearing
one to three flowers are borne in the leaf axils. Self-pollination reliably occurs
before anthesis and the scentless flowers do not attract pollinating insects. Most
cultivars produce between six and ten seeds per pod.

Pea evolved as a tendril-supported climber and its stems are weak. Modern
semi-leafless cultivars, where the leaflets are converted to tendrils (gene af) and
the stipules are greatly enlarged to provide photosynthetic area (gene St), support
themselves in pure stands by clinging to each other, with greatly reduced lodging
in spite of the weakness of the stems. Spring-sown cultivars generally produce
one stem and rarely branch, whereas autumn-sown cultivars usually produce
three to five stems from the base. Increased basal branching would allow seeding
rates to be reduced, but could lead to undesirably later flowering and maturity,
unless handled carefully in the breeding programme.

The most important antinutritional factor restricting use in animal feed is
trypsin inhibitor (TI). Different TI forms protect the crops from various bruchids
so are valuable in crop production, but unless the feed is heat-moisture treated
to denature them, they reduce feed conversion efficiency and cause stress to the
consuming animal’s pancreas. Hence low-TI germplasm has been developed for
feed purposes, but it requires better segregation in the crop-handling chain than
is currently possible, so it has made little market impact.

Faba bean

Faba bean is a preferred food in West Asia, North Africa and China, while it is
more widely popular as a green vegetable and in many countries is used as feed.
In spite of its widespread use, the global faba bean area decreased from 5 million
ha in 1965 to 2.7 million ha in 2011 (FAOSTAT, 2016). Faba bean production
in Europe (Eurostat, 2016) was 1.40 million t in 2013, and the largest producer
was the UK producing 0.39 million t (Fig. 5.3). As a result of the strong collab-
orative research and breeding programmes during the last 40 years, considerable
progress has been made in reduction of antinutritional factors, improvement in
biotic and abiotic stress resistance, and altered growth habit. Faba bean, among
legumes, is a particularly important candidate for increasing BNF in temperate
agricultural systems due to its high productivity of dry matter and high propor-
tion of nitrogen derived from the atmosphere (Baddeley et al., 2013). Faba bean
is well adapted to heavy clay soils with a pH of 6—8, and its growth suffers when
the pH is below 5. Its taproot is larger and more robust than that of the other
cool-season legumes.

Seed size is exceptionally variable in this species, leading to a complex
nomenclature. Accessions with seeds < 250 mg are placed in var. paucijuga, and
larger-seeded materials are in var. faba, with three subdivisions: (i) minor (< 500
mg); (ii) equina (500-800 mg); and (iii) major (> 800 mg). The major types, known
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Lentil

in English as broad beans, can have seeds up to 3 g in size. The distinctions of minor,
equina and major are for commercial convenience and have no botanical value, as
seed size and other traits are continuously distributed. Small seeds are round, al-
most as round as peas, and large seeds are flat. Seed protein concentration is higher
in faba bean than in the other cool-season starchy legumes, with a world average
around 29% and values in favoured situations approaching 35% (Crépon et al.,
2010). Many faba bean breeders aim to increase seed protein concentration further.

The first factors limiting use of faba bean are the pyrimidine glycosides,
vicine and convicine that comprise about 1% of the dry weight of wild-type seeds
(Khamassi et al., 2013). The aglycones, divicine and isouramil are powerful oxi-
dants that cause acute haemolytic anaemia (termed ‘favism’) in susceptible
humans with a deficiency in glucose-6-phosphate dehydrogenase, and also in
chickens (Crépon et al., 2010). The vc- gene reduces the vicine-convicine content
below one-tenth of normal values, to levels that are considered safe, and has been
used in the breeding of several French cultivars.

Asin pea, autumn-sown cultivars produce many stems but spring-sown ones
generally produce only one. Spring cultivars most often produce their first flowers
in the axil of the seventh true leaf, but a landrace that flowers at the third true
leaf has recently been identified. Autumn-sown cultivars require some vernaliza-
tion (weeks of chilling at 0—4°C) in order to flower (Link et al., 2010), so the node
count is less certain. The number of flowers per raceme is highly variable and can
be as high as 15, but is more usually around four to six (Fig. 5.2). Most cultivars
produce three to four seeds per pod, and some produce up to ten.

Faba bean, unlike the other cool-season legumes, has a mixed breeding
system, with both self- and cross-pollination. Within a mixed population such as a
landrace or a composite cultivar, hybrid individuals are generally able to pollinate
themselves (‘autofertile’), while inbred individuals are reliant on bee activity to
bring pollen into contact with the stigma (reviewed by Stoddard and Bond, 1987).
The corolla tube is too long for honeybees or short-tongued bumblebees to reach
the nectar, but they can gather pollen, while long-tongued bumblebees and other
wild bees make use of the nectar as well as the pollen. Depending on the cultivar,
its level of inbreeding, its autofertility, and the available population of pollin-
ators, outcrossing rates range from essentially zero to 83%. This feature affects
seed multiplication in a breeding programme, as the valuable early-generation
seed crop must be isolated from other sources of pollen by distance or in a cage.
It also confers a positive environmental impact, as flowering faba bean crops sup-
port populations of wild bees. A related aspect of the reproductive biology is the
production of excess flowers that serve to attract pollinators, thus providing an
evolutionary advantage by sending the pollen further than the seeds can spread.
Novices growing faba bean for the first time are often distressed by the loss of
flowers, but this is seldom due to lack of pollination.

By the Bronze Age, lentil had spread throughout the Mediterranean region and
into both Asia and Europe. Lentil was used by the ancient Greeks for soup and a
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kind of bread. Pliny the Elder recorded how the plant grows and noted its thera-
peutic qualities as well. Lentil is currently an important crop throughout the
Mediterranean region, Western Asia and North America (Erskine, 1997), with
Canada being the largest producer (FAOSTAT, 2016). Lentil production in Europe
in 2013 was 70,000 t, 59% of which were harvested in Spain. It is a food crop, as
yields are too low and production costs too high for it to be used as feed. It is con-
sidered sensitive to waterlogging, and grows best on well-drained mineral soils in
regions with dry autumns.

Seed size varies widely, from 30 mg to 70 mg, and large-seeded cultivars tend
to be later maturing than small-seeded ones. Small-seeded cultivars (< 45 mg) are
sometimes called microsperma or Persian, and large-seeded ones macrosperma or
Chilean, but the distinction is artificial and seed size is continuously variable ra-
ther than bimodal. The plant is relatively short (often only 40 cm tall), and more
highly branched than pea or faba bean. The leaves produced from reproductive
maturity onwards end in small tendrils that tie the plant stand together. Short ra-
cemes bearing one to three flowers are borne in the leaf axils, usually starting at
node 11-14. The small flowers are reliably self-pollinating and produce pods with
one to two seeds each. In order to bring the indeterminate growth to an end and
allow maturity and harvesting, some farmers in Canada apply a desiccant.

The pods hang close to the soil, so farmers are advised to have as even a soil
surface as possible, and to set the cutter bar of the combine harvester low. The
seeds are easily handled by conventional farm machinery that is set up to handle
small-grain cereals such as wheat and barley.

Cultivars with red cotyledons are generally sold as decorticated, split cotyle-
dons, so ease of dehulling is an important trait, whereas those with yellow coty-
ledons are generally sold whole and there is no need to select for dehulling ability.

In continental climates, lentil is spring sown and in Mediterranean climates,
autumn sown. A reputedly winter-hardy cultivar, ‘Morton’, was developed at
Washington State University in the USA and has survived some winters in the
nemoral to boreal climates of Saskatchewan, Canada and southern Finland, but
not reliably so.

Chickpea

Chickpea spread westwards from the Middle East to the countries around the
Mediterranean and eastwards to India. In classical Greece it was called Erevinthos
and was eaten as a main dish or as a green vegetable. The Romans ate it in soup
or roasted as a snack, much like we have them today. Chickpea is grown on over
10 million ha, primarily in arid and semi-arid areas worldwide (FAOSTAT, 2016).
It is second to common bean in terms of spread and third in terms of production
among the grain legumes. The major producer is India, with 65% of the world
harvest, followed by Pakistan and Turkey. In Europe, the largest producer is Spain,
producing 52% of the continent’s 50,000 t.

The chickpea plant is similar to lentil, being relatively short (40-70 cm) and
highly branched, with many leaflets per leaf. The leaves bear numerous glan-
dular hairs and release oxalic and malic acids, so chickpea breeders are often
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Lupins

recognized by their holey trousers. After 12-14 vegetative nodes, the plant
starts producing one (occasionally two) flowers per node, each of which pro-
duces one to two seeds. Like the other cultigens of the Fabeae, chickpea has a
wide range of seed sizes, from 120 mg to 600 mg, and two size classes are gen-
erally recognized, desi and kabuli. Desi chickpeas are relatively round-seeded,
< 300 mg in size, with a coloured (tannin-containing) seed coat and coloured
(pink) flowers, and are generally used for split cotyledons. Kabuli chickpeas have
a characteristic ‘ram’s-head’ shape and are > 260 mg in size, with a thin and
colourless seed coat and colourless (white) flowers, and are generally cooked
whole. The kabuli seed coat is relatively thin and easily damaged during harvest,
and the seeds are less tolerant of cold soils at germination time in comparison
with desi seeds.

Like lentil, chickpea is spring sown in continental climates and in autumn in
Mediterranean areas. The severity of its ascochyta blight restricted autumn sow-
ing for many centuries, and it is only in recent decades with the advent of resist-
ance breeding that autumn sowing has spread, inspired by successes in southern
India (O’Toole et al., 2001).

Narrow-leafed lupin (Lupinus angustifolius L.), white lupin (Lupinus albus L.) and
yellow lupin (Lupinus luteus L.) all originated in the Mediterranean Basin. Owing
to their high alkaloid content, lupin seeds had to be washed in running water for
up to 2 days before consumption, until low-alkaloid germplasm was developed in
the 20th century, largely through mutation breeding. The domestication of these
still half-wild crops was driven particularly in Western Australia from the 1950s.
The Andean ‘tarwi’ or pearl lupin (Lupinus mutabilis Sweet) is evolutionarily re-
mote from the Mediterranean species and was domesticated in middle altitudes
along the central Andes of South America. Total European production of domes-
ticated lupins was 151,000 t in 2013, two-thirds of which was grown in Poland
(Eurostat, 2016). The lupins form symbiosis with a rhizobium that has not been
taxonomically characterized and is usually called Bradyrhizobium ‘lupini’. Lupins
are covered in greater detail in this volume by Gresta et al. (see Chapter 6, this
volume).

Typical target seedling rates are 50—70/m? for white lupin, and 120-140/m?
for narrow-leafed and yellow lupin. Lupin germination is epigeal, bringing the
cotyledons and cotyledonary buds above ground, so the seedlings may be killed
by physical damage during crop management that would only set back hypogeal
germinating species. The leaves are palmately compound with long and narrow
leaflets held almost at right angles to the petiole. After several nodes of vegeta-
tive growth, the main stem produces some axillary flowers and develops into a
spike with whorls of flowers. The axils of the last two to four leaves then pro-
duce branches that repeat the growth pattern of the main stem, subsequently
producing another order of branches. In some growing conditions, up to five
orders of branches may be produced. For cropping purposes, however, reduced
branching is desirable in order to bring the crop to maturity and harvest readiness.
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Non-branching cultivars have been produced in narrow-leafed lupin, redu-
cing the growing season to a length that allows the crop to be grown up to
63°N in Finland, but biomass production and seed yields are low. Reduced- or
non-branching cultivars have been developed in both yellow and white lupin cul-
tivars, with similar detriment to yield potential. Non-branching cultivars cover
the ground poorly, so they have little ability to suppress weed growth, and they
require high sowing densities. Thus a balance is required, and it may be that
a reduced-branching cultivar, rather than non-branching, will provide the best
combination of sowing density, ground coverage and maturity date for all but
the most extreme climates.

Like faba bean, lupins produce far more flowers than can mature as pods.
Narrow-leafed and yellow lupins self-pollinate in the bud, but are still attractive
to pollen-collecting bees. White lupin self-pollinates shortly before anthesis, and
its outcrossing rate is higher than those of the other two. It is generally acknow-
ledged that these three species have no detectable nectar. Each flower contains
four to five ovules. Seed size is less variable than in some of the other grain leg-
umes, with most white lupins being around 300-320 mg, Andean 200 mg,
narrow-leafed 140-170 mg and yellow 130-140 mg.

The agricultural lupins are adapted to acid, sandy soils and are exceptionally
sensitive to waterlogging and free calcium, although there has been some success
in breeding calcium-tolerant germplasm. Winter-hardy cultivars of white lupin
have been developed for the oceanic regions of France by the Jouffray-Drillaud
company.

Lupin seed composition is radically different from those of the other legumes.
There is significant oil content, averaging about 6% in narrow-leafed and yellow
(Sujaketal., 2006; Lizarazo et al., 2015), 10% in white (Annicchiarico et al., 2014)
and 15% in Andean (Carvalho et al., 2005). The main form of energy storage is
beta-galactan, a complex polysaccharide deposited in the heavily thickened cell
walls of the cotyledons. Seed protein content is about 32% in narrow-leafed lupin,
35% in white lupin, 40% in Andean lupin (Clements et al., 2008) and 45% in
yellow lupin (Sujak et al., 2006). The seed coat is relatively thick, and the protein
content of dehulled cotyledons is several per cent higher than these values. The
amino acid composition of yellow lupin has been claimed to be superior to that of
soybean (Hudson, 1979).

The main restricting factor in lupin usage is quinolizidine alkaloids that are
up to 2% of the dry matter of landraces. These are highly diverse chemicals and
their profile differs in each species. The alkaloids are synthesized throughout the
plant and transported to the seed, so the development of a lupin with sweet seeds
but bitter leaves that protect it from herbivores would depend on the identification
and silencing of a still unknown alkaloid transporter (see Chapter 6, this volume).
In several countries, including the UK and France, the maximum alkaloid content
in lupin seeds for food and feed use is 200 mg/kg, and most current cultivars are
below this level.

The main limiting disease is anthracnose, caused by Colletotrichum
lupini. Phomopsin, a mycotoxin produced by Diaporthe toxica, causes poi-
soning of ruminants grazing lupin residues. There is a large literature on
diseases of lupins caused by Fusarium species. The same aphids and leaf
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weevils attack lupins as Fabeae legumes, along with two European specialist
Sitona species, S. gressorius and S. griseus. Alkaloid content appeared not
to affect attractiveness to leaf weevils (Strocker et al., 2013), but alkaloid
composition affected aphid infestation, indicating that there is potential for
combining low overall alkaloid content and aphid resistance (Adhikari et al.,
2012).

The Warm-season Legumes

The warm-season legumes in the Phaseoleae have numerous distinctions from
the crops described so far. The natural habit of the wild species is generally
vining, not clasping with tendrils. There is little frost hardiness in most species,
and the optimum growing temperature is above 24°C. Seedling emergence is
epigeal, so the cotyledonary buds are susceptible to damage. The leaves are
trifoliolate, and the leaflets are heart-shaped. As is typical of tropical and
subtropical species, flowering in warm-season legumes requires days that
are shortening and below a critical length in order to flower. At medium to
high latitudes, these shorter days are not reached until too late in the growing
season, so selection by farmers and breeders has gradually changed the crit-
ical photoperiod. Insensitivity to photoperiod has been identified in common
bean and a major gene conferring this trait, Ppd, has been identified (Gu
et al., 1998), but more than one gene is required in soybean (Xu et al., 2013).
Racemes are borne in the leaf axils after a certain number of vegetative nodes,
as in the Fabeae. The flowers of common bean and soybean pollinate them-
selves before opening. The development of determinate cultivars has been
important in the domestication of these crops, making them uniform in ma-
turity and suitable for mechanical harvesting. Determinate cultivars produce
several branches, whereas indeterminate ones branch more rarely. The usual
seeding rate is 30-50/m? for both species, depending on soil type, maturity
group and branching pattern.

Common bean

Common bean comes from the Americas, with apparently independent domesti-
cation events around 4000 sc in Mexico, Colombia and Bolivia (Barker, 2006). It
was brought to Europe shortly after the first European contact at the end of the
15th century, and gradually, through the trade of the Spanish and the Portuguese,
it spread to Africa and Asia. The spread of common bean in Europe was complex,
with several introductions from the New World combined with direct exchanges
between European and other Mediterranean countries (Angioi et al., 2010).
Most European landraces of common bean are from the Andean gene pool, with
minor differences across European regions in the proportions of the Andean and
Mesoamerican gene pools. Recombinant forms between both genetic pools have
been described from Europe, which is considered a secondary area of domestica-
tion of the species (Santalla et al., 2002). Europe produced 245,000 t of dry bean
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in 2013, and Serbia was the largest producer (Fig. 5.3). FAOSTAT (2016) showed
world production as 23 million t in 2013, making it by far the most-produced grain
legume after soybean, but this value included some other Phaseolus and Vigna
species.

Seed size in common bean ranges from at least 170 mg to 1000 mg. Seed-coat
colour is highly variable, and there are cultural preferences for colour and seed
size in many regions of the Americas. It is considered a food crop and is seldom
used for feed, owing to its high cost and the presence of phytohaemagglutinins
that require denaturing by cooking before monogastrics can consume them. Each
pod contains up to eight seeds, and the long pods often reach the soil surface and
are liable to rot, so plant height and an upright growth habit have been important
breeding objectives. The fresh pods without fibre can be consumed as snap beans.
The seed coat is very thin and is easily damaged during sowing and harvest,
leading to poor viability.

Common bean is highly sensitive to frost at all growing stages, and requires
warm soils for germination. It is also sensitive to water deficit, waterlogging and
salinity. It is notoriously poor at nodulating and nitrogen fixation, and the causes
and solutions have yet to be established. The most important diseases are due
to the generalist fungus, Sclerotinia sclerotiorum, and the specialist bacteria that
cause: (i) common blight, Xanthomonas campestris pv. phaseoli; (ii) halo blight,
Pseudomonas syringae pv. phaseolicola; and (iii) bacterial brown spot, Pseudomonas
syringae pv. syringae. Resistance breeding has made progress against the bacterial
diseases, but not significantly against sclerotinia.

Soybean

Many authors and databases categorize soy as an oilseed, but taxonomically it is a
legume, so it should be considered here. After the cereals maize, wheat and rice, it
is the world’s most widely grown grain crop, with 308 million t harvested in 2014
according to FAOSTAT (2016). Production in the EU in that year (Eurostat, 2016)
was 1.85 million t, of which 50% was harvested in Italy. The European region as
defined by Eurostat imported 27 million t of soymeal and 15 million t of soybeans.
Production in countries neighbouring the EU is very significant with 3.9 million t
and 2.6 million t produced in Ukraine and Russia, respectively (see Chapter 7, this
volume).

The species is an ancient tetraploid, with the genome duplication estimated at
8 million years ago (Shoemaker et al., 1996), which affects the practical breeding
of the crop, as often two genes need to be altered in order to achieve a desired
phenotype. Soybean is discussed at greater length in this book by Fogelberg and
Recknagel (Chapter 7, this volume).

The oil content of soybean (around 20%) is lower than that of most other
oilseeds, and the protein content (around 40%) is somewhat higher, so the oil-free
meal is usually 45-50% protein. The amino acid composition of the meal is con-
sidered excellent for most feed and food purposes. Usage in food and feed is limited
by two strong trypsin inhibitors, one a Bowman-Birk type and the other a Kunitz
type, that require heat treatment for denaturation.
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The strong photoperiod dependence of soybean has led to the development of
numerous ‘maturity groups’ with narrow (2—3° of latitude) zones of adaptation
in North America. Maturity groups 000 to 2 cover most of Europe’s needs from
the southern shore of the Baltic to the northern shore of the Mediterranean.

Seeds of modern cultivars of soybean are 150-250 mg in weight. The seed
coat is usually yellow, but may be green, brown or black. Unlike most of the other
legumes, soy is not considered to be restricted to certain soil types or pH values.
The first two true leaves are unifoliolate, and thereafter trifoliolate leaves are pro-
duced. The first raceme is borne in the axil of the fifth to seventh trifoliolate leaf,
and the racemes carry three to five flowers that pollinate themselves before an-
thesis. More flowers are produced than can mature, as in most other grain leg-
umes. The pods contain three to four seeds. Indeterminate cultivars produce one
to two stems, determinate ones two to six.

Although soybean has a reputation for being frost-tender, young plants of
many cultivars can survive temperatures of —3°C. If the exposure to frost is short
(an hour rather than overnight), and the seedling or young plant has been hard-
ened by exposure to cool temperatures (< 10° for several days), then a substantial
portion of the crop can survive —4°C (Badaruddin and Meyer, 2001).

Several rhizobia nodulate soybean, but two species predominate: (i) Sino-
rhizobium fredii on neutral to alkaline soils; and (ii) Bradyrhizobium japonicum on
acid or saline soils (Tian et al., 2012). Since these species are not widespread in
Europe, it is necessary to inoculate soybeans before sowing the crop for the first
time in a field.

Since it is grown on all inhabited continents, it is exposed to a wide range of
diseases and pests, and the literature on crop protection is vast. In Europe, the
main pathogens are Peronospora manshurica (downy mildew) and Pseudomonas
syringae pv. glycinea (bacterial blight) on leaves, Diaporthe phaseolorum var. cauli-
vora (canker) and sclerotinia on stems, and Macrophomina phaseolina (charcoal
rot) on roots (Vidic and Jasnic, 2011). The range of pests is similarly wide, and
includes the leaf weevils and aphids that attack the cool-season legumes (Sekulic
and Keresi, 2011).

Conclusion

The grain legumes are diverse in taxonomy, seed composition and environmental
requirements. This diversity means there is a potential legume crop for every
arable field in Europe, but it has the disadvantage that breeding effort has to be
spread across many species, and they cannot be easily substituted for each other
in processes such as feed manufacture. With the rapid development and applica-
tion of genomic technologies, these crops are no longer the ‘orphans’ that they
were just 5 years ago (Sharpe et al., 2013). Complete genome sequences are avail-
able for some and are in development for others, while the expressed portion alone
(the exome) may be the target for large genomes such as that of faba bean. These
technologies will allow information obtained in one species to be rapidly applied
to the improvement of another. The breeding of legume crops is the subject of a
new book (De Ron, 2015).
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Abstract

The lupins are an interesting group of legume crop species that produce large seeds
containing up to 40% protein. The genus Lupinus is part of the tribe Genisteae. More
than 170 species have been described from the New World and only 12 species from
Europe, North and East Africa. Wild lupins are bitter and toxic because they produce
quinolizidine alkaloids as a means of chemical defence. During domestication, lupins
with low alkaloid contents were selected, leading to ‘sweet’ lupins with alkaloid con-
tents below 0.02% in the protein-rich seeds, which can be used both for human and
animal consumption. The domesticated lupins include Lupinus angustifolius, Lupinus albus,
Lupinus luteus and Lupinus mutabilis. Blue or narrow-leafed lupin (L. angustifolius) is the
most widely cultivated of them, with a worldwide production of more than 1.3 million t.
Several challenges remain for lupin breeding, including the improvement of quantitative
and qualitative traits, adaptation to alkaline soil and resistance to fungal pathogens.

Introduction and Taxonomy

Lupin species from the Americas are mostly herbaceous perennials, whereas
Old World lupins are generally annuals. All of them host symbiotic nitrogen-
fixing Bradyrhizobium in root nodules (Sprent and McKey, 1994). Most lupins
are 0.3—1.5 m tall; some shrubs reach 3 m in height and a few Andean species
grow as trees. Lupin leaves are usually palmately compound, soft and divided into
five to 28 leaflets, but a few species in south-eastern North America and Atlantic
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South America carry single leaflets. Flowers appear in dense or open whorls on an
erect stem. The pea-like flowers (length 1-2 cm) consist of an upper standard, two
lateral wings and a keel (formed from two fused petals). Fruits appear as a typical
pod with several hard-coated seeds. Seeds are rather big (in agricultural species),
with up to 40% protein, up to 20% lipid, fibre and several secondary metabolites
(quinolizidine alkaloids (QA), flavonoids, isoflavones, tannins, saponins, oligo-
saccharides). The fatty acid profile, particularly the polyunsaturated fatty acids
(PUFAs) and n-3:n-6 PUFA ratio (Chiofalo et al., 2012) is considered beneficial for
human health (Boschin et al., 2007) and in animal nutrition (Singh et al., 1995;
Vicenti et al., 2009). In addition, lupin has been studied as a human foodstuff
because of its potential in functional and healthy food products due to its hypo-
cholesterolaemic and antidiabetic potential (El-Adawy et al., 2001; Duranti et al.,
2008). Lupins are also cultivated as attractive ornamentals (e.g. Russell hybrids
of Lupinus polyphyllus and other American species).

Lupinus is a large genus including about 170 species all over the world, only
12 of which are native in Europe or in the Mediterranean Basin: Lupinus albus,
Lupinus anatolicus, Lupinus angustifolius, Lupinus atlanticus, Lupinus cosentinii,
Lupinus digitatus, Lupinus hispanicus, Lupinus luteus, Lupinus micranthus, Lupinus
pilosus, Lupinus palaestinus and Lupinus princei (taxonomy according to GRIN,
2013). Only four species are domesticated and play an important role in agri-
culture: three come from the ‘Old World’, L. albus (white lupin), L. angustifolius
(narrow-leafed lupin) and L. Iuteus (yellow lupin); and one comes from the ‘New
World’, Lupinus mutabilis (tarwi). Many other lupin species such as L. cosentinii,
L. pilosus and L. hispanicus that are underutilized show potential as cultivated
plants. Chromosome numbers range from 2n = 32, 36, 38, 40, 42, 50 and 52 in
Old World lupins to a more consistent number 2n = 48 or 36 in New World lupins
(Késs and Wink, 1997a).

Lupins very likely evolved in the Old World and colonized the Americas via
long-distance dispersal almost 15 million years ago. Analysis of DNA sequences
(Késs and Wink, 1997a, b; Hughes and Eastwood, 2006; Eastwood et al., 2008)
have revealed that three main phylogenetic lineages exist within lupins: (i) lu-
pins of the Old World inhabiting the Mediterranean and African region north of
the Sahara (approximately 12 species); (ii) lupins of North, Central and South
America (approximately 130 species, depending on the authority) with a recent
radiation that was induced by the uplift of the Andes and Rocky Mountains; and
(iii) lupins of Atlantic South America (mainly Brazil) (approximately 30 species).
A few North American lupins, such as Lupinus texensis cluster with Old World lu-
pins. The relationships shown in Fig. 6.1 are important for lupin breeders as they
explain why it is impossible or difficult to hybridize Old World lupin species with
New World taxa. Hybrids are possible within the North American lupins and be-
tween L. mutabilis and L. polyphyllus.

The word ‘lupin’ derives from the Latin lupus (wolf) with different interpret-
ations: able to grow in very hard environments or able to catch great quan-
tities of nutrient from soil. The oldest record of L. albus dates back to around
3500 years Bc, in the Late Neolithic, even if without specific evidence of cultiva-
tion. Later, clearer evidence of cultivated lupin has been found in the Bronze Age in
Greece, Cyprus and Egypt. Seeds of domesticated L. digitatus were discovered in
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Fig. 6.1. Molecular phylogeny of Lupinus in relation to other legumes and to its
geographic origin. ITS, Internal transcribed spacer.

the tombs of Pharaohs being over 4000 years old (Zohary et al., 2012). L. albus
was first cultivated as green manure, as forage and probably also for human

consumption.

Cultivation became more widespread when people recognized that the bitter
taste due to alkaloids could be removed by a prolonged soaking. Lupin is still a
neglected crop species with only about 650,000 ha of cultivated lupins grown
(FAOSTAT, 2014). Lupins account for about 1% of all the ten Food and Agriculture
Organization of the United Nations (FAO)-recognized grain legume crops, grown
largely on land not suitable for beans, chickpea, cowpea, pea, etc. In Europe, lupins
are grown on about 150,000 ha, and the area is stable. Poland, the Russian
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Federation, Germany, Belarus and Ukraine are the countries in which lupins are
cultivated on more than 10,000 ha (FAOSTAT, 2014). In Germany, L. angustifo-
lius is the main species grown, while in Poland both L. angustifolius and L. Iuteus
are cultivated. The main production areas for L. albus are found in the south with
Italy, France and Spain as the main lupin-producing countries (5000 ha, 3600 ha
and 3045 ha, respectively, in 2013; FAOSTAT, 2014).

The main hindrance to the spread of lupins as a crop is low yield, low toler-
ance to alkaline soil, bitter and toxic alkaloids and anthracnose. Most of these
obstacles have been addressed. Considering the low investment, great progress
has been achieved in a short period of time.

Secondary Metabolites: Quinolizidine Alkaloids (QA)

Wild lupins are quite toxic due to QA (Wink, 1993) synthesized in the leaves
which can account for up to 8% of their dry weight. If a lupin plant is wounded,
its alkaloid content can be increased by a factor of four within a couple of hours
(Wink, 1992, 1993). Lupins grown at high altitudes usually show lower alkaloid
contents than those grown at lower elevations.

It has been postulated that the transfer from the phloem into the growing
seeds also requires an alkaloid transporter, providing opportunities to breed lupins
with high alkaloid levels in the green parts (to protect against herbivores) but low
levels in the seeds. Another important group of secondary metabolites in lupins
is the isoflavones, such as genistein, which bind to oestrogen receptors and can
be regarded as phyto-oestrogens, a property that might be interesting for nutra-
ceuticals (used to treat menopausal conditions and osteoporosis). Isoflavones also
exhibit antifungal activities.

Properties and Uses

In recent years, legumes have established a key position for food and pharma-
ceutical industries not only for their nutritional role, but also for a number of
both adverse and beneficial effects that they may exert on the human body,
including food intolerance, allergies and hypolipidemic, hypoglycaemic, hypo-
tensive and anti-obesity activities. In addition, lupin proteins can play im-
portant techno/functional roles as witnessed by their increased uses as food
ingredients.

Lupin seeds contain two main classes of proteins. These are the albumin and
globulin fractions, which account for 10% and 90% of the total protein content,
respectively (Blagrove and Gillespie, 1975; Duranti et al., 1981). Prolamins and
glutelins are absent.

The most representative albumin protein is 8-conglutin that belongs to the
28 sulfur-rich albumin family (Blagrove and Gillespie, 1975) and accounts for
about 5% of the total seed proteins. It is structurally related to cereal bifunctional
trypsin/a-amylase inhibitors (Gourinath et al., 2000). The interest in this protein
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lies in the physiological role, being involved in plant defence against pathogens
(Terras et al., 1992; Agizzio et al., 2003).

Three different proteins fall within the globulin group. a-Conglutin belongs to
the 118 globulin family (legumin-like) and represents about 35-37% of the total
globulins (Duranti et al., 1981). B-Conglutin belongs to the 7S globulin family
(vicilin-like) and is the most abundant protein in the seed (about 44—4 5%) (Duranti
et al., 1981). y-Conglutin is an unusual basic 7S glycoprotein, which accounts
for about 4—5% of total proteins in mature lupin seeds (Duranti et al., 1981) and
is likely to be involved in plant defence mechanisms (Scarafoni et al., 2010).

From a nutritional point of view, lupin seed proteins have a biological value
of about 90% that of egg protein (Egana et al., 1992). White lupin seeds have a
higher essential amino acid index and protein efficiency ratio than narrow-leafed
and yellow lupins (Duranti et al., 2008).

Lupin proteins can cause allergic reactions in individuals sensitized to peanut
and other legume seeds (Moneret-Vautrin et al., 1999; Parisot et al., 2001). For
these reasons, lupin has recently been added to the list of potential allergenic
foods and its use as an ingredient should appear on the labelling of foodstuffs
(European Commission Directive, 2006/142/ EC) as a precautionary measure for
consumer protection.

Because of the low off-flavour, lupin flour and protein isolates are suitable
for novel foods. A variety of lupin-based preparations is now available on the
market: (i) tofu-like and tempe-like products; (ii) milk and meat product ana-
logues; (iii) bakery products; and (iv) gluten-free pasta, sauces, mayonnaise and
salad dressings.

Lupin flours may be used as ingredients in bakery products with up to 20%
of inclusion (Dervas et al., 1999; Pollard et al., 2002; Sironi et al., 2005). The
use of lupin flour promotes water retention and fat binding in dough and is also
considered an excellent egg and butter replacement. Since lupin does not contain
gluten, lupin flour is used as a functional ingredient in gluten-free foods (Capraro
et al., 2008). Partially purified lupin protein fractions are commercially available
(Wiésche et al., 2001).

Beyond the nutritional and technological aspects, lupin is a good source of
bioactive compounds, opening up opportunities for new food products. Several
molecules, such as proteins, peptides and smaller molecules such as alkaloids, iso-
flavones and oligosaccharides, isolated from seeds of common and uncommon
legume plants have already been investigated for their bioactivities (Scarafoni et al.,
2007). The search for novel activities is expanding. Several biological activities
have been attributed to the protein fraction, particularly to y-conglutins. These
include glycaemia (Magni et al., 2004; Terruzzi et al., 2011), plasma cholesterol/
triglyceride lowering effects (Sirtori et al., 2004) and anti-hypertensive properties
(Yoshie-Stark et al., 2004; Pilvi et al., 2006).

The average oil content amounts ranges from 5% to 6% in L. angustifolius
and L. luteus to about 15-17% in L. mutabilis. L. albus shows intermediate oil con-
tent (9—13%) (Chiofalo et al., 2012). The growing environment (location, time
of sowing, climatic variations) affects lipid accumulation, fatty acid quality and
phytosterol composition, protein content and composition (Annicchiarico et al.,
2014). Lupin oil has a higher omega-3:0omega-6 ratio than reported for most
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vegetable oils (Boschin et al., 2007). All of this makes lupin oil potentially valu-
able in dietary uses.

The fibre fraction is also relevant. The content of total dietary fibre (TDF)
and insoluble dietary fibre (IDF) is considerably higher than in other legumes, in-
cluding soybean, but soluble dietary fibre (SDF) is slightly lower (Pisarikova and
Zraly, 2010).

These qualitative traits offer novel business opportunities. Improving know-
ledge on seed components and their properties is crucial for their optimal exploit-
ation and to develop new products for the food and non-food industries. Proteins
seemingly have the greatest potential to be exploited in this respect, owing to the
diverse biological activities of their peptides. The potential for use of the lipids is
underestimated, possibly because their limited quantities do not encourage indus-
trial extractions and applications. The moderate oil content of white lupin may
justify selection work aimed to further increase this characteristic offering the
prospect of a dual purpose protein and oil crop like soy.

Genetic Resources, Genomic Tools and Breeding
Ex situ genetic resources

A key aspect underpinning current and future plant breeding efforts is the avail-
ability of appropriately conserved and documented germplasm (often referred to
as plant genetic resources for food and agriculture, PGRFA).

Westengen et al. (2013) provide information on lupin accessions re-
corded in key databases, namely: (i) the gene bank-level data in the FAO World
Information and Early Warning System (WIEWS) on PGRFA; and (ii) acces-
sion-level data in GENESYS (a database with information on over 2.3 million
accessions from 365 gene banks). For Lupinus they found 38,053 reports in
WIEWS but only 7503 of these are estimated to represent distinct accessions.
Westengen et al. (2013) also reported 13,567 accessions in GENESYS. In the
Svalbard Global Seed Vault (SGSV) they record a current holding of 591 ac-
cessions. The major gene bank holdings of Lupinus are in Australia, Germany,
Peru, Russia, France and the UK.

The Australian collection holds a significant number of accessions of the
major cultivated species (L. albus, L. angustifolius and L. luteus) but also smaller
numbers of important related species (e.g. L. cosentinii, L. pilosus and L. mutabilis).
None of this germplasm is currently held in the SGSV. Indeed Lupinus, as described
by Westengen et al. (2013), is one of the important non-Annex 1 food crops for
which the representation in SGSV is less than 10% of the distinct accessions
shown in WIEWS.

The European Cooperative Programme for Plant Genetic Resources (ECPGR)
is an important network for conservation and use of PGRFA. The ECPGR data-
base is hosted at the Institute of Plant Genetics, Polish Academy of Sciences. For
L. albus (3677 accessions listed), the major centres are the Institut National de la
Recherche Agronomique (INRA) France, Spain (732 accessions), Germany, USA
and Poland, with the biggest collection (979 accessions) in Australia at the Centre
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for Legumes in Mediterranean Agriculture (CLIMA). A similar pattern is seen for
L. angustifolius with 3894 accessions including 542 in Spain and 2165 at CLIMA.
The listing shows a smaller number of accessions of L. luteus: 1799 with 463 at
CLIMA and 303 in Spain.

Crop wild relatives or landraces are particularly useful as sources of disease
resistance. Adhikari et al. (2009) described the situation in L. albus with respect to
the use of landraces for the introduction of anthracnose resistance into modern
cultivars.

Genetic and Genomic Tools

There is now a growing body of genetic and genomic resources available for lupin
breeders to increase the speed and precision of their programmes. This is espe-
cially true for narrow-leafed lupin, whose genome sequencing is nearing comple-
tion in Australia.

Within the last 10 years, genetic maps of white and narrow-leafed lupins have
been developed (Nelson et al., 2006; Phan et al., 2007). These studies have gained
from work carried out on the model legumes Medicago truncatula and Lotus japoni-
cus (Zhu et al., 2005). Although lupins are somewhat more taxonomically remote
from these models than the other important crop legumes, information on syn-
teny (arrangement of genes on chromosomes) between lupins and these models is
useful with respect to both marker and gene discovery. The genome sequencing of
both these models opened up important possibilities with regard to alignment to
help the sequencing of the lupin genome (Nelson et al., 2010). Quantitative trait
loci (QTL) were identified for anthracnose resistance and flowering time by Phan
et al. (2007). White lupins were used by Croxford et al. (2008) to map sequence-
tagged sites onto genetic maps using high-resolution melt analysis to identify the
sites of sequence variation.

However, the limitations of approaches based only on QTL derived from
biparental crosses have become clearer in recent years, so association mapping
methods have become more popular. First, it is necessary to analyse the popu-
lation structure of the species or accessions of that species that are to be used in
the mapping. An estimate of the rate of decay of linkage disequilibrium is also
required. Igbal et al. (2012) carried out such a study for 122 accessions of white
lupin. This work re-emphasizes the importance of ex situ collections and the docu-
mentation accompanying them.

Anthracnose, caused by the fungus Colletotrichum lupini, is the most devas-
tating disease of lupin in most environments, so resistance to this disease has
been a major breeding objective. Early flowering to avoid terminal drought is also
important under these conditions, and the two traits were combined by Adhikari
etal. (2013).

Next generation sequencing (NGS) approaches have been used to develop
a draft genome sequence of L. angustifolius (Yang et al., 2013b) using the high-
yielding, anthracnose-resistant cultivar ‘Tanjil’. In addition, these authors devel-
oped a restriction-site associated DNA sequencing (RAD-seq) genetic map based
on 94 F, recombinant inbred lines derived from a cross between ‘Unicrop’ and
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‘Tanjil’. As compared to a full genome analysis, RAD-seq data cover only part of
the genome. NGS also facilitates the development of sequence-specific markers
for key traits, with disease resistance genes again being the first exemplars (Yang
etal., 2010, 2012, 2013a). Transgenic resources have been developed for Lupinus,
mostly focused on protein quality. The feasibility of this approach was shown by
Molvig et al. (1997), who enhanced methionine levels in L. angustifolius through
the expression of a sunflower seed albumin gene. This addresses the major issue
of protein composition with respect to animal diets, namely the deficiency that
lupins share with many other grain legumes with respect to the sulfur-containing
amino acids cysteine and methionine. Further work showed that a similar approach
can also increase the efficiency of wool growth and live-weight gain in sheep fed
on such transgenic lupin seed (White et al., 2001). The first report of the pro-
duction of transgenic plants in L. luteus was made by Li et al. (2000), who used
Agrobacterium-mediated transformation to introduce a gene for herbicide resistance.
Disease resistance has also been a target for transgenic interventions. Wijayanto
et al. (2009) reported the use of Agrobacterium-mediated transformation to intro-
duce the baculovirus anti-apoptotic p35 gene to combat fungal necrotrophs with
some indications of potential for success. Hamblin et al. (2005) concluded that
the likelihood of gene flow from a transgenic crop of L. angustifolius in Western
Australia to wild lupin populations is extremely low, but the situation may differ
where wild relatives occur.

Breeding

The history of lupin breeding in general (Cowling et al., 1998), and in Australia
specifically, has been reviewed (Cowling and Gladstones, 2000) and will not be
repeated here.

An important part of the domestication of lupins has been the reduction of
QA content, eliminating the bitterness and making the lupin seed palatable and
safe for human consumption. Total seed alkaloid should remain under 0.02%.
Nevertheless, alkaloids in lupins are responsible for resistance to herbivorous in-
sects including aphids, which are a major pest and a limiting factor in the devel-
opment of L. Iuteus as a crop. Adhikari et al. (2012) described approaches to the
selection of lupin lines with diverse alkaloid profiles to form the basis of a breeding
programme in this crop.

In Russia, breeding of L. albus, L. angustifolius and L. Iuteus draws on the gen-
etic resources of the Vavilov Institute of Plant Industry collection (Lukashevich
et al., 2011). Again, anthracnose resistance is a major target along with yield,
quality (protein and oil), early maturity and resistance to lodging. However, an-
thracnose is not the only significant fungal disease of lupin. A survey of soil-borne
pathogens of narrow-leafed lupin in north-eastern Germany showed a range
of species including Fusarium spp., Rhizoctonia solani and Thievalopsis basicola
(Kaufmann et al., 2011). The authors used nested PCR to identify fungal species
and highlight the importance of developing robust resistance screens, particu-
larly for Fusarium oxysporum and T. basicola.
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The importance of root structure in nutrient use efficiency, tolerance of abi-
otic stress and carbon sequestration is becoming increasingly well documented.
The modelling of root traits represents one approach to develop a basis for selec-
tion of desirable root characteristics from accessions or breeding lines. Chen
et al. (2012) used L. angustifolius accessions with diversity characterized by DArT
(Diversity Arrays Technology) to investigate variation in root traits in a semi-
hydroponic phenotyping system.

Clearly, lupin species are currently minor crops in many countries and key
constraints include unreliable yields, late maturity and poor tolerance of alka-
line soils. A programme of breeding of lupins for adaptation to new environments
and uses is required in countries where they have considerable potential but are
not widely grown currently. Abberton and Mizen (2008) reported some first
steps in this regard for the UK. Their major targets were increased yield, earlier
flowering and improved tolerance of alkaline soils in L. angustifiolius and L. luteus.
Considerable progress was made after 3 years of phenotypic selection of individual
plants, rows and plots. A hydroponic system was used to select for enhanced tol-
erance of alkaline pH and promising lines were identified. This indicates that even
with a narrow range of germplasm, rapid progress can be made with respect to
ecogeographic and edaphic adaptation. A further key component is quality for di-
verse uses including human food and aquaculture as well as an important source
of protein in the ruminant diet.

Eickmeyer (2008) enumerated the following objectives for a private-sector
breeding programme for narrow-leafed lupin in Germany:

«  productivity — seed yield, raw protein yield, number of pods, number of seeds
per pod, 1000-kernel weight;

« yield stability — frost tolerance, drought tolerance, lodging resistance, pod
shattering resistance, flower dehiscence, soil pH tolerance, early ripening,
equal ripening;

» disease resistance — Colletotrichum, soil-borne fungal pathogens, Setoria
beetle; and

* seed quality — protein quality, antinutritive substances, alkaloids, fibre con-
tent and quality, phyto-oestrogens, oil quality.

This list shows the range of challenges for the lupin breeder and emphasizes the
need for development in high-throughput phenotyping alongside advances in
genomics.

Efforts in northern Europe have also focused on narrow-leafed lupin and
its adaptations to a range of ecoclimatic conditions, since its growing season is
shorter than those of the other domesticated species. Kurlovich et al. (2011) re-
ported on the performance of 50 accessions grown across Finland, Russia and
Ukraine and the development of cultivars for Finnish conditions.

The study of lupins has clearly advanced into the genomics era, but there
is some way to go before the full suite of tools is applied effectively, alongside
high-throughput precision phenotyping in breeding programmes, particularly
for complex traits such as yield, yield stability and tolerance of edaphic stress.
Successful improvement in these traits is necessary if lupins are to expand their
role in crop production globally.
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Canopy Structures

Domesticated lupin species usually have both branching and non-branching cul-
tivars. As the non-branching cultivars flower only on the main stem, they ripen
earlier and more uniformly than branching cultivars. In the latter, the number
of branching (and hence flowering and pod-setting) levels is not only genetically
determined, but also influenced by environmental and cropping conditions, such
as plant density.

Adaptation: Climate and Soil

Of the Old World lupin species, yellow lupin (L. luteus) is generally the most
drought-resistant and can be grown on the poorest soils with lowest pH (pH 4).
However, due to its limited yield potential and high disease susceptibility, yellow
lupin production and breeding in Europe is very limited.

Narrow-leafed lupin (L. angustifolius) generally requires a minimum soil pH
of 5 and maximum pH of 6.5-6.8. It is the main lupin species grown in northern
Europe. Non-branching cultivars of narrow-leafed lupin have shorter growing
periods than branching cultivars (90-150 days versus 150-180 days), so they
can be grown as far north as Finland, whereas branching cultivars are grown no
further north than Denmark.

White lupin (L. albus) has somewhat wider adaptation to different soil types
than the other species, growing also on loamy and light clay soils. Compared with
other lupin species, its calcium tolerance can be relatively high, although this
property seems to vary widely depending on the origin of the germplasm. Due to
its long growing period (140-200 days) it is unsuitable for growing for seed fur-
ther north than the Netherlands.

Calcium Tolerance

Most commercial cultivars of L. angustifolius and L. Iuteus grow poorly on cal-
careous soils, showing poor nodulation and high levels of chlorosis. Tang and
Thomson (1996) suggested this to be the result of low tolerance of Bradyrhizobium
to high soil pH (pH > 6). However, Nuijten and Prins (2013) successfully inocu-
lated and grew white lupin on soils with pH 7.5 (CaCO, 8.6%). Other studies sug-
gest that chlorosis in calcium-intolerant cultivars is due to reduced iron uptake
(Coulombe et al., 1984). However, Raza et al. (2001) found no significant differ-
ences in iron uptake between tolerant and intolerant L. albus cultivars. The latter
study did find that intolerant cultivars took up significantly more calcium. High
calcium levels in leaf tissue reduce the opening of stomata and hence reduce as-
similation rates.

Calcium-tolerant cultivars have been found in L. pilosus (Brand et al., 2000)
and, within L. albus, in Egyptian (Christiansen et al., 1999; Raza et al., 2001) and
Italian (Annicchiarico and Thami-Alami, 2012) landrace germplasm. Cultivars
of white lupin have been grown successfully on soils with pH values of up to 7.8
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and free calcium-carbonate levels of 6.5-8.6% (Gresta et al., 2010; Nuijten and
Prins, 2013). Some Egyptian landraces of white lupin are even able to grow on
soils with pH values of 8.5 and higher, tolerating free calcium levels of over 10%
(Christiansen et al., 1999). On the other hand, there are reports of white lupin
grain and biomass reduction already in the presence of soil-free calcium above
1% (Papineau and Huyghe, 2004 ), which indicates that calcium tolerance varies
widely within the species.

The ability to form proteoid roots and excrete citric acid is thought to be one
of the main mechanisms of calcium tolerance, as the acids reduce calcium uptake
in favour of iron and phosphorus uptake.

Management Techniques

Sowing time and density

In Mediterranean climates, autumn-sown lupin crops often give the best yields
(Annicchiarico and Carroni, 2009). Farther north, autumn sowing is not feas-
ible due to the longer and colder winters. Narrow-leafed lupin cultivars tend to
have a higher frost tolerance than white lupin (—=8/—10°C versus —4/—6°C), so
are more suitable for early spring sowing. However, if the weather stays cold,
growth is slow and weeds become a problem. Therefore organic lupin growers
in the Netherlands tend to sow their crops no earlier than late March or early
April (Prins, 2014).

Optimum plant density is cultivar-dependent. In branching cultivars, in-
creasing plant density will generally decrease the level of branching and reduce
the number of pods per plant, but ripening will be earlier and more uniform, with
less variation in seed number per pod and mean seed weight (Herbert, 1977,
1978). However, dense crops tend to be more susceptible to fungal diseases such
as Sclerotinia and Botrytis.

Fertilization

No significant positive yield responses to nitrogen (N) fertilization were observed
in field trials in northern Europe (Prins, 2014). In Dutch field experiments, fertil-
ization with potassium sulfate did not increase yields, but significantly reduced
alkaloid levels, thus improving quality. This effect was greater in cultivars with
intrinsically high alkaloid levels, and more pronounced in crops grown on soils
low in potassium (Prins, 2014; Prins and Nuijten, 2015).

Nodulation

Good nodulation is essential for lupin production and inoculation with Brady-
rhizobium is nearly always recommended, although lupin has been grown success-
fully on sandy soils without inoculation or history of lupin cultivation. Inoculation
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is not considered necessary where lupin or serradella (Ornithopus sativus Brot.) has
recently been grown successfully, and seems to be more important in soils with less
favourable conditions (e.g. pH > 6.5).

Weed control

Weeds compete effectively against lupins. Sufficient plant density helps to reduce
weed growth in these crops (Herbert et al., 1978; Isaac et al., 2000), but chemical
or mechanical weed control remains necessary. Harrowing four to five times in
the first 2 months after sowing has been shown to effectively reduce weed popula-
tions to acceptable levels, without damaging the lupin crop (Jensen et al., 2004c).
Options for chemical weed control are limited as lupin is susceptible to most
post-emergence chemicals. Therefore, weed control often combines pre-emergence
herbicides with post-emergence harrowing (Prins, 2015).

Irrigation

The response of lupin to irrigation has been studied in various experiments. In
general, irrigation is found to increase seed yield, as long as irrigation levels do not
exceed crop water requirements (Herbert and Hill, 1978; Kang et al., 2008, Hill
et al., 2011). Nevertheless, irrigation has also been found to increase infestation
of lupin by grey mould (Botrytis cinerea Pers.), leading to yield losses (Jensen et al.,
2004b).

Yields and cultivars

There is little commercial breeding of lupin in Europe. Breeding of narrow-leafed
lupin is concentrated in the northern parts of Europe with Saatzucht Steinach
in Germany, two breeding companies in Poland (Hodowla Roslin Smolice and
Poznariska Hodowla Roslin) and two individual lupin breeders in Denmark,
distributing through DLF Trifolium. In Germany, cultivars such as ‘Boregine’,
‘Haagena’ and ‘Sonate’ gave the highest yields in variety trials in 2009-2011
on fine-textured, deep loess soils, with yields of 3.5-5 t/ha (Guddat et al., 2011).
The yields of the same lupin cultivars on coarser textured, sandy soils was sig-
nificantly lower (2.0-3.5 t/ha) and more variable (Guddat et al., 2011). This is
supported by field trials on sandy and light-clayey soils, in spring—summer crop
cycle, in the Netherlands in 2008 and 2009, where average yields on light-
clayey soils exceeded the yield on sandy soils by 16% in 2008 and 67% in 2009
(Prins and Nuijten, 2015). Different cultivars have been developed for different
purposes, for example: (i) cultivars with very low alkaloid levels, suitable for
human consumption (‘Borlu’ and ‘Vitabor’); (ii) cultivars with very high pro-
tein contents (‘Probor’); and (iii) cultivars that exhibit early ripening (‘Haags
Blaue’ and ‘Boruta’). In Germany the early ripening, non-branching cultivars
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are out-yielded on most soil types by the branching cultivars. Further north, in
Denmark, early ripening is considered more important as the growing season is
restricted, so early ripening is necessary for certainty of harvest. For this reason,
breeding has been focused on developing early ripening, branching (‘Iris’)
and non-branching cultivars (‘Prima’, ‘Viol’ and ‘Primadonna’). In Finland, a
breeding programme has targeted non-branching narrow-leafed lupins with
an even shorter growing period (85-115 days) to make them suitable for the
short Finnish growing season (Kurlovich et al., 2011). In Germany, a lot of atten-
tion was given to resistance to Fusarium wilt. In the maritime climate regions
of Western Europe, Sclerotinia and Botrytis play a much larger role then in the
continental climate regions of eastern Germany and Poland. Hence the Danish
cultivar ‘Iris’ showed much more stable yields than the most productive German
cultivars ‘Boregine’, ‘Haagena’ and ‘Sonate’ and Polish cultivars ‘Bojar’, ‘Dalbor’
and ‘Regent’ in variety trials in 2007-2009 and 2011-2013. The yields of the
best-performing narrow-leafed lupin cultivars coincides with the yields found in
Germany: 3.4—4.8 t/ha on low-calcareous clay soils and 2.5-4.5 t/ha on sandy
soils (Prins, 2015; Prins and Nuijten, 2015).

For yellow lupin, breeding is limited to Poland, as breeding activities in other
countries (Germany and Denmark) were terminated largely due to the low yield
expectations and disease susceptibility (anthracnose). In variety trials in the
Netherlands, yellow lupin produced 1.5-2.5 t/ha on sandy soils where the best
narrow-leafed lupins produced 1-2 t/ha more.

Breeding activity on white lupin in northern Europe has also declined.
Germany had its own white lupin cultivar (‘Feodora’) bred by Saaten Union, but
it is no longer available in Germany and is maintained only in France. Recently,
a small Dutch breeder (Globe Seeds) started breeding L. albus, but no commer-
cial cultivars are available yet. In the Netherlands, a small breeding programme
has been started at the Louis Bolk Institute, looking for calcium-tolerant lupins
suitable for young sea-clay soils, using breeding lines from both Globe Seeds and
a Danish/Egyptian breeding programme with calcium-tolerant Egyptian ger-
mplasm (Nuijten and Prins, 2013). The main breeding activity in white lupin,
however, is in France (INRA and, later on, Jouffray-Drillaud), whereas a public
breeding programme exists in northern Italy. While breeding of white lupin in
northern Europe is focused on spring-sown cultivars, breeding in France and
Italy is focused on autumn-sown materials. The French cultivars from INRA have
been tested in the UK (at Rothamsted) and showed very good production poten-
tial (3-5 t/ha) (Milford and Shield, 1996), although extra focus has been given to
earliness of maturity and non-branching character. The non-branching cultivar
‘Lucyanne’ performed well, although it showed very little tolerance to calcareous
soils (Kerley et al., 2004 ). The French cultivars ‘Ludet’, ‘Luxe’ and ‘Lucille’ have
been tested in central (Mediterranean climate) and northern (sub-continental
climate) parts of Italy and compared to a local cultivar (‘Multitalia’) and a land-
race from the Molise region. In both locations, the Italian cultivars out-performed
the French, yielding up to 5 t/ha when sown during the optimum sowing period
(Annicchiarico and Carroni, 2009). Other trials in southern Italy reported lower
yield for white (2.2 t/ha) yellow (0.8—1.6 t/ha) and narrow-leafed lupin (0.5 t/ha)
(Gresta et al., 2010).
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Crop Rotation
Improved yields in the following crop

In field trials in the Netherlands, residual N levels in the soil (0-90 cm) directly
after harvest were 40-60 kg/ha, 15-25 kg/ha more than those after the culti-
vation of spring wheat or barley fertilized with 100 kg/ha of mineral N fertilizer.
Crop residues (straw, pods, leaves and roots) leave an extra 40-50 kg/ha of N to
be mineralized for the next crop (Prins, 2014).

In field trials in Denmark, unfertilized winter barley grown after lupins showed
a 3-year average yield increase of 1.31 t/ha or 77% on sandy soils and 0.87 t/ha
or 36% on loamy soils compared with that after oat (1.69 t/ha on sandy soils
and 2.42 t/ha on loamy soils). With increased N fertilization of the winter barley
crop (120 kg/ha) on sandy soils, the pre-crop advantage of lupin over oat declined
to 0.76 t/ha (15% yield increase). A yield increase at such high N-fertilization
rates indicates that probably more than just N transfer from the lupin to the barley
was responsible for the pre-crop benefit, and phosphorus (P) mobilization or im-
proved soil structure could be involved. On loamy soils, the yield increase in the
winter barley after lupin instead of oat was observed up to a N-fertilization rate of
90 kg/ha. In 2 of the 3 years, winter barley yield with 120 kg/ha of fertilizer N
after lupin decreased, whereas that after oat increased, probably due to the higher
susceptibility of over-fertilized barley to diseases and lodging. Through the entire
study, the effect of lupin on the yield of winter barley at different N levels was
similar to that of pea, including the decrease in yield on loamy soils at higher N
fertilization levels (Jensen et al., 2004b). The observed yield increases of cereals
after lupin and pea in this study is confirmed by other studies in Germany with
cereals grown after faba bean or pea, where yield increases of 71% were observed
at low N fertilization rates, but even at high fertilization rates a yield increase of
10-30% was still found (Entrup et al., 2003).

Diseases and Pests
Soil-borne diseases

If lupins are grown too frequently in a crop rotation, soil-borne diseases can build
up and cause substantial yield losses. Within the legumes, the most important
soil-borne pathogens are largely host-specific, with lupins mainly affected by
Fusarium oxysporum and Fusarium solani (Jensen et al., 2004a). These effects
should be taken into account in crop rotations.

Mammals and birds
The sweet domesticated lupin, with its reduced alkaloid levels, is an attractive food

source for deer, rabbits and hares. Crop damage from these herbivores is mostly
limited to field edges. Damaged lupin is able to form new shoots, reducing the
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loss in yield. The forming of new shoots, however, delays the development and
ripening of the crop, causing problems of uneven ripening. In contrast to pea,
lupin crops are not very susceptible to bird damage.

Insects

Weevils and aphids form the main insect problems in lupin. Leaf weevils (Sitona
spp.) not only damage the foliage but also the roots and nodules, affecting N fix-
ation and causing severe yield losses (Kaufmann et al., 2009). In areas where the
frequency of legumes in crop rotations is high, weevil populations can be a ser-
ious problem for lupin production. In contrast, yield losses from aphids (e.g. lupin
aphid, black bean aphid) are generally limited.

Fungal diseases

The agricultural lupins are susceptible to various fungal diseases, and fungi are
often the principal cause of lupin yield losses. One of the main reasons why lupin
breeding in northern Europe focuses on L. angustifolius is because of its relative
resistance to anthracnose (Colletotrichum lupini), which causes great damage in
L. albus and particularly in L. luteus. A second important fungal disease in lupin
is caused by species of Fusarium (E oxysporum and E solani), which cause emer-
gence problems, growth inhibition and late wilt. Disease pressure is particularly
high in narrow crop rotations. The same is true for brown leaf spot (Pleiochaeta sei-
tosa), which has become a serious problem in narrow crop rotations in Australia
(Kaufmann et al., 2009). In wider rotations, brown leaf spot normally occurs as
a ripening disease, causing only slight yield losses. Finally, in the moist oceanic
climates of Western Europe, lupin production may also be affected by Botrytis
cinerea and Sclerotinia sclerotiorum.
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Abstract

The soybean is an important ingredient of livestock feed in Europe and is also widely used
in foods. Most soy used in Europe is imported (about 97% as beans and meal), mainly from
South America and the USA. European soy production is currently concentrated in the
south (Italy) and south-east (Balkan countries). Based on research conducted in Sweden
and Germany, this chapter provides pointers to the development of the soy crop in central
and northern Europe. It provides an overview of the history of the development of the crop
in northern Europe, outlines relevant recent field research, and discusses aspects of good
production practice. We focus on new production areas, generally north of traditional pro-
duction areas. In recent years, interest in growing soybeans has spread east and north
from Romania and Italy and parts of France to Austria, Germany, Hungary, Slovakia, the
Czech Republic, Poland and even the BeNeLux countries, the Baltic and Scandinavian
countries, with subsequently rising acreages. In order to succeed with soybean cropping
in central and northern Europe, cultivars of the 00, 000 or 0000 maturity groups should
be used. Grain yield in Scandinavia is about 2 t/ha. Crops in Germany and Austria produce
about 2.5-3.5 t/ha. Knowledge about locally adapted cultivars and production technology
is needed to support the development of the crop in new production regions. To ensure
profitability of this new cropping, infrastructure for processing to feed and food has also to
be developed.

The Biology of Soy

Soybean (Glycine max (L.) Merr.) is familiar mainly as imported soybean meal used
to fill Europe’s plant protein deficit. The soybean is an annual plant ranging in
height from about 35 cm to 130 cm. The flowers are small, typically 3-8 mm,
white or purple in colour, and initiated in the leaf axil on the stem, often from the
fifth node and higher. The pods are slightly curved, about 4—6 cm long, covered
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with small brown or grey hairs. During maturation the pods turn brown and the
plant drops its leaves. By harvest time, the stem remains with dry, firm pods.

Soy is a short-day plant, which means that the initiation of flowering is de-
pendent on a minimum and lengthening night period. As the days grow shorter
after the summer solstice, soybean enters its reproductive phase with the sensi-
tivity to shorter days dependent on genetic factors. After flowering, the number of
days to maturity depends on temperature. The heat required to bring soy to ma-
turity is expressed either in crop heat units (CHU) or growing degree days. These
two figures are temperature sums derived from two slightly different development
models. The CHU method uses a linear relationship for night-time development
(with a 4.4°C base temperature for night) combined with a non-linear relation-
ship for day-time development using a base temperature of 10°C and an optimum
of 30°C, above which the rate of development declines with further tempera-
ture increases. In German field research, the heat sums are calculated using the
Canadian heat sum system (Brown and Bootsma, 1993) which is based on the
daily maximum and minimum temperature during the life of the crop and calcu-
lates a mean of day- and night-time temperatures separately as follows:

CHU = (CHU qay T CHUmgm)/ 2
in which
CHUday =3.33(T,_~10)-0.084(T _ -10)*>and CHUnighl =1.8(T  —4.4)

Soy cultivars are divided into 14 maturity groups from 0000 (earliest) to X
(latest). The cultivars in the 000 and 0000 groups (triple and quadruple zero) are
adapted to longer days found at higher latitudes.

About 4.5 million ha of soy were grown in Europe including Russia in 2014,
yielding 9 million t which is an average yield of 2 t/ha. In the European Union
(EU) about 0.6 million ha were grown yielding 1.85 million t which is an average
yield of 3.2 t/ha (Table 7.1). Yields were high in central Europe in 2014 because
of good weather conditions. It compares with an average of 2.9 t/ha in Brazil,
3.2 t/ha in the USA and 2.8 t/ha in Argentina, which are the main exporting
countries (FAOSTAT, 2016). Based on data for 2005-201 3 provided by FAOSTAT,
Saatzucht Donau (2015) report that over years the relationship between soy-
bean and grain maize yields in Austria remains relatively consistent at 27:100
on average, varying only between 26:100 and 29:100. This indicates that yield
variability in well-adapted cultivars is not greater than in other crops. European
efforts to reduce the European protein deficit could include increasing soy pro-
duction in central and northern Europe (i.e. Europe north of the Alps), alongside
other supply-side measures such as expanding faba bean production. The demand
for genetically modified (GM)-free plant protein further increases the opportun-
ities for European-grown soy.

Status of Soybean Cropping Development

The soy research community in northern Europe is small. Current research ad-
dresses issues such as cropping systems, suitable cultivars and the processing of
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Table 7.1. Area and yield of soy in the 18 main production countries in Europe 2014. (From
Copa Cogeca, 2015; FAOSTAT, 2016; and estimates from the German Soy Association.)

Country Area (ha) Yield (t'ha) Production (t)
Ukraine 1,792,900 2.2 3,881,930
Russia 1,915,895 14 2,596,635
ltaly 232,867 4.0 933,140
Serbia 154,249 3.5 545,898
France 75,800 3.0 227,262
Romania 79,275 2.6 202,892
Croatia 47104 2.8 131,424
Austria 43,800 2.7 118,100
Hungary 42,980 2.7 115,600
Republic of Moldova 52,800 2.1 109,300
Slovakia 33,227 25 83,905
Germany? 10,000 2.4 24,000
Greece® 7,500 2.8 20,900
Poland® 14,100 1.3 18,300
Czech Republic 7242 2.3 16,493
Bosnia and Herzegovina 4,186 2.2 9,020
Switzerland 1,496 2.6 3,882
Spain 800 3.4 2,700

3Estimates from the German Soy Association based on data from several German Lénder.
®From Copa Cogeca (2015).

soybeans for food and feed. In Sweden, research is maintained at the Research
Institutes of Sweden, Uppsala (RISE) and partners at the Scandinavian Seed AB.
There are ongoing field trials at the Aland Experimental Station in the Aland
Islands of Finland. Farmers in southern Finland have experimented with soybean
cropping since 2011. The Estonian Crop Research Institute in Jogeva is active in
breeding, but the area is still limited to less than 100 ha. There is also research on
soybean in the Lithuanian Research Centre for Agriculture and Forestry in Babtai
and at Pure Horticultural Research Centre.

In Germany, the University of Hohenheim has worked on soy since
the 1970s. Supported by a national project to extend soybean cultivation
in Germany, FiBL Deutschland e.V., Forschungsinstitut fiir biologischen
Landbau (Research Institute of Organic Agriculture) in Frankfurt am Main,
together with the Deutscher Sojaférderring (German soy information ring)
at LTZ Augustenberg, have intensified the existing long-term experi-
ments in five German states by coordinating tests of more than 50 culti-
vars on 33 sites all over Germany during the years 2011-2013. Additional
tests for cold tolerance have been carried out at Julius Kithn-Institut (JKI),
Bundesforschungsinstitut fiir Kulturpflanzen (Federal Research Centre for
Cultivated Plants) in the Rostock area. The University of Kassel and Hochschule
Osnabriick have worked on cultivation systems for cooler regions and the
Landessaatzuchtanstalt(StatePlantBreedingInstitute)of Baden-Wiirttemberg
started a breeding programme for 000-tofu-beans. Details of the German
research activities are provided by the Deutscher Soja-Forderring (2015).



112

Fredrik Fogelberg and Jurgen Recknagel

Since 2013 the production area evolved from 7500 to 10,000 ha in 2014 and
17,600 ha in 2015.

Institut National de la Recherche Agronomique (INRA) has conducted a
significant amount of research in France. While work on innoculation con-
tinues, INRA research on breeding has ceased but Terres Inovia and two private
breeders continue work on soybeans in France. The production area declined
from 134,000 ha in 1989 to 26,000 ha in 2008 but has recovered to 43,000 ha
in 2013, 74,700 ha in 2014 and 122,000 in 2015. Recent increases have oc-
curred in northern France. Breeding started recently in the Netherlands and two
cultivars were listed in 2013. The production area was 30 hain 2013 and 110 ha
in 2014. In Poland, breeding started in 1974 and some cultivars were listed in
1994 and 2002. The production area is growing rapidly and reached 17,900 ha
in 2013 and 14,100 ha in 2014. In the Czech Republic, the area reached 6500 ha
in 2013, and 7200 ha in 2014, while Slovakia cultivated about 29,000 hain 2013
and 33,000 ha in 2014. In Austria and Hungary the cultivation area in 2013 was
about 42,000 ha each and about 1000 ha more in 2014 (FAOSTAT, 2016).

The Russian Vavilov Institute in St Petersburg has a collection of about 7000
soybean accessions of which it is estimated that 1238 can be classified as very
early and suitable for the non-chernozem zone of Russia. Unfortunately, budget
constraints prevent the institute from doing any major development work on soy.
In Belarus, breeding of 00 cultivars is conducted by the Soya-North Co. in Minsk,
but the extent of these activities is unclear. A more substantial effort on breeding
exists in Ukraine.

History of Soy Development in Europe

Although the soybean has been cultivated for thousands of years, the first record
of it in Europe is as late as the 1700s. It was mentioned by Kaempfer (1712) who
was a German scientist who had lived for some years in Japan. The plant was later
cultivated mainly in botanic gardens and not used for food or feed. The first record
of soy cultivation is from Linné relating to a garden in the Netherlands in 1737
(Shurtleff and Aoyagi, 2007). More than a century later, an Austrian agrono-
mist, Friedrich Haberlandt, promoted the use of soy after having received some
seeds from the Japanese and Chinese delegations at the Vienna world fairin 1873.
He organized a large study on the viability of soybeans with 160 sites in 1877
in almost all German-speaking countries, including all parts of the Habsburg
Empire. He published the results in Die Sojabohne (Haberlandt, 1878). After his
sudden death later in 1878, work on soybeans in Austria was almost abandoned.

In 1908, a shortage of cotton seed vegetable oil resulted in imports of soy-
beans from Japan via the USA. The soy oil was popular and this triggered cropping
in central Europe from where it later spread throughout Italy, France, Russia and
Germany. In Germany, interest in soy grew after World War I and this was followed
by efforts to boost German production in the 1930s and during World War 1II.
Four soybean cultivars were listed in Germany and cultivation was mandatory in
relevant regions at that time (Drews, 2004). After World War I, soybean breeding
in Germany continued at a low level and some cultivars that were less sensitive
to day length were identified. Breeding continued in western Germany at the
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University of Giessen and in East Germany (GDR) at Gatersleben and Dornburg.
Some of the cultivars from Dornburg were quite successful and were sold to
Saatbau Linz in Austria after the re-unification of Germany in 1990. In Austria,
Johann Vollmann has worked on specific questions of soybean breeding at BOKU
in Vienna since 1990. Saatbau Linz started soybean selection at the Reichersberg
station in 1990 but stopped it in 1995-96 after a significant reduction in pro-
duction area from 54,000 ha in 1993 down to around 13,000 ha from 1995 on-
wards, following the accession of Austria to the EU in 1995. In 2000 Saatbau Linz
cooperated with Probstdorfer Saatzucht to create a common breeding company
named ‘Saatzucht Donau’. Soybean breeding in Austria started again in 2006
at Reichersberg and has been intensified since 2011 (Saatzucht Donau, 2015).
In Switzerland soybean breeding started 1981 at Changins station, now part of
Agroscope, and has produced several cultivars of interest for central Europe (e.g.
‘Gallec’, ‘Opaline’, Amandine’).

In the UK, pioneering work was done as early as 1913 by J.L.. North, curator of
the Royal Botanic Society of London, in adapting soybeans to English conditions.
By 1923, using early cultivars introduced from various sources, North selected
two or three strains that matured fully and gave good yields under English condi-
tions. North eventually surmounted great difficulties and in 1933-34 was able to
raise England’s first successful crop of soybeans at the Fordson Estates. Good crops
were then produced each year up to 1936. With some help from William Morse
of the United States Department of Agriculture (USDA), North acclimatized four
early-maturing cultivars that gave good yields.

In 1968 Ray Whisker began experimenting with growing soybeans (espe-
cially large-seeded vegetable-type soybeans) in his garden near London. He soon
built up the largest British seed collection in private hands. In 1969 he began
growing cultivar ‘Fiskeby V' from Sweden with good results, and by the 1970s this
vegetable-type soybean was available from Thompson & Morgan for gardeners.
By 1975, Whisker had evaluated more than 200 cultivars from 18 countries
(Shurtleff and Aoyagi, 2007). Modern British crop development started again in
1998 with 0000 cultivars in the early 2000s and reached about 3000 ha. This
declined to 150 ha in 2013.

Sven Holmberg of company Algot Holmberg & Soner, Fiskeby, Norrkoping
in Sweden was a pioneer in the breeding of early maturing cultivars (Holmberg,
1947). He made crosses based on cultivars from Japan, Canada and China in the
late 1940s and introduced a series of cultivars called ‘Fiskeby I' to ‘V’. The last
cultivar, ‘Fiskeby V', was introduced in Sweden in 1968 and is still considered as
one of the earliest and highest yielding soybeans for northern European condi-
tions and is still used in breeding, including in Canada. Unfortunately, the com-
pany archive is lost and we have only fragments of original data left from field
testing and the breeding cultivars used.

The Canadian government started a breeding programme in the 1980s for
conditions as far north as Québec and Manitoba. This research resulted in spe-
cial-purpose cultivars for Asian food markets. From the late 1980s on, these culti-
vars were also quite successful in Austria, the Czech Republic and Germany where
a producer of organic tofu organized the first inclusion of three Canadian soybean
cultivars in the German National List in 2005 (Alma Ata’, ‘Lotus’ and ‘Primus’).
Canadian cultivars were the basis for the development of soy cultivation in Bavaria
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(e.g. ‘Merlin 000" and ‘Gentleman 0000’) as well as in the upper Rhine valley
(e.g. ‘Ohgata 00’ and ‘Primus 00’). Switzerland is another source of new cultivars
with a breeding programme at Agroscope. Companies in France breed not only for
the southern areas (0, I cultivars) but also for the central and northern parts of
the country with 00 and 00O cultivars.

The development of soy in Europe therefore has the benefit of quite an ac-
tive breeding community and trade infrastructure, considering the size of the
crop and its early stage of development. Saatbau Linz and Probstdorfer Saatzucht
with Saatzucht Donau, Saatzucht Gleisdorf and RWA in Austria, ZIA in the Czech
Republic, Delley Samen und Pflanzen AG in Switzerland (promoting the cul-
tivars of Agroscope ACW), Euralis and RAGT from France and Pflanzenzucht
Oberlimpurg (PZO) from Germany are examples of seed companies providing
suitable cultivars.

Future Potential for Soy in Central and Northern Europe

In the 1940s, Scandinavian breeders used cultivars from Japan and Manchuria
to breed for day-length neutrality, contributing to the foundation of northern
European soy production. Today, the majority of cultivars on the market world-
wide are too sensitive to day length and do not flower in northern Europe. The
use of the maturity groups gives a general idea of the suitability of cultivars for a
region. From our practical experience, we regard central and northern Europe as
two potential production regions within each of which the combined response to
day length and temperature are similar.

1. North of the Alps and the French Loire river and south of a line from Amsterdam
to Berlin and Warsaw, including the northern half of France, southern BeNeLux
countries, Switzerland and Austria (north of the Alps); southern and central
Germany; the Czech Republic, Slovakia and southern Poland.

2. Further north to the North Sea and Baltic Sea: northern Netherlands, north of
the Amsterdam—Berlin—~Warsaw line, including the Baltic countries, Finnish
Aland Islands, southern Sweden with Gotland, and Denmark.

Cultivars identified as 00 may perform well in a 000 region. Likewise, some
000 cultivars have been shown not to be suitable for Scandinavian conditions.
Thus, regional field testing is required.

Suitability of cultivars

Advances in plant breeding are crucial to adapting soy for European conditions.
In agreement with Canadian research, Mechtler and Hendler (2010) report the
results of cultivar trials in Austria showing that breeding resulted in 1.6% and
1.2% yield increase per year for 000 and 00 cultivars, respectively, registered be-
tween 1990 and 2010. The yield potential increased from 2.8 t/ha to 3.9 t/ha
for the 000 group and from 3.0 t/ha to 4.2 t/ha for the 00 group. Protein yield
increased with grain yield and the individual seed weight also increased.
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Table 7.2 shows that in any one region there may be a choice of suitable cul-
tivars from across Europe, for example those bred in Austria and Switzerland can
be high yielding in Sweden. This means that provided day-length neutrality and
earliness of maturity requirements are met, cultivars selected in one region may
be suited over a larger area. Therefore, the classification of cultivars according
to maturity groups is only a guide. The descriptive list of cultivars from Austria
(Ages, 2016) proposes a points scheme to give a finer maturity differentiation be-
tween cultivars with 1 for 0000 cultivars, points 2—4 for 000 cultivars, points 5-7
for 00 cultivars and 8 for O cultivars.

Site effects

Despite the wide adaptation of soy, there may be substantial site effects within
regions, which means that local cultivar testing is particularly important

Table 7.2. Grain yield (at 14% moisture content) of early maturing soybean cultivars evaluated
in the St Petersburg region 2003-2008 (adapted from Vishnyakova and Seferova, 2013) and
of cultivars tested in southern Sweden in 2012 (adapted from Fogelberg, 2013).

St Petersburg region Southern Sweden?
Origin or Origin or
Cultivar grown in Yield (t/ha) Cultivar grown in Yield (t/ha)
‘Fiskeby 1040-4-2° Sweden 2.7 Annushka’  Ukraine 13
‘Mageva’ Russia, Ryazan 25 ‘Moravians’ Canada/Czech 14
Republic
‘Fiskeby 840-7-3°  Sweden 25 ‘Bohemians’ Canada /Czech 1.5
Republic
‘PEP 28’ Russia, 2.3 ‘Silesia’ Canada /Czech 14
St Petersburg Republic
‘Svetlaya’ Russia, Ryazan 23 ‘Brunensis’ Canada /Czech 1.7
Republic
‘PEP 27’ Russia, 2.2 ‘Sultana’ France/ 1.6
St Petersburg Germany
‘SibNIIK 15/83’ Russia, 2.1 ‘Klaxon’ France 1.7
Novosibirsk
Altom’ Russia, Altay 1.8 ‘Merlin’ Canada/ 2.0
Austria,
Germany
‘Stepnaya 85’ Russia, 1.8 ‘Lissabon’ Canada/ 17
Kemrovo Austria,
Germany
‘KG 20 Canada 1.6 ‘Capnor’ France/Austria 1.5
‘SOER 4’ Russia, Saratov 14 ‘Gallec’ Switzerland/ 2.0
Austria
‘USHI 6’ Russia, 1.3 ‘Paradis’ Switzerland 1.8
Ulyanovsk

aThe 2012 season in Sweden was characterized by low temperatures and high rainfall.
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for the development of the crop. Table 7.3 provides grain and protein yield
data (mean of 3 years) for a range of well-adapted cultivars at three sites in
Germany. Depending on site quality and cultivar, yields in Germany vary be-
tween 2.5 t/ha and 4.8 t/ha, protein contents vary from 37% to 43% and pro-
tein yields from 0.9 t/ha to 1.7 t/ha. Harvesting dates are influenced not only
by the heat sums but also by weather conditions after physiological maturity
of the crop.

Swedish field experiments have shown that yields of early cultivars can
reach about 2.5 t/ha in that country. However, a cool and wet spring in com-
bination with low summer temperatures may lower the yields considerably.
In 2012, 14 cultivars were tested in southern Sweden. Those that earlier
had proven to give high yield, such as the Czech (Canadian) cultivar ‘Silesia’,
were low yielding due to the unusual cold and rainy summer while Austrian
(Canadian) and Swiss cultivars such as ‘Merlin’ and ‘Gallec’ were still able to
give acceptable yields (Table 7.2). Similar results were obtained in northern
Germany (Rostock and Wolfsburg) and in northern Bavaria (Schweinfurt)
while ‘Merlin’ and ‘Gallec’ yielded 3 t/ha and 3.3 t/ha, respectively, on a fer-
tile loess near Kassel in central Germany. The results show that water supply
during generative development as determined by soil texture is an important
factor determining yield.

Table 7.3. Yield (at 14% moisture content) and protein yield, lodging and date of maturity of
early matured soybean cultivars evaluated at three sites in Germany in 2011, 2012 and 2013.
The average heat sums (crop heat units, CHU) accumulated by the crop and the annual

rainfall (mm) as well as the Mincheberg soil quality rating (SQR)? are provided for each site.

Beetzendorf (Altmark,

Wolfsburg (2717°CHU,  Salbitz (Dresden-Leipzig)  Cologne-Auweiler

575 mm precipitation, (2965°CHU, 600 mm (2941°CHU, 750 mm
SQR 45) (northern precipitation, SQR 86)  precipitation, SQR 75)

Germany) (eastern Germany) (western Germany)
Protein Protein Protein
Cultivar Yield (tha) vyield (/ha) Yield (tha) vyield (t/ha) Yield (t/ha) vyield (/ha)
‘Lissabon’ 3.1 1.07 3.90 1.29 3.51 1.18
‘Merlin’ 2.94 1.04 414 1.38 3.30 1.13
‘Cordoba’ 2.83 0.97 4.09 1.30 3.62 1.20
Alma Ata’ 2.82 1.02 4.00 1.33 - -
‘Sultana’ 2.82 1.06 3.90 1.33 3.38 122
Aligator’ 2.76 0.97 419 1.39 3.40 1.14
‘ES Mentor’ - - 4.76 1.71 3.89 1.38
Mean 2.88 1.02 4.14 1.71 3.52 1.21
Maturity 11—23 September 21-27 September 26 September—16
October

Lodging 2.3—-4.3 (medium) 1.0-1.4 (low) 1.2-3.3 (low—medium)

aThe SQR system rates soil on a scale of 0—100 according to crop yield potential, whereby generally a
high rating (i.e. nearer to 100) indicates soils that are water-retentive due to a favourable fine soil texture.
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Identifying Potential — an Example from Germany

These results show that there is potential in northern Europe, but much more de-
tailed local studies are required to identify more precisely where soy has the poten-
tial to compete economically within farming systems. To achieve this, a German
government-funded research project (Wilbois et al., 2014) examined the perform-
ance of up to 48 soy cultivars in 99 field experiments conducted at 38 sites across
Germany.

While weather varied between seasons, the ranking of the sites in terms of
heat sums remained relatively constant over the years. The average CHU heat sum
for May—September 2005-201 3 at the ‘warm’ sites was 3182. The corresponding
heat sums for the medium and cool sites were 2914 and 2740, respectively. Here
we present an analysis of the likelihood of a yield level being reached for sites
characterized on the basis of heat sum, based on an evaluation of yields of 99
soybean cultivar experiments on 33 sites in Fig. 7.1. Figure 7.2 presents the distri-
bution of trial yields for the sites characterized as warm, temperate and cool using
heat sums. In the warm region, 75% of the crops yielded in excess of 2.5 t/ha
while the corresponding number for the cool region (average heat sum 2740) was
just over 50%. The temperate region with an average heat sum of 2914 was also

Site yield
(100 kg/ha at 86% DM,
2011/2012/2013) GroB-Liisewitz A AN Heat sum May—September
@arfane) @ rurstennol g High
@ =Medium
A =Low
Missing results:
A:hBeeLtzen_do”égZ/ ;8\:54)' - =not yet active
ra-Lessien 6, irr. _Bi
Osnabriick A\(39/23/255) ( ) EF agﬁs
31/24/29K] =
{mantal harvest) ( ) Bernburg  g\Gadegast (32/21/17) S = Soil compaction
Ki Bui Frankenhausen ’(-/41/32) W= Weeds
efpen DU RoBleben Firrstenhof, Buttelstedt
(30/S/26) (26/-27/346)1AS/W/27) (44/25/17) @ salbitz (48/36/41) g Kissing were
KéIn-Auweiler ¢ Fritzlar ™ gutelstect® A A GroBenstein (27/27/S) demonstration sites only
(40/30/30 5) Bad Hersfeld A(24/21/35) Dornburg
Gladbacher Hof Friedbefg (B/28/30)
(34/28/38 &) A
Bingen (41/34/52 irr.) 9(35/33/26)4 Wiihihausen (30/20/21 o)
(22/16/22) Griesheim Crop management:

Nd. Hilbersheim (-/S/26) 4 ) Bl (S/27/20) 4 Euerfeld/Giitzingen (44/26/40)
Bischheim/Miiw;(-/30/30) * .Speyer A Gottmannsdorf (-/17/27)
Herxheim (-(31/26) .(-/28/8) A Crailsheim (18/34/S5)

L 4 Bonnigheim (-/-/39)
Grétzingen (43/36/40 o)l Niirtingen (50/38/35)
Hohenheim (41/35/40 6) ¥ AEiselau (-/45/S

Eckartsweier (36/49/B) /[l ATaiIfingen (-/45/S)

Orschweier (39/42/35) Wl A ofissing
GroBaitingen
Miillheini Il (46/43/36 k) (33/38/H)

(4214174070

) @ Oberhummel (31/46/48)
@ Rotthalmiinster (32/46/28)

irr. = Irrigated
k = Conventional
6 = Organic

Fig. 7.1. The German field trial sites classified according to heat sum accumulation.
The average yields for each site and year are shown (in units of 100 kg/ha). DM, Dry
matter. (From Wilbois et al., 2014.)
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productive indicating that relatively small changes in heat sums between 2700
and 2900 have a significant effect on the likelihood of crop success.

These results support those of Hahn and Miedaner (2013) that show the ef-
fect of heat sums on yield level with indications of cultivar X environment inter-
actions linked to the 00 and 000 classification (Fig. 7.3). In warmer regions the
best yield is obtained by 00 cultivars (e.g. ‘ES Mentor’ in Region 1 with more than
3.5 t/ha) while in cooler regions 000 cultivars (e.g. ‘Merlin’ in Region 3) gave the
highest yields but the overall yield level was lower.

From Wilbois et al. (2014) we can see that yields in German field trials may
commonly vary from 2 t/ha or less in the north to 5 t/ha in the south, depending

Region 1 (warm) n=24 Region 2 (temperate) n=33 Region 3 (cool) n=42

[mA>35tha mB>25<35tha = C<25tha m D =failure]

Fig. 7.2. Number of results (site mean) within three yield categories (3.5 t/ha or
more, 2.5-3.5 t/ha, and less than 2.5 t/ha, plus failed crops for three regions as
characterized by the heat sums into warm, medium (temperate) and cool. (From
Wilbois et al., 2014.)

4.5
4.0
3.5
3.0
25
2.0
1.5
1.0
0.5

0

Yield (t/ha, 86% DM)

Region 1 Region 2 Region 3

Warmer <« P Colder

| m ‘Merlin’  m ‘ES Mentor’ ‘Sultana’ |

Fig. 7.3. Yields (grain at 14% moisture) of three soybean cultivars depending on
regional heat sum. DM, Dry matter. (From Hahn and Miedaner, 2013.)
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on heat sums and water supply in the summer. Our experience is that corres-
ponding farm averages tend to vary from less than 2 t/ha to more than 3.5 t/ha,
depending in particular on weather and soil conditions and weed management.
Average yields in contract cultivation for organic tofu production in southern
Germany have ranged from 2.1 t/ha to 2.8 t/ha in the last 10 years.

From a central European perspective, soybean yields in Scandinavia may
seem to be low (see Table 7.2) but the protein yields are comparable to those of
pea and faba bean, the amino acid profile is better, and there is the added benefit of
the oil. There is, of course, also an increased risk of yield variations at these high
latitudes due to climatic conditions. Soy is responding to development and yields
are likely to increase by the use of improved cultivars and improved cropping
systems in general.

Production Techniques

Soybean can be grown on a wide range of soils provided root development is not
impeded by compaction. Optimum pH is about 6.5-7.0. Like other arable crops,
soy performs well on water-retentive soils, so heavy soils are suitable if they warm
up early in spring. Soils with a high mineral nitrogen supply, for example due to
manure applications, are not suitable because of the suppression of nodulation
and the risk of excessive vegetative growth.

Machinery used for cereals, oilseed rape and other legumes is also used for
soy. Direct drilling can be used to reduce compaction by avoiding travel over
prepared seedbeds. With conventional tillage, light seed drills followed by a
light rolling are preferred under Scandinavian conditions to prevent compac-
tion. Seed densities vary from 70-75 seeds/m? for 0000, 60-65 seeds/m? for
000 and 55-60 seeds/m? for 00 cultivars. In organic cultivation seed densities
tend to be higher in order to compensate possible losses by intensive mechan-
ical weeding. Row distances may vary from 12.5 cm (commonly used for cer-
eals) to 75 cm (as is used for maize). Row distances in excess of 25 cm allow
mechanical weed control and may be beneficial in northern Europe due to a
better light penetration in the stand. Closer row spacing often gives taller un-
branched plants, while rows 50-75 cm apart give bushy plants with 00 cul-
tivars. Rows wider than 50 cm are not suitable for 000 and 0000 cultivars
because of restricted branching. Emergence in difficult situations may be fa-
voured by wider row distances (30—45 cm) due to the higher density in the
rows. Precision seeding is also an option.

Inoculation with Bradyrhizobium japonicum is essential for optimum nitrogen
fixation in soy. Some seed producers offer seeds that are inoculated and ready to
sow. Where the farmer inoculates the seed, this must be done within 48 h of sow-
ing, depending on the inoculum formulation. The process is quite easy, after a
light soaking of the seeds, a fine-milled peat substrate containing the inoculum is
added to them, thoroughly mixed and the seed is sown as normal. The inoculation
of soy grown for the first time is twice that of subsequent crops. Pre-inoculated
seeds should be additionally inoculated with the normal dose of fresh inoculum
when sown on a field where soybean has never been grown. Even if rhizobia may
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survive in some soils for up to 10 years, inoculation is cost-effective also in further
cultivations on a given field, because it provides yield and protein-content benefits.

The soy plant is sensitive to weed competition in its early development, espe-
cially if cold and wet weather prevails. Weed control can be achieved using herbi-
cides or mechanical methods. No herbicides are approved for control of annual or
perennial weeds in soy in the Nordic countries, but there are initiatives to extend
the range of approved herbicides. In other European countries, a few herbicides
for soybean are approved, but some weeds such as Convolvulus or bindweed, thistle
and Solanum nigrum are not well controlled with them and land infested with these
should not be used. One or two herbicide treatments are sufficient in most cases,
including combinations of pre- and post-emergence treatments. Pendimethaline
may adversely affect soybean where soils get waterlogged. Some cultivars are also
sensitive to metribuzine (e.g. ‘ES Mentor’, ‘ES Senator’, ‘Mavka’) if soil splashes on
the leaves due to intensive rainfall.

In organic farming, inter-row weed control should be carried out as soon as
the rows are visible. The use of a stale seedbed (i.e. preparing a seedbed well in ad-
vance of sowing and destroying weed seedlings before sowing) will control weeds
until inter-row cultivation is possible. A tined weeder may also be used within
a week after sowing and before crop emergence. If successful, mechanical weed
control may result in higher yields and earlier maturity because selective herbi-
cides have side effects on the crop.

Until now, there have been few problems with fungal diseases in northern
Europe. Some problems with insects affecting the plant at early growth stages due
to slow emergence have been reported by farmers. In very warm years, Vanessa
caterpillars may affect soybeans north of the Alps. An increase in cropping area
might increase the need for pest control. Experience in regions where soy has been
grown for several decades (e.g. in Austria) indicates that the risk of a build-up of
problems as production expands is low.

At the more northerly end of the production zone, diseases may strike
during emergence if there is prolonged cold and wet weather. Soy is suscep-
tible to sclerotinia, especially if grown in rotations with rapeseed and sunflower.
Diaporthe/ Phomopsis may be a problem under wet conditions, especially for seed
production (Hahn and Miedaner, 2013).

Harvest and Processing of Soybean for Food or Feed

In Scandinavia, soy matures in late September and is usually ready for harvest
in early October. Further south, soy usually ripens during September and har-
vesting in September enables the sowing of a winter cereal as a succeeding crop.
Grain moisture content can decrease rapidly at this time when the crop has lost
its leaves. When the beans are loose in the pods, humidity may vary by 5% be-
tween the afternoon and night-time. Seeds with moisture contents over 18% are
difficult to dry because of the size of the beans (they have to be dried in two steps).
Nevertheless, after mid-October soybean should be harvested even if moisture ex-
ceeds 20%, because opportunities to harvest under dryer conditions are rare at
this point.
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The soy pod is relatively resistant to shatter with some differences between
cultivars and is easy to harvest with standard combine harvesters. The first pod
on each plant is often close to the soil surface which may result in field losses.
Flexible headers are available making it possible to cut the plants 2—4 cm above
the soil surface and thus reduce field losses significantly. Experienced drivers can
reduce losses substantially also with conventional headers. Axial-flow combine har-
vesters are better for grain quality, breaking fewer seeds than the usual shaker-
based machines.

If stored for 6 months or longer, drying should be used to bring moisture con-
tents to 12% or lower. When used for food or seed, drying temperature in the grain
should not exceed 40°C.

For cattle it is possible to use raw beans as feed, but for pigs and poultry, heat
treatment is needed to remove antinutritional factors such as trypsin inhibitors.
There are several technical options: roasting (or ‘toasting’) with direct or indirect
heat or microwaves. Heat treatment may be combined with humidity and/or pres-
sure. Technology from the USA, South Africa and Europe has opened up oppor-
tunities for small-scale on-farm processing. Roasting can, for instance, be done by
machines from EST GmbH in Austria (EcoToast), Roastech in South Africa, and
from the Dilts-Wetzel Manufacturing Co. in the USA.

These machines carry out dry roasting at about 100-400 kg/h and can
easily be installed on farms. In roasting, a balance is set between the heat required
to reduce inhibitors and avoidance of heat damage that reduces digestibility.
Using a compact modular design, the EcoToast system from EST GmbH in Austria
uses electricity and internal heat recovery to treat the soy in a hydro-thermal
process so that the air is quite saturated with water at about 150°C, delivering a
seed internal temperature of 100°C. The electricity usage is about 90 kWh/t. The
Dilts-Wetzel machine also uses indirect heat to avoid exposing the seeds to high
temperatures.

Cold pressing of the beans can be done with machines used for oilseed rape.
It requires more energy than oilseed rape and wear on machines is high. About
50% of the oil content can be removed by cold pressing. Where a fat-free meal
is required, pressing must be combined with solvent extraction. This is often too
costly and technically demanding for small-scale producers. In organic agricul-
ture, chemical solvents are not allowed. Account needs to be taken of the oil con-
tent in blending for feeding.

Soybean grown in northern Europe can be used for food purposes, resulting
in high sensory and texture qualities. The quality for the food industry depends
mainly on the cultivar, which might be set contractually by the buyer. There are
different cultivars for drinks, tofu or natto. Soy intended for foods such as ‘milk’,
tofu, ice cream and yoghurt, must fulfil quality requirements such as taste, processing
quality criteria, texture and hygienic qualities.

Prospects for Soybean in Northern Europe

Crops of soy (Fig. 7.4) are becoming a common sight north of the Alps. We can
expect that soybean cropping will become more common in central and northern
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Fig. 7.4. A crop of soy growing in the Rhine valley, Germany. (Photo credit: Jurgen
Recknagel.)

Europe. Agronomists in the Nordic and Baltic countries, including Germany and
Poland, have in recent years identified soy as a ‘new’ crop that, under some condi-
tions, can be cropped as far as 59°N. This understanding combined with premium
markets for GM-free soybean opens opportunities for its production, especially for
food purposes. We must emphasize that this outcome depends on science-based
crop development to provide suitable cultivars.

Further south, particularly in southern Germany, France, Austria and the
Balkans, soybean is of special interest in organic agriculture where it may resolve
rotational problems with pea and faba bean by introducing another legume, in-
creasing the overall yields and margins. There are local as well as state-sponsored
initiatives to promote the growing of soy. One such initiative is the Danube Soya
Association (www.donausoja.org), which is a partnership between public bodies,
farmers, farm suppliers, processers and scientists aimed at growing soy in the
Danube basin producing an alternative to imported soybean. It is supported by
both EU member and non-member states in the Danube basin extending over a
significant proportion of European territory where the crop can be grown well.

Recent information from the Danube Soya Association indicates that culti-
vation is expanding mainly in conventional agriculture, competing mainly with
wheat, maize and oilseed rape for land. In warmer regions, maize may be the
main competitor for land, if not restricted by corn rootworm regulations. In drier
regions such as northern Bavaria, soybean competes mainly with rapeseed as
well as several cereals. In regions with adequate rainfall, such as upper Austria,
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soybean competes well with cereals. Reichmuth and Schonberger (2012) re-
ported that soybean competes well with current crops due to its positive effect
on the following crop, which is normally winter wheat. The online margin calcu-
lator of the Bavarian State Institute for Agriculture (LfL) gives a detailed view of
the competiveness of organic and conventionally produced soybeans compared to
other crops for the different parts of Bavaria, based on statistical data of several
years. Normally soybeans can compete easily with other grain legumes as well as
with barley and oats. For practical growing decisions, the availability of a con-
tract for production is often decisive for farmers. Since 2008, the price ratio be-
tween soybean and maize at about 2.5 supports expansion of soybean. In organic
agriculture, soybean is often among the most competitive field crops as it does not
need nitrogen input, its price is more than double that of conventional soybean
and its yields are about the same when weeds are well controlled.
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Abstract

Legume-based green manures (LGMSs) are crops that are grown with the specific purpose of
improving soil quality and consequently the long-term productivity of crops. Although the
traditional focus has been on the supply of nitrogen (N) to the system, they have a wide range
of potential benefits that include improving soil quality, reducing soil erosion and increasing
the biodiversity of farmland. LGMs are a key component of organic farming systems where
the use of synthetic N fertilizers is not permitted. However, increases in the cost of inputs,
concerns about environmental impacts of intensive use of agrochemicals, and the recently
announced measures for the ‘greening’ of the European Common Agricultural Policy have
led to renewed interest in the use of LGMs more widely. In Europe, the legumes in LGMs may
be annual or perennial plants, grown on their own or more often as part of crop mixtures
with a range of other crop types such as grasses or brassicas. The legumes most commonly
grown are the clovers (Trifolium spp.), particularly red and white clover. Other legumes that
may be grown to suit particular local goals or constraints include Medicago spp. (lucerne
(alfalfa) and black medic), trefoils (Lotus spp.), vetches (Vicia spp.), lupins (Lupinus spp.),
other minor forage legumes and grain legumes. To maximize fertility building in organic
farming systems, LGMs are grown in place of cash crops for some of the crop rotation. In
more intensive systems, LGMs may be grown for short periods between phases of regular
crop production. This chapter reviews the use of LGMs in Europe and considers factors that
affect N fixation in them and the transfer of fixed N to following crops. It examines how they
can be integrated into practical rotational cropping systems and whether the economics of
this makes the use of LGMs profitable. However, LGMs will not be agronomically or econom-
ically viable in all systems, and in these cases other types of green manures may be more
appropriate. As demand for multifunctional agricultural systems grows, and is increasingly
required by European agricultural policies, so does the potential for greater use of LGMs.
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Introduction

A green manure may be broadly defined as any crop that is grown with the spe-
cific purpose of improving the soil, and by implication the crops that are subse-
quently grown in it. They have a wide range of potential benefits that include
reducing the loss of nutrients to the environment through leaching and surface
runoff, improving soil structure and quality, reducing soil erosion, and increasing
the biodiversity of farmland. Green manures improve soil quality by increasing
organic matter content, enhancing structure and promoting more diverse and
biologically active microbial communities, and they potentially reduce the use
of plant protection products and fertilizers. They are annual or perennial plants,
grown on their own or more often in crop mixtures, for a few months or up to sev-
eral years between periods of regular crop production. In long-term orchard and
vineyards they are grown between trees and vines.

Legume-based green manures (LGMs) are grown with the specific aim of
increasing nitrogen (N) availability in a system by making use of the N fixed
from the atmosphere by the legume. Overall, this process is the product of
two processes: (i) N fixation while the LGM is growing; and (ii) transfer of
any accumulated N to following crops once the LGM has been incorporated
(ploughed in).

The use of green manures has a long history in agriculture. Reports relating
to the 5th century sc refer to their benefits being as ‘good as silk-worm excre-
ment’ for the soil in China. The ancient Greeks are recorded as incorporating
faba beans (Vicia faba L.) into soil around 300 Bc and Roman farmers were ad-
vised to sow their crops ‘where grew the bean, the slender vetch, or the fragile
stalks of the bitter lupine’ (Pieters, 1927). The use of LGMs declined after World
War II due to the increased use of fertilizers and herbicides. They continue to be
a key component of organic farming systems, where the use of synthetic N fer-
tilizers is not permitted. However, recent increases in the cost of inputs, concerns
about environmental impacts of intensive use of agrochemicals, and the recently
announced measures for the ‘greening’ of the European Common Agricultural
Policy, have led to renewed interest in the use of LGMs more widely (Stobart and
Morris, 2011).

This chapter reviews the use of LGMs in Europe and considers factors that
affect N fixation in them and the transfer of fixed N to following crops. It exam-
ines how they can be integrated into practical rotational cropping systems and
whether the economics of this makes the use of LGMs profitable.

Types of LGMs

Given that the primary aim is usually to fix atmospheric N, most LGMs are grown
over the summer period when conditions for plant growth and N fixation are at
their best. In all but the hottest areas of Europe this is over summer. Farmers
have a wide choice of species to grow, coupled with flexible management op-
tions. The advantages of using a summer-grown LGM must be weighed against
the disadvantage that they often replace a more profitable crop in the rotation.



Legume-based Green Manure Crops 127

In contrast, overwintering LGMs are either undersown into the main crop or
sown in autumn, and incorporated into the soil the following spring, thus not
taking the place of a cash crop. This is preferable to leaving the ground with
no cover during the winter, but N fixation is often limited by the poor growing
conditions at this time of year. In addition, the choice of species is restricted and
weather windows for sowing and incorporation are usually narrow. Longer-term
LGMs are usually established for 2 or 3 years as a part of an arable rotation (leys).
On farms with livestock, the leys are usually grazed or cut for silage, whereas in
a stockless farm they are normally cut monthly during the summer months. The
leys can be legume-only or more frequently a mixture of legumes and other spe-
cies, most commonly grasses.

Legume Species Suitable for Green Manures

In most situations, the main factors influencing crop choice are: (i) agronomic
performance in terms of establishment and productivity; (ii) compatibility
with the existing rotation; and (iii) the composition of the residue which de-
termines the breakdown characteristics of the LGM. However, information on
the ability of different species to suppress weeds and timing of flowering may
also be important considerations. At a higher level, the issue of whether the
sward is cut or grazed also needs to be taken into account, as some species
may not tolerate mowing or be compatible with certain livestock. While the
majority of species grown in LGMs are forage legumes, some grain legumes
are also used. Below is a brief summary of the main legume species grown in
LGMs in Europe. Further detailed information may be found in other chapters
of this book or is readily available elsewhere, and examples of some common
LGMs are shown in Fig. 8.1.

Clovers

Trifolium spp. (clovers) are the legumes most widely used in LGMs. There are many
species with different characteristics that can be used in a wide variety of LGM:s.
They are small annual, biennial or short-lived perennial herbaceous plants with
characteristic trifoliate leaves.

Trifolium repens L. (white clover) is commonly used for grazing leys or inter-
cropping. It is very persistent and grows close to the ground. There are many cul-
tivars available and these are characterized by the size of the leaves: small- (e.g.
‘Aberystwyth’), medium- (e.g. AberDai’) and large- (e.g. Alice’) leaved.

Trifolium pratense L. (red clover) is higher-yielding, less persistent and more
drought-tolerant than white clover. It does not grow well at a pH below 5.5. The
cultivars are separated into two groups: (i) early types (e.g. ‘Merviot’) that grow
in early spring and most of the yield is from the first cut; and (ii) late types (e.g.
‘Britta’) that can be used in medium-term leys.

Trifolium incarnatum L. (crimson clover) is a frost-sensitive annual with
brightly coloured flowers. Although it does not recover well after cutting, it may
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Fig. 8.1. Legume species suitable for green manures. (A) White clover, (B) red clover,
(C) lucerne, (D) crimson clover, (E) birdsfoot trefoil and (F) winter vetch. (Photo
credits: John Baddeley.)

be used for forage when young. It grows and flowers rapidly from seed so can be
used as an early food source for pollinators or as a weed suppressor.

There are several other less widely used clover species that can be useful for
LGMs under specific climatic and soil conditions. These include: Alsike clover
(Trifolium hybridum L.), subterranean clover (Trifolium subterraneum L.), straw-
berry clover (Trifolium fragiferum L.), yellow suckling clover (Trifolium dubium
Sibth.), rose clover (Trifolium hirtum All.), Caucasian clover (Trifolium ambiguum
M. Beeb.) and berseem or Egyptian clover (Trifolium alexandrinium L.).
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Medics

Medicago is a genus with many similarities to clovers, and two species are widely
used in LGMs.

Medicago sativa L. (lucerne or alfalfa) is a large perennial plant with a deep
taproot and best known as a forage crop. It prefers a soil pH over 6 in relatively
warm and dry climates but can be used in colder areas provided they are not too
wet, and can produce the highest annual yield of all forage legumes (up to 15 t/ha).
Inoculation of seeds with appropriate rhizobia is usually necessary.

Medicago lupulina L. (black medic) is an annual or short-lived perennial suit-
able for summer LGMs. It is almost always grown in mixtures and is useful for inter-
cropping due to its low growth habit (10-15 cm). It is not good for grazed systems.

There are several other species of medics (e.g. Medicago littoralis Rohde ex Lois.,
Medicago tornata (L.) Mill., Medicago rugosa Desr., Medicago denticulata Willd., Medicago
minima (L.) Bart., Medicago laciniata (L.) Miller and Medicago polymorpha L.) that
could be used for LGMs in Mediterranean climates with mild winters.

Vetches

Vicia sativa L. (common vetch or tares) and Vicia villosa L. (hairy vetch) are long,
trailing annual plants suitable for winter- spring- or summer-sown LGMs. They
are protein-rich forage crops, often grown in a mixture with a cereal that provides
physical support.

Trefoils

The genus Lotus has several species that are grown as LGMs. Their main advan-
tage is that they grow well on soil that is too wet, cold or acid for clovers, and this
goes some way to compensate for the generally lower yields of trefoils. Their long,
trailing growth habit makes them well suited to mixtures, although they attain
high biomass only after many months of growth.

Sweet clovers
Melilotus spp. are biennials that are drought-resistant and tolerant of poor soil
conditions, although they prefer warmer climates. These large (up to 2 m tall),
productive plants are tolerant of grazing and have a high protein content. Their
deep, penetrating root systems can help improve soil structure.

Lupins

There are several lupin species that are grown in LGMs, such as white lupin
(Lupinus albus L.), bitter blue or narrow-leafed lupin (Lupinus angustifoilus L.) and
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yellow lupin (Lupinus Iuteus L.). They are large annual plants that perform well on
poor, light soils and are somewhat tolerant of acidic conditions. Lupins are gen-
erally grown in warmer climates and are used for grazing or silage production.

Faba bean and pea

Although most commonly grown for grain, faba bean (Vicia faba L.) is a high-
biomass overwintering species that can be incorporated during spring or cut
down and allowed to regrow before incorporation. There are many cultivars
of pea (Pisum sativum L.) that can be used in LGMs, but spring cultivars have
low tolerance to frost so winter cultivars are recommended in cooler climates.
Mixtures of cereals with grain legumes allow the former to physically support the
latter. A drawback is that seed costs can be high.

Non-legume companion species

Legume-only stands tend to accumulate, via fixation, high levels of N, some of
which is likely to be lost during the winter by leaching. However, if they are mixed
with non-legumes that risk is much reduced as the non-legume takes up N. For
example, a mixture of clover and grass is as efficient in taking up N from the soil
as pure stands of grass, and the green matter contains about as much N late in
the autumn as a pure stand of clover (Bergkvist et al., 2011). There is also a grass
sink effect (see Humphreys et al., Chapter 9, this volume). When N is lost from the
clover during winter, it can be taken up again by the grass as soon as it reassumes
growth in the spring. Winter annual legumes can, for the same reason, be mixed
with a winter annual cereal crop, such as rye.

Species-rich mixtures of legumes

Most LGMs are relatively simple mixtures of a legume with another species such
as a grass or brassica, as described above. While these systems perform well in
the right conditions, their reliance on just a few species can be a drawback. Well-
designed mixtures of many species of legumes have the potential to mitigate this
issue. The legume component especially is susceptible to failure if the weather con-
ditions prevent good establishment or growth. Conditions that are unfavourable
for one legume species in the mixture may favour the growth of another. Where
a simple mixture is included in a rotation, the lack of variation in chemical com-
position means that N release to a following arable crop may not be synchronized
with the N demands of that crop. However, variations in chemical compositions
between species in a complex mixture mean that they decompose at varying rates,
leading to a more even supply of N to following crops. Furthermore, species-rich
LGMs inherently have the flexibility to be designed, increasing biodiversity and
providing a range of desired ecosystem services such as nectar provision for pol-
linators (Malézieux et al., 2009).



Legume-based Green Manure Crops 131

In general, the greater the number of legume species in a mix, the greater
the potential to provide a wide range of functions. However, in agricultural situ-
ations, there is an inevitable trade-off between these wider functions and the
overriding driver of agricultural production. A recent study in the UK concluded
that the optimum number of legume species in a mixture for most agricultural
purposes is three (Storkey et al., 2015). However, if there are specific goals such as
weed suppression then the number of species can be increased. The mix can also
be tailored to match soil and environmental conditions. This multifunctionality
is an increasingly important aspect of agricultural systems and is more readily
delivered by a species-rich LGM than by the main cash crop phases of a rotation.

Crop Management
Establishment

Seeds of many legumes used as green manures are often more expensive than
those of non-leguminous green manure crops, so it is important to take steps to
ensure optimum conditions for germination and maximum ground cover from
the resulting LGM. The first step is the preparation of a good seedbed with a fine
tilth and adequate moisture levels prior to drilling or broadcasting. Drilling is a
better method for many species, especially those with large seeds such as vetches
that are attractive to birds. It enables good control over the depth of sowing.
However, mixtures often contain species with a large range of seed sizes and this
may be technically difficult to handle with a drill unless multiple passes are made.
Broadcasting can address many of the above problems, although seed size range
can still be a concern. After broadcast, seed may be incorporated into the soil by
light harrowing or rolling.

Successful N fixation by legumes requires the presence of the appropriate
strain of rhizobium and this will not always be present in the soil. This is par-
ticularly a problem where non-native legumes are grown and can be alleviated
by inoculation of the seed before sowing. For example, most lucerne seed sold in
the UK is pre-coated with inoculum. Alternatively, inoculum mixes that are added
to seeds at sowing are widely available commercially and it is also possible for
farmers to produce their own, at least on a small scale.

A further consideration is the availability of suitable seed. Many of the less
common species that might be used for LGMs are not produced in large quantities
and may suffer from fluctuations in availability. This is particularly true if certi-
fied seed is required for organic systems, although derogation for a proportion of
a mixture to be non-organic may be possible.

Sowing time
Although the timing of sowing is critically important, it is difficult to give pre-

cise guidance as it depends on the combination of climate and species, plus the
myriad local conditions that also must be taken into account. In general, most
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LGMs perform well if sown in the spring and early summer and are sown after
risk of frost has passed but in time to allow good establishment before summer
drought restricts growth. In contrast, only a few species of legumes are suitable
for autumn sowing in northern Europe. If they are sown too late, the plants may
establish poorly or not be large enough to survive winter, but if they are sown too
early they can reach their reproductive stage in autumn and lose winter hardi-
ness. In practice, large-seeded species are often the best choice for late sowing as
they tend to have a higher relative growth rate, and sowing at a higher seed rate
can mitigate establishment issues. In addition to the direct impact of sowing time
on plant establishment, consideration must also be given to the necessity to fit in
with the sequence of crop rotation, which is discussed later in the chapter.

Fertilization

The amount of legume and the proportion of it in an LGM mixture can largely be
determined by management, whereas the amount of any grass during the first
growing season can be effectively determined by the seed rate or by the time of
undersowing (Ohlander et al., 1996). While these latter factors have some import-
ance for legumes, they are not nearly as important as the amount of N fertilizer
used. Many studies have reported a large decrease in the legume component of
LGMs when high levels of N are applied (Ohlander et al., 1996; Bergkvist et al.,
2011). This effect is species-specific, with, for example, red clover being more tol-
erant of high N levels than white clover. While many LGMs are grown without
fertilizer, this effect should be borne in mind in cases such as intercropping or
undersowing where some fertilizer may be applied for the benefit of the accom-
panying crop.

Cutting and grazing

Unless an LGM is in the ground for only a matter of months or grown as part of
an intercrop, some management, in terms of cutting or grazing, will be required.
This tends to make the LGM more productive overall and increase the total
amount of N fixed (Hatch et al., 2007; Dahlin and Stenberg, 2010). If cutting
is carried out, then there is a question of what to do with the clippings. A com-
monly practised system is ‘cut and mulch’, where the clippings are left in place.
This has the advantages of helping to control weeds and not removing nutrients
such as phosphorus (P) and potassium (K) from the system, but N fixation may
be reduced due to the process returning relatively N-rich material to the system.
Care must also be taken not to let the LGM get too tall before cutting and to use
a mower that will chop the clippings, otherwise the crop may be smothered by
the cut material. The alternative is to remove the clippings, which may then
be sold or used elsewhere for feed or compost. This increases the flexibility to the
farmer but risks depletion of soil nutrients in the longer term. Not all legumes are
suitable for cutting or must be cut high to avoid removal of aerial buds, making
species selection important.
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As with cutting, not all legumes are suitable for grazing as their growth habit
makes them unable to regenerate well (e.g. crimson clover). Of those that are suit-
able, some (e.g. white clover and lucerne) can cause bloat in ruminants unless
the grazing regime is carefully managed. Alternatively, low-bloat legumes such as
birdsfoot trefoil and sainfoin may be grown. Whatever species are sown originally,
the species composition will change over time more rapidly in grazed swards than
in those that are cut, due to the selectivity of grazers. These problems are usually
worth some effort to overcome, as grazed LGMs are capable of delivering greater
yields of high-quality, protein-rich forage than grass-only systems, and with a re-
duced N requirement both during growth and for the following crop (Martens and
Entz, 2011).

Incorporation

The method and timing of incorporation of an LGM into the soil are some of
the most important processes governing N availability to the following crop. The
choice of method is dictated to a certain extent by the choice of species grown and
prior management. In anything other than well-grazed swards, the first stage will
probably be a reduction in the bulk of the LBM through cutting with a mower or
harrow. After the material has dried sufficiently, further incorporation can then
take place. Ploughing is a good and commonly used method that is effective. It
does not mix plant and soil particularly well, and if done too deeply may retard N
release. Harrowing can mix the plant and soil effectively but does not do so to any
great depth in the soil. Rotary tillage offers a combination of these processes, but
comes at the expense of high power requirements.

In practice, the timing of incorporation is often chosen to fit with farm oper-
ations and the agronomic requirements of cash crops in the rotation. Whether
spring or autumn, it is important that incorporation happens so that the release
of N is synchronized with crop requirements, to avoid the loss of excess N from the
system (Cook et al., 2010; Dabney et al., 2010; Campiglia et al., 2011). N losses in
the form of N leaching and nitrous oxide (N,0) emissions dominate, depending on
timing of soil incorporation and climatic conditions (Ball et al., 2007; Olesen et al.,
2009; Askegaard et al., 2011) and ammonia volatilization may be a particular
issue in Mediterranean climates (Rana and Mastrorilli, 1998). These N losses re-
duce the possible N supply to following crops, and also constitute environmental
burdens with N leaching contributing to eutrophication of aquatic ecosystems
and N,0 being a potent greenhouse gas.

Effects of Legume Green Manures
Supply of N to following crops
The main agronomic reason for growing LGMs is to add N to the system that can

be used by a following cash crop. N accumulated by the LGM is released into the
soil after incorporation through the process of mineralization by soil microbes
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(Murphy et al., 2004 ). The rate at which this complex process occurs is governed
by many factors such as temperature, moisture availability and the chemical
composition (quality) of the LGM residue (Cadisch et al., 1998). Key to this is the
ratio of carbon (C) to N, and the form of that C because structural components
such as lignin are more resistant to decomposition. As these parameters vary with
species, the quality of the LGM residue can be manipulated by the selection of
appropriate species. Thus plants with large, N-rich leaves such as red clover will
break down more rapidly than woodier species such as mature lucerne, and all
legumes decompose faster than grasses.

The amount of N realized by European LGMs depends on a diverse range of
factors, and many studies have attempted to quantify it (e.g. Mueller and Thorup-
Kristensen, 2001; Cuttle et al., 2003). Overall the results are highly variable, with
figures ranging from almost zero to over 500 kg/ha of N. In practice, most LGMs
may correspond to fertilizer N applications of up to 100-200 kg/ha. Higher figures
tend to be associated with highly managed, shorter-term LGMs whereas more ex-
tensive, less managed systems may deliver 50 kg/ha of N or less.

Effects on other soil properties

In addition to the effects on N, the incorporation of LGMs may improve many dif-
ferent indicators of soil quality such as aggregate stability, labile organic matter
and soil faunal activity (Biederbeck et al., 1998; Birkhofer et al., 2011), Some of
these changes, especially in soil organic matter, may only be evident in the long
term (Stobart and Morris, 2011; O'Dea et al., 2013).

The growth and incorporation of an LGM can enhance biological P cycling
in soil and improve the dissolution and bioavailability of soluble phosphate rock
(Barea et al., 2002). Changes in the soil pH following the growth of an LGM can
also increase availability of P and K, while reducing losses due to runoff and
leaching (e.g. Scott and Condron, 2003). In grass/clover leys, there is high absorp-
tion of K, probably due to the combination of shallower and deeper roots of the
two crop species.

Rotational Considerations

As there is often no direct economic gain from the growth of LGMs, it is important
that they are as productive as possible and compatible with the main cash crops
that will be grown. The cash crops grown may place restrictions on which legume
species are grown, and set the schedule for their planting and incorporation. It is
vital that a proper assessment is made of the likely N input from the LGM, so that
the amount of any supplementary N can be calculated accurately. Finally, an eco-
nomic assessment reveals the financial implications of the choices made.

In northern Europe, white and red clover, the most frequently used legume
species in LGMs, are often undersown in spring into crops of spring cereals. If they
are sown in autumn in areas with cold and long winters, such as in Scandinavia,
their sowing time needs to be early enough so they can survive the winter (Laidlaw
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and McBride, 1992; Brandseeter et al., 2002). Winter crops, such as wheat and
rye, yield highest after sowing in September and undersown legumes would gen-
erally not survive winter if sown much later. Further south, in Germany and the
southern UK, clover species can be sown with winter cereals in autumn and still
survive winter (e.g. Heyland and Merkelbach, 1991).

Legumes alone or mixed with cereals or brassicas are the most common spe-
cies cultivated in southern areas of Europe as LGMs. In addition to the typical
species grown for forage or grain (e.g. faba bean, vetch or clover) other legumes
such as narbon vetch (Vicia narbonensis L.) or lupins may be used. In areas with
hot, dry summers, where water competition with the main crop is possible, LGMs
are avoided during the summer and limited to cover the soil in olive groves or vine-
yards during the winter season.

After the harvest of the main crop, an undersown LGM is left to grow during
autumn and can be incorporated before winter, in early spring before sowing of
a spring crop or in the summer before sowing of an autumn-sown crop. It is gen-
erally only organic farmers that let the LGM grow for a whole summer to control
weeds by repeated mowing and to add N to the system. In northern Europe, how-
ever, it has recently become less common for LGMs to be grown only for fixing N
and to control weeds. Generally, farmers who have no use of the LGM as fodder
will sell the green biomass, although this will reduce the beneficial effects to the
following crop.

Winter annual legumes (e.g. vetch) may be sown after harvest of one crop
in July or in the beginning of August. The following spring they are incorpor-
ated or grown on to become living or dead mulch for a spring crop, to provide
it with N and to control small-seeded weeds. The major part of the growth and
N fixation will occur during spring, so autumn incorporation is not the best
option. An important feature of autumn-sown LGMs is that they are unlikely
to fix significant quantities of N unless they are allowed to grow through the
following summer, which is likely only in organic systems. If a green manure is
required purely for the overwinter period, then one without legumes may be a
more flexible option.

N budgets

Given that one of the main reasons that LGMs are grown is the input of N they
provide to the system, it is vital that this input is taken into account when con-
sidering what further additions of N may be required for a following crop. This is
problematic, as it is the result of interactions between many complex processes
that control both the amount of N fixed and the amount transferred to a fol-
lowing crop, as detailed above. While the effects of changes in any one parameter
in isolation are generally well known and predictable, forecasting in a field-based
system with many uncontrolled variables is challenging. One approach is the use
of computer-based models and many of these are now available. Some are aimed
at the scientific user and require detailed knowledge of many variables. Others are
designed to be used by farmers and advisors, such as the FBC model (Cuttle, 2006)
and later versions of NDICEA (van der Burgt et al., 2006), which require relatively
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simple inputs that farmers are likely to know or can easily assess, to produce guid-
ance as to the amount of N available from LGM:s.

Economics

The economic impact of growing LGMs is highly dependent on the design of the
system. Whether the LGM is grown as a main crop, as an undersown crop or as
an intercrop, the gross margin of the whole crop rotation has to be considered
because of the positive internal effects of legumes (listed below). This is due to the
simple sum of the individual gross margins of the cash crops with the variable
costs of the LGM crops (Weitbrecht and Pahl, 2000).

An important effect of an LGM is the potential reduction of the use of syn-
thetic N fertilizer. One way to assess the economic benefits is therefore to compare
the costs of N fixed from the LGM and the costs of N of mineral fertilizers. The
price of N gained by LGMs can be calculated from their N profit and their variable
costs. The variable costs of an LGM depend mainly on the seed costs, establish-
ment and management costs. Since these costs are relatively high, the resulting
price of the N is higher than that from synthetic fertilizer (Knight et al., 2010).

To consider all internal effects it is recommended that the total gross margin
of the whole crop rotation is considered. If an LGM replaces a main cash crop, the
financial loss of not growing this crop has to be included in the calculation as fore-
gone revenue, together with the variable costs of the LGM (seed, establishment
and management). These are the total costs to be considered for the integration
of the LGM.

An LGM significantly increases the yield of the subsequent crop (Knight et al.,
2010). The resulting gain in value of the following crop must be considered, but
is highly dependent on the market price. In addition, the savings made in N fer-
tilizers, pesticides and soil cultivation to the following crop have to be taken into
account in the calculation.

In conclusion, the economic benefits of LGMs depend mainly on the costs of
the LGM, on the value of the replaced crop and any gains in the subsequent crop.
The ratio of these costs and gains determines whether growing an LGM results in
a financial benefit. It is also important to remember that LGMs may have many
additional effects such as the supply of additional on-farm fodder, which can be
included in an economic analysis, or an impact on soil erosion which is difficult to
quantify economically.

Conclusion

LGMs are widely used across Europe in a diverse range of cropping systems.
Significant regional variations mean that they are optimized for local growing con-
ditions and patterns of crop rotations. LGMs are key to successful organic systems,
in which a significant part of the crop rotation is often devoted to their growth.
Due to rising costs of synthetic inputs and concerns over the environmental per-
formance of agriculture, there is increased interest in expanding the use of LGMs
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in non-organic systems. Although the traditional focus has been on the supply of
N, they have a wide range of potential benefits that include improving soil quality,
reducing soil erosion and increasing the biodiversity of farmland. However, LGMs
will not be agronomically or economically viable in all systems and in these cases
other types of green manures may be more appropriate. As demand for multi-
functional agricultural systems grows, and is increasingly required by European
agricultural policies, so does the potential for greater use of LGMs.
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Abstract

White clover (WC) (Trifolium repens L.) is a useful component of European grasslands due
to: (i) its capacity to convert dinitrogen (N,) gas to plant-available nitrogen (N) in the soil
via biological nitrogen fixation (BNF); (ii) its tolerance of grazing; and (iii) its high nutritive
value for ruminant livestock. Its relative importance has declined in recent decades in line
with the intensification of ruminant production systems that increasingly rely on maize
silage and intensively fertilized grass leys. There are many challenges in managing WC
on farms. These include: (i) maintaining the ideal balance between the grass and WC in
grassland; (ii) low and inconsistent dry matter (DM) productivity; (iii) difficulties
with ensilage due to the low herbage DM and sugar concentrations; and (iv) increased risk
of bloat. However, the cost of fertilizer N has increased substantially since the late 1990s,
particularly relative to the farm-gate price received for milk, beef and sheep meat. This
price:cost squeeze has generated renewed interest in the use of WC on farms. Furthermore,
under legislation stemming from the Nitrates Directive, permissible stocking densities and
rates of fertilizer N input are lower than previously in many European countries, and the
lower productivity of WC-rich grassland is not as much of an obstacle to adoption on farms
as it has been in the past. As well as the capacity that WC has to improve herbage nutritive
value, the main advantage of WC-based systems stems from the replacement or reduction
of fertilizer N input by BNF and the contribution that this makes to farm profitability and
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environmental performance. Although WC-rich grassland has lower productivity, lower
fertilizer N costs can largely close the gap in farm profitability between WC-based and more
intensively managed systems. There is generally less N circulating within lower stocked
WC-based systems, resulting in lower N losses to water and lower ammonia and methane
emissions to the atmosphere; losses that are often closely related to stocking density. WC
has additional advantages when it comes to the other greenhouse gases: nitrous oxide and
carbon dioxide. Direct emissions of nitrous oxide are lower from WC-rich grassland than
from N-fertilized grassland at the same level of productivity and substantially lower than
intensively fertilized grassland. Emissions of carbon dioxide associated with the manufac-
ture, transport and application of nitrogenous fertilizers are avoided by the use of WC.
Using life cycle assessment, studies have shown that WC-based systems have between 11%
and 26% lower carbon footprint per litre of milk than N fertilized systems; the largest dif-
ference was with more intensive systems reliant on high input of fertilizer N. Escalating
fertilizer N costs have improved the profitability of using WC in pasture-based systems in
recent years. From the perspective of the overall future sustainability of pasture-
based ruminant production, WC-based systems offer economic competitiveness,
lower energy dependency and lower environmental impact.

Introduction

White clover (WC) (Trifolium repens L.) is a useful component of European grass-
lands due to: (i) its capacity to convert dinitrogen (N,) gas to plant-available
nitrogen (N) in the soil via biological nitrogen fixation (BNF); (ii) its suitability for
grazing; and (iii) its high nutritive value for ruminant livestock. It is most com-
monly grown in association with perennial ryegrass (PRG) (Lolium perenne L.)
where it can improve sward crude protein, organic matter digestibility, herbage
production and herbage intake by ruminants. However, the use of WC has declined
in recent decades in line with the intensification of ruminant production systems
that increasingly rely on maize silage and intensively fertilized grass leys (Peyraud
et al., 2009). There are many challenges to WC management on farms, such as:
(i) maintaining the ideal balance between grass and WC in pastures; (ii) low and
inconsistent productivity; (iii) increased risk of bloat in grazing livestock;
and (iv) difficulties with ensilage.

The productivity of WC-rich grassland that does not receive fertilizer N in
pasture-based dairy systems has generally been found to be 70-90% of that of
intensively N-fertilized PRG-based grassland (hereafter referred to as grass-only)
receiving annual applications of up to 415 kg/ha of fertilizer N (Humphreys et al.,
2009; Andrews et al., 2007; Table 9.1). In many countries in the north-west of
Europe, these very high rates of fertilizer N input and associated stocking densities
are no longer permissible due to regulations under the Nitrates Directive (European
Council, 1991). Furthermore, since the late 1990s, the farm-gate cost of fertilizer N
has increased at an annual rate of around 5%. Hence, there has been a strong
increase in the cost of fertilizer N relative to the farm-gate price received for milk
(Fig. 9.1). These trends have negative impacts on the profitability of pasture-based
systems of dairy production that rely on high inputs of fertilizer N. At the same
time, there has been more regulatory pressure to lower N losses to water and to
the atmosphere. These include various national regulations stemming from the



Table 9.1. The number of years that comparisons took place, stocking densities of dairy cows, annual fertilizer N input, concentrates fed to
cows, annual herbage production and milk production in systems-scale comparisons of milk production from white clover (WC)-based and
N-fertilized grassland.

Stocking WC content Concentrates fed Herbage Milk production
density Fertilizer N of herbage production

No. years (LU/a) input (kg/ha)  (g/kgDM)  (kg/cow)  (kg/ha) "t pp/hg)  (kg/cow)  (Vha)  References

1 3.86 0 270 21 815 16.25 3468 13.39 Bryant et al. (1982)2
3.86 86 270 21 815 16.11 3500 13.51

1 4.09 0 230 245 1002 16.97 3196 13.07 Bryant et al. (1982)?
4.09 137 195 245 1002 18.08 3377 13.81

6 na® 0 150 na na na na 8.56 Weissbach and Ernst
na 308 na na na na na 14.20 (1994)°

5 2.52 122 385 600 1512 na 4224 10.64 Ryan (1986, 1989)¢
3.20 361 <50 600 1920 na 4068 13.02

3 45 0 580 890 4007 8.8 3914 17.61 Aaes and Kristensen
5.1 240 260 890 4539 121 3965 20.22 (1994)°

5 3.30 0 152 na na 16.38 3953 12.96 Ledgard et al. (1998,
3.30 215 107 na na 18.45 4735 15.52 1999, 2001)"
3.30 413 49 na na 20.58 4858 15.92

3 1.90 17 290 1847 3509 10.10 8294 15.75 Schils et al. (2000a, b)?
2.20 208 <50 1828 4022 10.80 8095 17.80

3 4.7 0 504 1008 4738 9.0 4039 18.98 Sgegaard et al.
4.8 300 0 1008 4838 11.1 4055 19.46 (2001)e

1 1.90 0 253 1096 2082 9.24 5719 10.87 Leach et al. (2000)"
2.40 350 9 1412 3389 10.35 5724 13.74

2 1.75 80 240 535 936 10.57 6550 11.46 Humphreys et al.
2.10 180 39 535 1124 10.75 6275 13.18 (2008)
2.50 248 20 535 1338 12.06 6242 15.61
2.50 353 7 535 1338 13.26 6375 15.94

4 2.15 90 219 531 1142 11.51 6521 14.02 Humphreys et al.
2.15 226 60 520 1118 12.45 6526 14.03 (2009)

Continued
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Table 9.1. Continued.

Stocking WC content Concentrates fed Herbage Milk production
density Fertilizer N of herbage production
No. years (LU/a) input (kg/ha) (glkgDM)  (kg/cow)  (kgha) "t pp/hg)  (kg/cow)  (Vha)  References

2 1.6 0 240 539 857 8.80 6388 10.20 Keogh et al. (2010)'

2 212 100 180 575 1218 10.10 6273 13.30

3 2.12 100 210 496 1052 11.10 6137 13.01 Phelan et al. (2013b)'

1 na 260 200 154 na 13.16 3880 na Enriquez-Hidalgo et al.
na 260 0 154 na 13.05 3728 na (2014)

LU, Livestock unit; DM, dry matter.

aBryant et al. (1982) — Calving in late winter and cows were milked at pasture. Rotational grazing. Lactation length was largely determined by pasture supply.
®na, Data not available.

°No significant differences in concentrates fed per cow (4 kg/cow/day) or in milk production per cow (22.3 kg fat corrected milk/day).

dCalving in late winter; grazing season from 9 April to 20 October. Rotational grazing. No fertilizer N was applied to the WC-based swards used for grazing;
fertilizer N was applied to a non-WC silage area on the low fertilizer N input system. WC content refers to the WC content of the WC-based swards in late
summer only.

eGrass—arable systems with continuous grazing.

Ledgard et al. (1998, 1999, 2001) — Calving in late winter and cows were milked for 250-290 days at pasture. Rotational grazing. Minimal amounts of
concentrate supplementation were fed to cows.

9Schils et al. (2000a, b) — Calving from October to April; grazing season from first week of April to last week of October.

hLeach et al (2000) — Results from final year of a 3-year experiment. Autumn calving; cows dry during much of the grazing season that extended from late
spring to mid-October. Nine days later turnout in spring on the WC-based swards.

‘Compact calving during 12-week period in spring with a mean calving date in mid-February, cows turned out to pasture as they calved from late January

onwards and remained at pasture until late November depending on ground conditions. Rotational grazing. Milk was produced until mid-December each year.

IMean calving date 19 February. Results presented from 17 April until 31 October 2011. Rotational grazing.
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Fig. 9.1. Changes in the fertilizer N:milk price ratio in Western Europe (EU-15)
between 1990 and 2011. The data are derived from Eurostat ‘purchase prices of
the means of agricultural production’ and ‘selling price of agricultural goods. (From
Eurostat, 2013.)

Nitrates Directive, the Water Framework Directive, the National Emission Ceilings
Directive and the European Commission (EC) Climate and Energy Package
(European Council, 1991; European Parliament and Council, 2000, 2001). In gen-
eral, WC-based systems are associated with lower stocking densities, higher N use
efficiency, lower surplus N per ha, lower losses of nitrate to water and emissions of
ammonia and nitrous oxide (a potent greenhouse gas (GHG)) to the atmosphere
than N-fertilized grass-based systems. These differences can be largely attributed to
lower N fluxes associated with the generally lower productivity of WC.

In studies of dairy production systems conducted during the 1980s and
1990s, the net margin per hectare of WC-based systems was between 65% and
95% that of intensively fertilized grassland. More recent analyses have found that
the difference in net margin per hectare between WC and grass-only systems was
not clear cut (Humphreys et al., 2012). It was concluded that if the 1990-2010
trend in fertilizer N and milk prices continued, the WC-based system would be-
come an increasingly more profitable alternative to intensive N fertilizer use for
pasture-based dairy production. There is also evidence of increasing interest in
the use of WC on farms, for example 50% of sown pastures in the west of France
in 2009 were composed of a mix of grasses and WC compared with less than 10%
in 1985 (Peyraud et al., 2009).

The purpose of this review is to examine the potential for using WC in pasture-
based systems in Western Europe in the context of rising fertilizer N costs and
recently implemented environmental regulations curtailing fertilizer N use and
stocking densities on farms. The review will identify the potential of WC to contribute
to the future sustainability of ruminant production systems, the challenges that
currently impede the use of WC in those systems and newly emerging solutions
to those challenges.
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BNF and Herbage Production

The quantity of reactive N fixed in temperate pastures with WC varies from 10 kg/ha
to 300 kg/ha (Andrews et al., 2007; Ledgard et al., 2009), depending mainly on
management factors that affect sward WC content. In general, potential herbage
production from WC-based systems can be as high as from grassland grown with
high rates of fertilizer N input. However, high rates of fertilizer N input generally
have a negative impact on BNF as a result of the gradual decline of sward WC
content and WC fixation activity. For example, in a 5-year study in Germany, fer-
tilizer N input reduced sward WC content under a wide range of grazing/cutting
management systems (Trott et al., 2004). A 2-year study in Ireland carried out
as part of the Legume Futures project found a reduction in WC fixation activity
to be the most important factor reducing BNF in grassland receiving fertilizer N.
Annual fertilizer N inputs of 86 kg/ha, 140 kg/ha and 280 kg/ha reduced BNF
by 19%, 17% and 41%, respectively, relative to WC pastures receiving no fertilizer
N (Burchill et al., 2014). Meta-analysis of the effect of N fertilizer on WC con-
tent and BNF across a range of experiments revealed an exponential reduction
in annual pasture WC content in response to annual fertilizer N inputs (Phelan,
2013). From 0 kg/ha to 200 kg/ha, the response is generally linear with a 1.5%
reduction in WC content for every 10 kg additional fertilizer N input (Fig. 9.2).
The main economic motivation for the inclusion of WC in swards is BNF, so main-
taining the WC component of the sward for this purpose is an important aspect
of sward management. For this reason, WC swards often receive no or relatively
low inputs of fertilizer N, applied only in spring when the contribution of BNF to
sward supply is low.

In temperate regions, the WC content of swards usually undergoes a typical
cycle in the growing season that complements the growth of PRG. WC content
tends to be relatively low in spring. It tends to increase steadily during late spring
and summer to reach the highest levels during late summer and autumn, and
decline again during the winter although this annual trend is influenced by man-
agement (Figs 9.3 and 9.4).

The seasonal fluctuations in WC content and BNF described above mean that
some fertilizer N input may be necessary to increase herbage production in early
spring, before BNF contributes substantially to sward growth. In the Netherlands,
Schils et al. (2000a, b) found that WC-based grassland receiving fertilizer N input of
17 kg/ha in spring produced 95% of the herbage of a grass-only swards receiving
annual fertilizer N input of 208 kg/ha. Likewise in Ireland, Humphreys et al. (2009)
showed that WC-based pastures receiving between 80 kg/ha and 90 kg/ha of fertil-
izer N in spring had herbage production that was 92% of grass-only pastures receiving
226 kg/ha of N and 80% of grass-only pastures receiving 353 kg/ha.

As well as variation in BNF within years, there can also be considerable vari-
ation in BNF from year to year. For example, Burchill et al. (2014) found a two- to
threefold difference in BNF between consecutive years. Therefore, while WC can
make a valuable contribution to the availability of plant-available N in the soil,
both the within- and between-year variation in the supply of N from this source
creates challenges at farm level for the management of BNF and N nutrition of
grassland. Management of BNF is mediated most directly through the management
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Fig. 9.2. Meta-analysis of the effects of annual fertilizer N input on (A) annual sward
white clover (WC) content and (B) annual biological nitrogen fixation (BNF) in
grass—WC swards (P < 0.001 in both cases). DM, Dry matter. (From Phelan, 2013.)

of WC in the sward. As BNF increases soil N over time, the grass component
becomes more competitive and maintaining WC content of the sward can become
difficult. This is generally not a major problem in temporary grass—arable rota-
tions because soil N tends to be low after a sequence of arable crops and when soil
N increases and WC content declines, it can simply be cultivated for arable pro-
duction again. In permanent grassland, declining WC contents are more difficult to
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Fig. 9.3. Grass and white clover (WC) growth rates throughout the growing season
in Ireland.

Fig. 9.4. Clover during April (A) and estimated to be 35-45% of dry matter in August (B).

manage and it is the lack of consistency of WC BNF from year to year that largely
accounts for the general unpopularity of WC for permanent pastures in Western
Europe.

Nutritive Value and Milk Production

WC herbage has higher nutritive value than PRG herbage and is preferentially
grazed by dairy cows. This can increase cows’ voluntary dry matter (DM) intake
and consequently milk production. This increase can be attributed to a lower
cell wall content and different cell wall characteristics of WC compared with
grass (i.e. both a lower resistance of the WC herbage to chewing and higher
rates of particle breakdown, digestion and passage rate through the rumen,
leading to higher intake) (Steg et al., 1994). Higher herbage intakes and higher
milk yields of the WC-rich swards can also be attributed to higher crude protein
concentration in the herbage DM. However, where fertilizer N use is not limited
and where sward crude protein content is therefore high, very high WC contents
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(400-500 g/kg DM) are required to get an increase in milk output per cow over
that obtained from grass only.

Such high WC contents are rare. None of the systems-scale studies presented
in Table 9.1 recorded a significant difference in milk output per cow between the
WC-rich and N-fertilized grass-only grassland, because the WC content of herbage
DM was typically not high enough to increase milk yield per cow. Even high WC
content in grass—arable systems did not contribute to an improvement in milk
output per cow (Aaes and Kristensen, 1994; Seegaard et al., 2001). It is unlikely
that WC sward contents of 400-500 g/kg DM can be sustained in permanent,
grazed WC-based grassland at the farm scale except for short periods during the
late summer and early autumn. Therefore the use of WC compared with fertilized
grass generally has little or no impact on milk output per cow over the course of
an entire grazing season or entire lactation.

Management

The main economic motivation for inclusion of WC in grazed grassland is BNF. For
a given site, the extent of BNF depends primarily on the WC content of herbage.
Therefore an important aspect of managing WC in grassland is maintaining a
high WC content throughout the year and from year to year. Grassland manage-
ment entails multiple objectives such as: (i) maximizing nutritive value; (ii) maxi-
mizing herbage production; (iii) budgeting grassland areas to extend the grazing
season length; (iv) maintaining a desirable sward structure; (v) protection of the
soil; and (vi) maintaining the persistency of desirable botanical components of
the sward from year to year. Sophisticated management guidelines have been
developed to achieve the optimum balance between these multifaceted objectives,
primarily for N-fertilized grass-only swards. Effective implementation at farm level
requires training and skill. Indeed, one of the reasons for the decline in grazing on
dairy farms in Western Europe is that indoor feeding systems reliant principally
on maize silage, grass silage and purchased concentrates are simpler to imple-
ment at farm level, particularly where farms are fragmented into separate land
parcels. Inclusion of WC in swards and maintaining the balance between species
to ensure optimum WC content within years and from year to year substantially
increases the complexity of grassland management.

Length of the grazing season

In WC-based pastures, herbage production is slower to commence at the end of
winter than in grass-only pastures, particularly on cold, heavy soils. Optimum
growth rates of WC are at temperatures between 20°C and 30°C, whereas those
of PRG are 15°C-20°C. Therefore WC-based pastures can produce more biomass
in summer than grass-only pastures, depending on the level of fertilizer N input.
In the typical Irish system of dairy production, compact calving and early turn-
out to pasture in spring brings clear economic advantages. WC-based swards re-
ceiving no input of fertilizer N have poor spring growth and relatively poor yields of
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first-cut silage (Frame and Newbould, 1986). Fertilizer N can be applied in spring
at rates of 50-70 kg/ha to give improved production in spring without affecting
annual production of WC-based swards (Laidlaw, 1980), although it can cause a
lower WC content in swards later in the growing season (Frame and Boyd, 1987).

Post-grazing height under rotational grazing

Simulated grazing experiments have found that lowering defoliation height during
the main growing season on WC-based grassland generally increases WC content,
WC herbage production and total herbage production. While tighter grazing can
have a positive impact on herbage yields, lowering the post-grazing height to 4 cm
with WC-based swards did not affect annual milk yield under rotational grazing
compared with post-grazing heights of 5 cm and 6 cm (Phelan et al., 2013a).
Both BNF and herbage production were higher with the tighter grazing treatment
in the latter experiment. A post-grazing height of 4 cm is therefore recommended
for WC-based grassland under rotational grazing.

Continuous versus rotational grazing

Under continuous grazing (set-stocking), managing sward height is more com-
plex as it is a result of grazing pressure (the balance between herbage production
and demand), so it reflects both grazing frequency and grazing severity. However,
lower sward heights are associated with higher sward WC contents. Gibb et al.
(1997) found that under continuous grazing, maintaining a sward height of 7 cm
achieved higher intake rates in dairy cows than heights of either 5 cm or 9 cm.

Rotational grazing generally promotes sward WC contents better than con-
tinuous grazing. Hay et al. (1989) compared WC-based swards grazed with ewes
either rotationally or continuously in New Zealand and found that the rotation-
ally grazed swards had higher mean annual WC content (26% compared with
6%) and stolon DM mass (46 g/m=2 compared with 14 g/m=). Davies (2001)
reported that switching from continuous to rotational grazing caused an increase
in WC content and WC stolon size, and Harris (1987) reported that allowing a
continuously grazed sward a rest of 1 month in late summer/autumn could
increase WC content five- to tenfold. Therefore, rotational or strip grazing should
generally be used on WC-based pastures. If continuous grazing is used, a rest
(ungrazed) period can increase WC content.

Cutting versus grazing

WC-based swards tend to be relatively more productive under cutting than under
grazing regimes, because cutting tends to deplete soil N reserves, which increases
BNF and the competitiveness of WC within the sward (Frame and Newbould,
1986). In contrast, under grazing, a large proportion of N taken up by the
sward is directly recycled in excreta of the grazing livestock. Animal treading and
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selective grazing affects the WC content of grassland. Under grazing, transfer of
fixed N from WC to grass can be higher and the competitive ability of WC is lower
than under cutting. Hence, strategic harvesting of herbage for conservation as
winter feed benefits the competitiveness and persistence of WC in swards.

Rotation length in rotational grazing systems

In the UK and Ireland, the recommended grazing rotation lengths are approxi-
mately 21 days in late spring and summer and increase to approximately 35 days
in autumn. One of the advantages of WC is the lower rate of decline of nutritive
value with increasing maturity compared with PRG. Digestibility and voluntary
DM intake of grasses decreased with each week of increased rotation interval by
approximately 20 g/kg and 0.2 kg/day, respectively, while the rate of decline of
WC herbage was half that of PRG (Peyraud et al., 2009). This can make WC-based
pastures easier to manage than grass-only pastures; rotation lengths can be longer
without adverse effects on the nutritive value of the sward, particularly during
the late summer and autumn when the PRG component of the sward remains
largely in the vegetative state (much less likely to produce flower and seed heads).

Rotation lengths are often extended in autumn to increase the mass of
herbage available on the farm. By this means, grazing can be extended into the late
autumn and early winter. Phelan et al. (2014) studied late summer and autumn
grazing, examining the impact of rotation lengths between 21 days and 84 days
on herbage production, WC persistence and carry-over effects into the following
spring and early summer. A 42-day rotation length during the late summer and
autumn gave optimum herbage production, nutritive value, WC content and
stolon mass, and enabled greater management flexibility in extending the grazing
season into the late autumn and early winter.

Autumn and winter management

WC can be the dominant component of pasture during the late summer and au-
tumn. Sward WC content typically declines in winter. Its leaves tend to be posi-
tioned lower in the sward than grass leaves. As a result WC is less competitive with
grasses for light during the winter and early spring. Hence, sward management in
late autumn, winter and early spring is critical for the persistency of WC in grass-
land. A prolonged period without defoliation during the winter has a pronounced
negative effect on WC content of swards (Laidlaw and Stewart, 1987; Laidlaw
et al., 1992). In contrast, grazing during the winter increased BNF and herbage
DM production during the following growing season by 35% and 10%, respectively
(Phelan et al., 2013Db).

The WC content of swards and bloat

Grassland with very high WC content is sometimes associated with bloat.
Bloat is mainly a problem when there is a sudden introduction of WC into the
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diet of grazing ruminants, for example where livestock are moved from WC-free
to WC-rich swards. The incidence of bloat is negligible where the rumen flora of
grazing livestock has become adapted to a WC-rich diet where the WC content of
the sward increases steadily over the course of a growing season.

The WC content of swards, sward renovation and over-seeding

In grass—arable rotations, the relatively high WC content of swards is maintained
when leys are laid down for periods of less than 5 years. In permanent grassland,
WC is often not as persistent as the accompanying PRG. As an insurance against
WC die-out in permanent grassland, Humphreys et al. (2008, 2009) demon-
strated in a full-scale production system spanning 11 years that WC can be estab-
lished and maintained by over-seeding into grass silage stubble. The WC content
can be maintained by a programme of over-seeding of about one-fifth of the per-
manent grassland area each year, securing consistent contribution of WC from
year to year.

Conclusions — management

An important obstacle to the wider adoption of WC in permanent pastures is
inconsistent production within and between years associated with variable WC
persistence, herbage production and BNF. Management practices to promote the
persistency of WC in permanent pastures include low N fertilization, reseeding
or over-sowing at least one-fifth of the grassland area each year and alternate
harvesting for silage within and between years. In temporary grass—WC leys, per-
sistency of WCis not as big a problem but can still be improved by breaks of over 2
years between grass—WC leys. Low post-grazing height should be used (4 cm under
rotational grazing), particularly during the winter and spring. A long grazing
season can be achieved by applying mineral N to swards in the late winter and
early spring and increasing rotation lengths to 42 days in the autumn under ro-
tational grazing. Bloat is generally not an important impediment when livestock
are conditioned to grazing WC-rich grassland throughout the growing season.

Economics

It was pointed out above that the substantial increases in the cost of fertilizer N
increase the economic performance of WC-based systems compared with grass
only. Humphreys et al. (2012) showed that dairy production based on N-fertilized
grassland was consistently more profitable than WC-based production between
1990 and 2005, which is in general agreement with many previous studies in the
north-west of Europe. However, with the steady increase in fertilizer N prices rela-
tive to milk price, the difference between N-fertilized and WC-based systems was less
clear cut between 2006 and 2010. Projecting into the future and assuming similar
trends in fertilizer N and milk prices to the previous decade, this study indicated



White Clover Supported Pasture-based Systems 151

that WC will become an increasingly more profitable alternative to fertilizer N for
pasture-based dairy production.

Environmental Impact

The manufacture of synthetic fertilizer N accounts for 2% of global fossil energy
use. There is a strong link between energy prices and fertilizer prices. For envir-
onmental as well as economic reasons, the challenge for pasture-based farming
systems is to become more N efficient and less reliant on synthetic fertilizers.
Energy efficiency, calculated as herbage unit of feed for lactation (UFL) produced
per 1 MJ of energy consumed is three times higher for WC—grass pastures than
for fertilized grass pastures (2.5 UFL/M] versus 0.8 UFL/M]J; Besnard et al., 2006).

Losses of N to water

Dairy production systems in Europe are to a large extent based on ley—arable rota-
tions (Vertés et al., 2007). As a consequence of the soil N build-up, the ploughing
of grass—WC mixtures is followed by a rapid and extended period of N mineraliza-
tion as a source of nitrate for leaching. This release of nitrate is often substantial
in the first year after cultivation, with N fertilizer replacement values often
exceeding 100 kg/ha (Friksen et al., 2008) and relatively little variation in this
value due to grassland age or management, even where there are large differences
in grassland fertilization (Eriksen, 2001; Hansen et al., 2005). Mineralization of N
following grassland cultivation is a two-stage process with a rapid mineralization
over the first 160-230 days, followed by a second phase with mineralization rates
two to seven times lower than in the first phase (Vertes et al., 2007). Intense rotary
cultivation of the grass sward prior to ploughing can cause quicker availability
and better synchrony between N mineralization and plant uptake (Eriksen and
Jensen, 2001). The release of large quantities of N from the grass—WC residues
means that fertilizer N input to subsequent cereals can be reduced or even elimin-
ated in the first following crop. Catch crops are useful during winters in the arable
phase of the crop rotation to reduce nitrate leaching, by removing soil mineral N
from the soil profile before winter drainage starts (Hansen et al., 2007).

The general consensus is that the size of N losses to water from permanent
pasture-based systems (as nitrate, ammonium, organic N) under a particular set
of circumstances of soil, climate and system management depends largely on the
amount of N circulating within the system. It is also widely accepted that it does
not matter whether the initial source of N is synthetic fertilizer N or from BNF
(Ledgard et al., 2009).

Ammonia

Ammonia gas emission from agricultural sources and subsequent re-deposition
contributes to the eutrophication and acidification of water bodies and to indirect
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nitrous oxide emissions. A recent N balance study carried out under the Legume
Futures project found that ammonia gas was the largest pathway for environ-
mentally damaging N loss from a WC-based system in Ireland (Burchill et al.,
2016). The main sources of ammonia losses on grazed pasture-based farms are
from urine patches in grazed swards, fertilizer N applications (i.e. urea), livestock
winter housing and the storage, agitation and field application of manures. At
the farm scale, as with N losses to water, the intensity of urine patches or slurry
application to fields typically depends on the farm stocking density; the more N
that is circulating within the system, the greater the extent of ammonia losses.
Another source of ammonium for volatilization to ammonia is fertilizer N, par-
ticularly ammonium-based fertilizers and urea. Although this issue has not been
investigated to any great extent, Ledgard et al. (2009) expressed the opinion that
the pulse of N in soil following the application of fertilizer N results in greater
risk of ammonia loss than the steady release from mineralization of N from WC
residues in soil. From this perspective, it seems probable that WC-based grassland
carries less risk of ammonia losses than grassland receiving synthetic fertilizer N
when all other conditions, such as stocking density, are common to both systems.

Greenhouse gases (GHGS)

Nitrous oxide is a potent GHG with a global warming potential 298 times higher
than carbon dioxide over a 100-year time horizon (Solomon et al., 2007). In add-
ition, nitrous oxide currently is the single most important stratospheric ozone-
depleting substance and is expected to remain the largest throughout the 21st
century (Ravishankara et al., 2009). WC has the potential to impact on nitrous
oxide emissions from grassland due to its influence on soil N availability. As with
N losses to water and ammonia emissions, at comparable levels of production in-
direct nitrous emissions resulting from N recycled in livestock excreta are similar
for both WC-based and grass pasture. Nevertheless Li et al. (2011) found a trend
for lower direct and indirect emissions from grazed WC than from N-fertilized
grassland. Emissions were 16—19% lower from the WC-rich swards although the
stocking density of dairy cows was similar. The lower emissions can be explained
by the lower input of N fertilizer, by the process of BNF being a negligible source
of nitrous oxide, and by the greater efficiency of WC-rich swards in transforming
N into biomass. Following a comprehensive review of the topic, Rochette and
Janzen (2005) suggested that evidence for direct release of nitrous oxide from
BNF was inadequate to justify a nitrous oxide emission factor for BNF similar to
that of fertilizer N.

Carbon footprint calculated by life cycle assessment (LCA) was used to com-
pare GHG emissions from pasture-based milk production based on WC-rich or
N-fertilized swards (Yan et al., 201 3). Emissions of both nitrous oxide and carbon
dioxide were lower in WC, whereas emissions of methane (per kilogram of en-
ergy corrected milk) were similar in both systems. Replacing fertilizer N by BNF
was shown to have the potential to lower the carbon footprint of pasture-based
milk production.
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Conclusions — environmental impact

From an environmental perspective, the main advantage of WC-based systems
stems from the replacement/reduction of fertilizer N by BNF with all the effects as-
sociated with the reduced production of fertilizer. There is generally less N circu-
lating within lower stocked WC-based systems resulting in lower N losses to water
and lower ammonia and methane emissions to the atmosphere; losses that are
often closely related to stocking density. In addition, direct emissions of nitrous
oxide are lower from WC-rich grassland compared with N-fertilized grassland at
the same level of productivity and substantially lower than intensively fertilized
grassland. Using LCA, a number of studies have shown that WC-based systems
have between 11% and 26% lower carbon footprint per litre of milk compared with
N fertilized systems, the biggest differences being with more intensive systems
reliant on high input of fertilizer N.

Conclusions

WC generally does not make a significant contribution to forage production on
conventional farms in Western Europe, but there is considerable potential for
growth due to rising fertilizer N costs and implementation of environmental
regulations curtailing fertilizer N use and stocking densities on farms. With rising
energy and fertilizer N costs, it is likely that WC will become an increasingly profit-
able alternative to intensively fertilized grass for pasture-based livestock systems
in the future. The economic competitiveness is due to lower costs of production
that compensate for the lower productivity of WC-based systems. Lower product-
ivity, lower stocking densities and less N circulating within the system contribute
to lower losses of N to water and ammonia and GHGs to the atmosphere. WC has
the additional advantage of lower direct emissions of nitrous oxide (an important
GHG) at the same level of productivity and substantially lower direct and indirect
emissions compared with intensively fertilized grassland. From the perspective
of the overall future sustainability of pasture-based ruminant production,
WC-based systems offer economic competitiveness, lower energy dependency
and lower environmental impact.
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Abstract

Red clover has played an important role as a supplier of reactive nitrogen to cropping sys-
tems in European agriculture for hundreds of years. Today, it is mostly valued for its good
nutritional properties for ruminants, and for reducing the need for nitrogen fertilizer in-
puts. Red clover is a short-lived perennial capable of producing dry matter yields in the
range of 9-18 t/ha/year, but the yield declines sharply after the first 2 harvest years. It
forms an efficient symbiosis with rhizobium and can fix in excess of 350 kg/ha of nitrogen,
most of which is transferred to the harvested biomass. Red clover is rich in protein and
minerals, and contains unique compounds that improve nitrogen use efficiency at farm
level and that improve the quality of animal products for human consumption with re-
spect to fatty acid profiles, compared with white clover or lucerne (alfalfa). Red clover is
usually grown mixed with grasses. It should be sown in the first half of the growing season
and is easy to establish. It thrives in most soils but does not tolerate very acid or wet soils.
Systematic breeding has been carried out for more than 100 years, and the main focus of
breeding programmes is to increase crop persistence through improved disease resistance
and winter hardiness.

Introduction

Worldwide, red clover (Trifolium pratense L.) is the second most important sown
forage legume after lucerne (alfalfa; Medicago sativa L.) in terms of seed sales and
in the number of cultivars available (Boller et al., 2010). As indicated by seed
sales (Table 10.1), it is an important component of short-term leys, particularly
in northern and Eastern Europe and North America. Red clover is indigenous to
Europe, the Near East, North Africa and central Asia (Boller et al., 2010), and
has a long history of cultivation in Europe. It was domesticated and cultivated in
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Table 10.1. Certified red clover seed sales in Europe in 2010. (Data from European
Seed Certification Agencies Association, 2014.)

Country Quantities (t) Country Quantities (t)
Austria 74 Lithuania 0
Belgium 4 Luxembourg 0
Croatia 7 The Netherlands 0
Czech Republic 456 Poland 0
Denmark 349 Romania 6
Estonia 66 Serbia 67
Finland 49 Slovakia 13
France 2,342 Spain 7
Germany 797 Sweden 388
Hungary 20 Switzerland 60
Italy 199 UK 3
Latvia 60

southern Spain in the 3rd and 4th centuries. By the middle of the 16th century
red clover was grown in the Netherlands and by the 17th century across most of
Europe (Kjeergaard, 1995). The species played an important role in transforming
the increasingly unsustainable production systems that prevailed in Europe in
the 16th and 17th centuries and provided the basis for a substantial increase in
agricultural production as it became part of new cropping systems (Kjaergaard,
1995). The major system change was the extension of the crop rotation from a
3-to a 4-year system, and the replacement of the fallow year with the cultivation of
red clover, which improved soil fertility. As a result of this system change, wheat
yields in Europe more than doubled (Grigg, 1992).

Red clover is a diploid and out-crossing species that is pollinated by bumble-
bees (Bombus spp.) and honeybees (Apis mellifera L.). The ease of establishment,
high seedling vigour, rapid growth, high forage quality and excellent soil improve-
ment characteristics are important advantages. It is a temperate crop adapted to
a wide range of soil and environmental conditions (Frame et al., 1998). Another
important feature of red clover is the reduced rate of decline in digestibility with
advancing maturity in comparison with grasses. Thus, mixing red clover with
grasses increases the time span within which a highly digestible crop suitable for
feeding high-yielding dairy cows can be harvested (Rinne and Nykénen, 2000;
Dewhurst et al., 2009).

Red clover is most commonly used as silage for winter feeding of rumin-
ants. It can be included in grazed swards, but this will decrease its production
potential (Frankow-Lindberg, 1985) and it is not as well suited to grazing as
white clover. In addition to forage use, red clover can be cultivated for green
manuring. It can either be sown on its own when the nitrogen fertilization ef-
fect is utilized by the non-N, fixing plant growing after clover, or undersown
in a non-N, fixing plant. Globally, the use of red clover has decreased since the
1950s due to the access to cheap nitrogen fertilizers, but increasing prices of
these and a stronger emphasis on home-grown protein in recent years have
rekindled interest in this legume.
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Botany
Morphology

Red clover is a short-lived perennial species with peak production during the 2—3
first harvest years (Frame et al., 1998). It has an upright growth habit that makes
it most useful for mowing. The plant forms a rosette, and the regrowth after the
first cut is produced from axillary buds formed at the base of the plant. It has a
deep taproot and is moderately tolerant of drought conditions.

Red clover is a quantitative long-day species, but the response differs between
populations. There are early, medium and late types depending on its flowering
response to the day length. Early red clover types (i.e. those least responsive to
day length) produce more than one generation of axillary buds, so can withstand
several cuts per year. Late types (i.e. those most responsive to day length) produce
only one new generation of axillary buds per year, so can tolerate only one cut
per year. The early types are suitable for southern latitudes and the later for nor-
thern latitudes. In North America, the types are termed medium or double-cut,
and mammoth or single-cut types, respectively (Boller et al., 2010).

Plant breeding

In 1742, Carl von Linné noted in Sweden that ‘Spanish clover, which is the same
species as our native red clover, is bigger in size, but not very persistent. Further, it
does not reseed itself as our native species does’ (Osvald, 1962). Selection among
native plant material for persistent and productive material therefore formed the
basis for the breeding of well-adapted red clover cultivars (Boller et al., 2010).
Before red clover was the subject of targeted breeding, locally adapted popula-
tions, termed landraces, were developed by harvesting and re-sowing seed within
arestricted area (Boller et al., 2010). Swiss landraces are genetically distinct from
Swiss natural populations (Hermann et al., 2005), which indicates that the culti-
vated landraces were valued by farmers and that care was taken to maintain their
traits.

Breeding based on landraces began as early as 1910 in Sweden (Sjodin,
1986). The most important characteristics bred for then related to resistance to
nematodes and Sclerotinia trifoliorum. These traits as well as general persistence
and winter hardiness continued to be the focus of efforts (Sjédin, 1986), not just
in Sweden, but globally (Boller et al., 2010). Systematic red clover breeding in
other parts of the world began after World War II (Boller et al., 2010), and in
many countries more persistent and disease-resistant cultivars were produced
compared to the landraces. The most widely used breeding methods are recurrent
mass selection and maternal line selection (Boller et al., 2010).

The development of tetraploid cultivars began in the 1940s. A common way
to produce these is by colchicine treatment of young seedlings (Boller et al., 2010)
which then are used for intercrossing. Tetraploid plants are larger than diploids,
with improved disease resistance and persistence, but seed production has proved
to be a challenge (Sjodin, 1986; Boller et al., 2010).
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Currently, there are 267 cultivars of red clover on the Organisation for
Economic Co-operation and Development (OECD) list of cultivars eligible for seed
certification (OECD, 2013). Seed production in Europe occurs mainly in France
and Germany, but can be carried out as far north as central Sweden. Since red
clover is an out-crossing species, genetic drift may occur within a short time
span in environmentally challenging environments (Collins et al., 2012). This
means that care is needed to retain the properties of a cultivar over time when it
is multiplied.

Agronomy
Seed mixtures

Red clover is sown mostly in mixtures with grasses as companion species. This
practice increases total yield and protects against weeds and plant diseases
(Frankow-Lindberg et al., 2009a). In addition, the risk of nitrogen leaching from
mixed grass—clover swards is less than in pure red clover (Frankow-Lindberg and
Dahlin, 2013). The recommended proportion of red clover seed in the seeding
mixture varies depending on the main production objective of the crop. Where
maximum protein yield is the objective, the stand should be dominated by clover.
To achieve this, 12—15 kg/ha red clover seed and 4-5 kg/ha grass seed (Frame
et al., 1998) is recommended. In Sweden and Finland, the recommendation for a
more general-purpose mixture has for a long time been 5-7 kg/ha red clover seed
sown with 15 kg/ha grass seed (Frankow-Lindberg, 1990). The regulation of red
clover content in such a mixed crop by varying seeding rates is rather limited once
the rate exceeds 6 kg/ha. It depends to a much greater extent on management
factors such as nitrogen application and harvesting regime (Frankow-Lindberg,
1989). Lower rates of red clover seed (and a higher rate of grass seed) are now
common where the application of quite high rates of nitrogen fertilizer has be-
come standard practice. To improve and stabilize the legume content (Frankow-
Lindberg et al., 2009b), and thereby the longevity of the crop, commercial seeding
mixtures in Sweden now often contain both red and white clover seeds.

An important aspect of mixed swards is the contribution of biologically fixed
nitrogen, which decreases the fertilizer nitrogen needed to achieve a specified dry
matter yield (Nyfeler et al., 2009). This is evident from the poor response to ni-
trogen application in red clover-dominated swards (Fig. 10.1). However, since it
is a short-lived species, red clover content declines with time irrespective of initial
seeding and nitrogen application rates (Frankow-Lindberg, 1989). In practical
farming, the amount of nitrogen applied is therefore usually increased with time
as the content of red clover in the crop decreases. The response of a clover—grass
mixed sward to nitrogen fertilizer is strongest in the spring harvest. A recent field
study of mixtures of grass and red or white clover showed that there was virtually
no effect of applying nitrogen to the regrowth (Frankow-Lindberg unpublished
results, Fig. 10.2). Unfortunately, it is very difficult to properly estimate the clover
content in early spring when it is time for nitrogen application, and thus adjust
rates to the actual content.
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Fig. 10.1. The effect of nitrogen application on the dry matter (DM) yield of a mixed
grass—red clover sward and a pure grass sward harvested three times. (Data from
Kornher, 1982.)

8.0 -
7.0 1
6.0 |
5.0 |
4.0 |
3.0 1
2.0 1
1.0 1

00 '_ T T T
HY1:H1 HY1:H2 HY1:H3

|E]O @40 =90 |:|160|

Yield (t DM/ha)

Fig. 10.2. The effect of nitrogen application on the dry matter (DM) yield of a mixed
grass—red and white clover sward harvested three times. The treatments were: no
nitrogen applied (0), 40 kg/ha nitrogen applied in spring (40), 90 kg/ha nitrogen
applied in spring (90) and 90 kg/ha nitrogen applied in spring followed by 35 kg/ha
nitrogen applied to each regrowth (160). HY1 and HY2 denote the first and the
second harvest years, respectively. H1, H2 and H3 denote the respective harvests within
each harvest year. The experiment was established 1 year before harvests began.

Timothy (Phleum pratense L.) is the traditional companion species due to its
relatively low competitive ability. In the most northern regions where red cloveris cul-
tivated, this is the only grass species that is suitable. In southern Sweden, meadow
fescue (Festuca pratensis Huds.) is often included, as well as small amounts of per-
ennial ryegrass (Lolium perenne L.) and hybrid ryegrasses. In the UK, the recom-
mended companion grasses are Italian ryegrass (Lolium multiflorum L.) or hybrid
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ryegrasses. Other species used in the USA are cocksfoot (Dactylis glomerata L.), tall
fescue (Festuca arundinacea Schreb.), smooth bromegrass (Bromus inermis Leyss.)
and reed canary grass (Phalaris arundinacea L.) in bi-species mixtures.

Red clover should be sown from early to mid-season at a depth of 10-15 mm
in order to establish well before the winter (Frame et al., 1998). Undersowing in
a grain or silage (whole-crop) cereal nurse crop reduces weed pressure. Provided
the cereal is harvested early and the straw removed, this practice does not impair
the yield of the established ley crop. However, with such undersowing, a harvest
in the establishment year is not possible. Slot-seeding into an existing sward can
be successful, but competition from the existing swards must be controlled along
the slots (Komarek et al., 2010). Red clover does not thrive in very wet or acid
soils, but is otherwise not demanding in relation to soil conditions. Ideally, soil pH
should be in the range 6.0-6.5 for optimum crop development and root nodule
formation (Frame et al., 1998). With a dry matter yield of 10 t/ha (pure clover crop),
uptake of phosphorus and potassium is approximately 30 kg/ha and 250 kg/ha
respectively. This needs to be replenished. Regular fertilization with sulfur may
also be required.

The number of cuts that may be taken per year, and the yields obtained,
depend on climate. Where high-quality feed is required, three to four cuts are
common in southern Sweden, and in countries further south up to five cuts per
year can be taken. In northern Sweden and Finland the number of cuts varies
from one to three depending on the latitude. Maximum dry matter yield (first har-
vest year, Europe) is in the range of 9-18 t/ha without nitrogen fertilizer (Frame,
2005). Yields decrease sharply after the second harvest year.

Fixation and Transfer of Nitrogen to Companion Species

Nitrogen acquisition through biological nitrogen fixation is high in red clover.
Nitrogen fixation above 350 kg/ha/year in the above-ground biomass has been re-
ported (Carlsson and Huss-Danell, 2003). An estimate of the total amount of biologic-
ally fixed nitrogen by red clover (above and below ground) is approximately 50 kg/t
dry matter harvested when it is grown in mixtures with grasses (Frankow-Lindberg,
2003). Around 80% of the nitrogen in the stand comes from biological nitrogen fix-
ation when red clover is grown in mixtures with grasses (Carlsson and Huss-Danell,
2003). The presence of grasses increases the quantity of nitrogen fixed by red clover
by providing a sink for the nitrogen fixed, while high application rates of nitrogen fer-
tilizer decrease this directly by suppressing the proportion of fixed nitrogen in the plant
(Nyfeler et al., 2011) and indirectly through reducing the proportion of clover in the
sward (Nykénen et al., 2008). Few studies have estimated the amounts of biologically
fixed nitrogen present in the stubble and the root system. In one study from northern
Sweden (with two harvests taken), between 25% and 60% of the total amount of ni-
trogen fixed was found below harvesting height, in the respective cuts (Huss-Danell
et al., 2007). It was concluded then that the fixed nitrogen found in non-harvested
plant parts is 40% of the amounts found in the harvested plant material.

There is usually no need to inoculate red clover seeds with rhizobium at sow-
ing since most European soils contain species that readily colonize and form an
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efficient symbiosis with it (Frame et al., 1998). Nitrogen fixed by red clover even-
tually becomes available to companion species, most likely through in situ decom-
position of clover tissue deposited above and below ground (Dahlin and Stenberg,
2010a). The transfer of fixed nitrogen from red clover to a non-fixing species is less
than from white clover (Trifolium repens L.) (Hogh-Jensen and Schjoerring, 2000)
but more than in lucerne (M. sativa L.) (Pirhofer-Waltzl et al., 2012; Frankow-
Lindberg and Dahlin, 2013). The amount of nitrogen transferred increases over
time, and transfers of up to 68 kg/ha have been recorded (Hogh-Jensen and
Schjoerring, 2000; Dahlin and Stenberg, 2010b).

As red clover is a short-lived species, it is often grown in short-term leys in
crop rotations where cereals are included, providing residual effects of the ley
crop on the following crops. Lindén (2008), summarizing a large number of con-
ventional farming field trials in Sweden, stated that the main residual effect of red
clover-based leys is a nitrogen effect. The residual effect of these crops reduces the
fertilizer nitrogen requirement of the following cereal crop by 30-40 kg/ha. The
effect is largest in the cereal crops grown directly after the ley crop. This contrib-
utes to a yield benefit of 0.7—1.0 t/ha for winter wheat grain compared with yields
after a barley pre-crop. This pre-crop effect is still noticeable in the second cereal
crop with a benefit of 0.25-0.75 t/ha for winter wheat (Lindén, 2008). When red
clover was intercropped (undersown) with winter wheat and ploughed in after
the wheat harvest, it provided both weed control and nitrogen to the following
barley crop without causing a yield penalty to the covering winter wheat crop
(Bergkvist et al., 2011) (Fig. 10.3).

Fig. 10.3. Red clover as a cover crop undersown in winter wheat. The yield of winter
wheat was unaffected by the presence of red clover, while the yield of the following
barley crop was increased by the ploughed-under red clover. (Photo credit: Géran
Bergkvist.)
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Feeding Quality

Red clover provides a high-quality fodder not only for ruminants (Dewhurst et al.,
2009), but also for pigs (Reverter et al., 1999) and fish (Turan, 2006). Red clover
is rich in protein and minerals, and intake rate by ruminants is high. This is due
to its cell structure, which differs from grass in that it breaks down more easily
in the rumen and thus passes through the rumen more rapidly (Dewhurst et al.,
2009). On average, the daily intake of dry matter from red clover-based diets
are 1.2 kg higher than from grass diets, and the daily milk yield is increased by
an average of 1.5 kg (Steinshamn, 2010). Further, in contrast to white clover,
red clover contains the enzyme polyphenol oxidase (PPO), which provides the
forage with beneficial properties such as reducing emissions of nitrogen to the
environment (Parveen et al., 2010) as well as improved milk and meat quality.
PPO produces quinones that bind to proteins, which in turn reduces protein de-
gradability during silage making. As a result, the feeding quality of the silage is
improved, and nitrogen losses from the silage through effluents during storage
are reduced. PPO also reduces the protein degradability in the rumen (Parveen
et al., 2010), which improves the nitrogen use efficiency of ruminants fed red
clover compared with those fed with white clover (Dewhurst et al., 2009). PPO
is also thought to be involved in the reduction of rumen biohydrogenation of
polyunsaturated fatty acids (Van Ranst et al., 2011). This results in higher levels
of the n-3 fatty acid a-linolenic acid in milk from dairy cows fed red clover silage
than from cows fed grass-based diets (Dewhurst et al., 2009). This has positive
effects on consumer health. Meat from cattle consuming red clover-rich forage
also has a more beneficial fatty acid profile with respect to consumer health than
cattle consuming all-grass or white clover-rich forage (Dewhurst et al., 2009).
Another feature of milk from dairy cows fed on red clover is the high concen-
trations of the isoflavone equol, which may confer potential positive health ef-
fects for consumers similar to those observed in human populations where soy
products are included in the diets, for example reduced rates of cardiovascular
diseases (Tham et al., 1998). A drawback of the presence of isoflavones (par-
ticularly formononetin) in red clover forage is their oestrogen-like effects within
animals, because this is thought to impair the fertility of sheep (Dewhurst et al.,
2009). However, a recent study where diets fed to ewes consisted of either red
clover or grass silage found no such effect (Mustonen et al., 2014). Red clover
contains more magnesium and calcium in relation to potassium compared with
grasses, which is beneficial for the health of cows. The phosphorus concentra-
tion is low in relation to calcium, which has to be taken into consideration when
the cows are in the late phase of pregnancy. Low phosphorus in cows’ diets prior
to calving can increase the incidence of postparturient hypocalcemia (milk
fever).

Forage from red clover can be a part of pig diets. Increasing forage feeding
has been found to reduce the apparent digestibility of the diet compared with
a traditional cereal-based diet (Andersson and Lindberg, 1997). However, the
apparent ileal digestibility of the crude protein is not impaired (Reverter et al.,
1999), which shows that red clover is a good protein source also for monogastric
animals.
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Conclusions

Red clover can successfully be grown across Europe in areas not characterized by
drought. It is most suitable for the production of preserved winter feed for cattle
from short-term leys. The aftermath may be grazed, but this will penalize total
yield. The yield potential of pure stands or mixed stands with grass is high (and
higher than that from white clover) without any nitrogen applications. The full
exploitation of red clovers’ nitrogen fixation in rotational leys would consider-
ably reduce the carbon footprint from the production of forage. However, more
reliable predictors of red clover performance in mixed swards are needed to in-
duce non-organic farmers to omit or strongly reduce nitrogen fertilization to such
swards.

The quality of the forage produced from red clover-based leys is excellent, pro-
vided that the harvest is made at early phenological stages and the crop is well pre-
served. Forage rich in red clover is suitable for feeding high-yielding dairy cows,
and the presence of PPO in red clover additionally provides the milk with, for
human consumption, better nutritional fat qualities compared with forage made
from white clover or grass. At the moment, such quality differences are not ac-
knowledged by the market.

Red clover grown in crop rotations reduces the need of nitrogen fertilizer in
following cereal crops and increases their yields. It may be intercropped with a
cereal without any yield penalties of the main crop. Such practice has the poten-
tial to provide much of the nitrogen fixed by red clover to the following crop, but
weather and soil conditions may modify the efficiency of this transfer. The lack of
cheap herbicides for weed control in cereals intercropped with red clover is one
bottleneck for the uptake of this practice by non-organic farmers. Further, if min-
eral nitrogen fertilizer is applied to boost cereal yield, the growth of red clover will
be uncertain and the money spent to purchase red clover could be lost.
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Abstract

This chapter reviews knowledge on the agronomy, genetics, feeding value and harvesting
methods used for lucerne (alfalfa; Medicago sativa), which is the temperate climate legume
species with the highest protein yield. It has agronomic advantages (high forage produc-
tion, adequate persistency and drought tolerance) and provides a high-quality feed for
ruminants. Lucerne also has positive impacts on the environment such as soil structure,
nitrogen fertility, carbon storage, and plant and animal biodiversity. Lucerne production
supports sustainable farming systems. Besides seed production that generates significant
economic activity, novel uses of lucerne for human or animal health or energy production
are also being investigated. Proposals for measures to increase lucerne cultivation in European
farming systems are provided.

Introduction

Lucerne (alfalfa; Medicago sativa L.) is a perennial herbaceous forage legume cul-
tivated under a wide range of climatic conditions, from oases in North Africa to
Siberia. The stems and leaves, which are rich in protein, are harvested several
times a year. The combination of high-quality forage production and biological
nitrogen fixation (BNF) addresses the dual challenge of food security and resource
conservation. There is therefore renewed interest in the crop. Lucerne is favoured
particularly for its beneficial effects on soil structure and fertility, nitrogen (N) and
carbon (C) cycles, protection against erosion, pesticide and herbicide use, water
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quality and biodiversity. Lucerne cropping for seed production is an additional
activity that ensures the availability of high-quality seed of adapted cultivars.
This chapter provides an overview of the origin of lucerne, its cultivation and
use, and provides updated information on physiological, genetic and technical
aspects related to its development, cropping and provision of ecosystem services.

Botany, Biology and Main Characteristics

Lucerne is phylogenetically close to clovers (Trifolium sp.), pea (Pisum sativum L.)
and faba bean (Vicia faba L.). The seed is small (2 g/1000 seeds) and is sown at a
high density (about 20 kg of seeds/ha). A seedling is formed by a primary root
and primary axis. The first leaf is unifoliolate while the subsequent leaves are tri-
foliolate. The establishment of a lucerne stand is quite slow, but after 3 months,
the plants form vigorous erect leafy stems that can reach 120 cm in height. After
cutting, new stems are formed from the axillary buds of remaining stem sections
and/or from the collar at the base of the plant. Over several cutting cycles, a large
crown and a deep rooting system are established. The taproot explores deep layers
of soil (potentially exceeding 2 m depth). The allocation of assimilates (sugars and
proteins) to the root determines the stand persistency. Because of intense competi-
tion among plants for light and nutriments, the plant density decreases over time,
especially during the first 6 months after sowing, to about 300 plants/m?. Winter
survival is mainly determined by the degree of autumn—winter dormancy, which
is linked to responses to reducing day length that results in low growth activity.

Lucerne is an out-crossing species (i.e. it is allogamous). Various morpho-
logical characters limit self-pollination before flower tripping is carried out by
pollinating insects. Self-pollination is not restricted by incompatibility genes but
seeds mostly originate from cross-pollination. Self-fertilization leads to inbreeding
depression, so heterozygosity predominates in all populations.

Area of Production, Yield, Harvest Methods and Use

Lucerne is grown in pure stands in Europe on nearly 2.5 million ha, of which
over 65% are located in Italy, France, Romania and Spain (Table 11.1). About
140,000 ha in Spain, 90,000 ha in Italy and 80,000 ha in France are grown to
produce lucerne for drying or high protein (17-22%) pellets. Estimates that con-
sider legume—grass mixtures (usually excluded from country statistics) suggest
that lucerne is the most widely grown forage legume in 15 countries of south,
east or west Europe (along with red or white clover in a few cases).

The crops are mechanically harvested after the budding stage and the forage
(stems and leaves) is stored as hay or silage or dried in factories (Fig. 11.1). Lucerne
is adapted to infrequent mowing. Grazing is also used in some regions, particu-
larly in extensive systems because of its low cost. Although stands can persist for
up to 10 years, the crops are usually harvested over a 3—5 year period.

Annual forage yields usually range between 4 t/ha and 15 t/ha, with three to
seven harvests per year at 5-8 week intervals. Fewer harvests, usually with lower
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Table 11.1. Production of lucerne in Europe: cultivated area and cultivated area as a
proportion of the utilized agricultural area (UAA). The most widely used forage legume or
legume mixture (main legume) in each country is also indicated. (From FAOSTAT, 2013;
Eurostat, 2013; Annicchiarico et al., 2015.)

Cultivated area  Proportion of  Mean yield

Country (1000 ha)? UAA (%) (tha)® Main legume®
Austria 13.9 0.5 24 Red clover
Bosnia-Herzegovina 35.8 2.3 1.8 Red clover
Bulgaria 64.6 21 71 Lucerne

Croatia 25.9 2.1 2.5 Lucerne

Cyprus 0.8 0.7 3.7 Lucerne

Czech Republic 67.1 19 13.7 Lucerne/red clover
Denmark 5.7 0.3 17.6 White clover
Estonia 10.5 12 4.5 Red and white clover
France 329.1 12 14.8 Lucerne/white clover
Germany 40.4 0.2 1.4 Red clover

Greece 129.3 3.2 3.7 Lucerne

Hungary 132.7 3.0 1.7 Lucerne

Italy 716.4 5.8 10.5 Lucerne

Lithuania 4.8 0.2 7.8 Red clover
Luxembourg 0.3 0.2 13.4 -

Macedonia 18.4 1.9 2.2 Lucerne
Netherlands 5.9 0.3 7.0 White clover
Poland 33.6 0.3 10.4 Red clover
Romania 332.6 2.6 6.0 Lucerne

Serbia 200.0 4.0 5.5 Lucerne

Slovakia 52.2 2.8 10.9 Lucerne

Slovenia 2.6 0.6 2.4 Lucerne/red clover
Spain 248.5 11 15.8 Lucerne

Total 2470.9 17 10.0 Lucerne

aAverage for years 2008—-2011 according to FAOSTAT, except for: Bosnia-Herzegovina, Croatia, Lithuania,
Macedonia (average of 2008—-2009) and Greece (2007), which are based on Eurostat; data for Serbia
and part of data for France are based on national sources.

®Based on UAA values for 2010 in Eurostat or other European Union (EU) documents, and reported
lucerne growing data.

°Data from Annicchiarico et al. (2015).

annual production, are used either in cooler regions or under drought conditions.
In temperate climates, lucerne can produce more harvested crude protein per unit
area than any grain legume crop (pea, faba bean or soybean) (Huyghe, 2003).
Protein content varies between 15% and 25% of dry matter, depending
mainly on the harvest stage. For ruminants, lucerne offers a combination of high
voluntary intake, high protein content, good digestibility, and rumen buffering
that prevents acidosis. About 10% of lucerne production is used in monogastric
animal diets (pigs, poultry, rabbits), where it offers the advantage of high levels of
omega-3 fatty acids, carotenoids and mineral nutrients. Lucerne pellets can be in-
cluded up to 10—20% on a dry matter basis in these diets. This inclusion is limited
by either antinutritional compounds and/or excessive fibre content. Introduction
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(A) ®

Fig. 11.1. Typical production scenes. (A) Lucerne field at early flowering stage.

(B) Lucerne—grass mixture. (C) Mechanical harvest: on the left, some swathes after
cutting by only a rotary disc mower and on the right a swathe after cutting with a
rotary disc mower with conditioning rollers. (D) Grazing of a lucerne—grass mixture.
(Photo credits: B. Julier (A, B) and G. Crocq (C, D).)

of lucerne into the diets of both ruminants and monogastrics is a way to signifi-
cantly decrease the need for soybean meal.

Cultivation has declined over the last 50 years with the increased cultivation
of maize for silage, enabled by a combination of maize breeding, synthetic N fertil-
ization, pesticides and supplementation with soy. Recent increases in fertilizer and
soy prices are leading to a reversal of this trend. A return to more mixed farming
systems is also contributing to this turnaround.

Genetic Resources

Medicago sativa is a complex of eight diploid or autotetraploid subspecies (Quiros
and Bauchan, 1988). The main subspecies are: (i) sativa (conventional cultivated
lucerne), with purple flowers, a taproot and coiled pods; and (ii) falcata, with
yellow flowers, fasciculate roots and curved pods. Cultivated material of subsp.
sativa is tetraploid due to the vigour that tetraploidy confers.

Cultivated lucerne originates from between the Middle East and Central Asia
where it may have been cultivated as early as in 9000 sc (Sinskaya, 1950). The
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history of domestication is not well known. Domestication resulted in an erect
growth habit relative to the prostrate habit of wild populations (an adaptation to
grazing). Lucerne as a cultivated crop was introduced into Europe with human mi-
grations at various times: through Greece with the Medes, Italy with the Romans,
and Spain with the Moors (Fig. 11.2). It became a popular forage species in Europe
after the 15th century, from where it was introduced to America. Wild popula-
tions of subsp. sativa are present in the centre of origin and in Spain, while wild
populations of subsp. falcata are widespread in Eastern Europe. Most European
lucerne cultivars exhibit some degree of introgression from subsp. falcata ger-
mplasm, which has provided cold tolerance and variable flower colour. Molecular
studies show that only 30% of the allele variation in wild populations is also found
in cultivated populations (Muller et al., 2006). Persistent feral populations are fre-
quent in Europe and North America, mostly along roadsides (Bagavathiannan
etal., 2010). These populations may contain valuable adaptive traits, as suggested
by the outstanding frost tolerance of a Canadian feral population.

Several countries in Europe maintain collections of perennial Medicago
genetic resources, but wild populations are generally poorly represented. The
European Cooperative Programme for Plant Genetic Resources (ECPGR), now co-
ordinated by Bioversity International, was set up in 1980 to rationalize the con-
servation of genetic resources. The perennial Medicago collection contains 7874
accessions of 19 species. The Russian Federation hosts one-third of the collec-
tion, and tetraploid lucerne represents over 95% of the accessions, including cul-
tivars (1920 accessions), landraces (1430), wild or feral populations (769) and
breeding materials (1260).

Lucerne breeding programmes have largely used landrace germplasm adapted
to specific environments as their genetic base. These adaptations provide ger-
mplasm to counter stresses and to more effectively exploit favourable conditions
(Annicchiarico and Piano, 2005). This has a bearing on strategies for locating,
evaluating and exploiting genetic resources (Annicchiarico, 2007).

Agronomy, Ecology and Crop Physiology

Establishment

Care in establishing the sward is critical to productivity and longevity of the crop.
Summer sowing offers the opportunity to establish the crop just after harvesting
the preceding crop. It requires adequate soil humidity and temperature during late
summer and autumn so that the lucerne stand is fully established before winter
frost. If such favourable conditions are not encountered, the lucerne crop is sown
during spring to ensure successful establishment (Mauriés, 2003; Undersander
et al., 2011). In any case, effectiveness of plant and sward development in the
months after sowing is critical to productivity of the subsequent cropping year.
Insufficient sward development from late summer sowing followed by early
autumn frosts, reduces production in the following spring.

Lucerne requires well-drained soils and pH above 6 (ideally in the range 6.6-7.5)
for optimal growth. Liming is recommended when soil pH is below 6.5. Due
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to the small size of the lucerne seed, seeding depth is critical and needs to be
shallow (typically 1-2 cm). BNF in root nodules requires the presence of
specific strains of rhizobia in the soil. Seed inoculation with Rhizobium meliloti
(or use of inoculated seeds) is essential where there is not a recent history of
lucerne cropping.

Lucerne is very susceptible to light competition from weeds during its
establishment (Mauries, 2003; Undersander et al., 2011). A low seedling
development due to early intense weed competition is very detrimental to sub-
sequent lucerne production and longevity. Therefore, weed control following
sowing is a critical step for proper sward establishment. Weed control can be
achieved either chemically (although few herbicides are now permitted) or
mechanically. Mixing forage grasses with lucerne may help to reduce and con-
trol weed invasion during the establishment phase, provided that the grasses
are sown at a density low enough to avoid a level of light competition detri-
mental to lucerne (Spandl et al., 1999). Lucerne may also be undersown in
a cereal (wheat, maize) or an oilseed crop (sunflower) that is harvested for
grain, leaving space for the lucerne plants to continue developing and produ-
cing during the following years.

Lucerne is an autotoxic species. Lucerne leaves produce water-soluble chem-
ical compounds that leach from crop residues and are retained in the upper soil
layer. These inhibit seed germination and seedling development (Chon et al.,
2006). This autoxicity means that an interval of 3—4 years between lucerne crops
is required. This also interrupts the cycle of several pests and thus reduces the
risks of disease or pest damage.

Dry matter production and leaf area expansion

Under non-limiting conditions, lucerne above-ground growth is linearly related
to the amount of solar radiation intercepted by the canopy (Lemaire and Allirand,
1993) (Fig. 11.3). Shortening days and low temperatures in autumn induce
allocation of more carbohydrate to roots, explaining the lower radiation use
efficiency in terms of above-ground growth observed during this period (Khaity
and Lemaire, 1992).

The interception of solar radiation depends on the leaf area index (LAI),
which increases linearly with thermal time after each crop harvest. A LAI of 3 (3 m?
leaf area/m? ground area) intercepts 90% of incoming light and is reached ap-
proximately 300°C days (base 0°C) after mowing under non-limiting conditions
(Gosse et al., 1984). In addition to temperature, the residual leaf area left after the
harvest and the stage of development of the crown buds also influence the rate of
leaf area expansion during regrowth.

Shoot growth and forage quality

As stems elongate, the leaf:stem ratio decreases, which has consequences for the
quality of the harvest because leaves have a higher protein content and digestibility
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Fig. 11.3. Relationship between above-ground dry matter and the sum of intercepted
photosynthetically active radiation (PAR, W/m?) for the spring and summer cuts and
for the autumn ones.

than stems (Lemaire and Allirand, 1993) (Fig. 11.4). Late harvests increase yield
but decrease the leaf:stem ratio and, hence, the digestibility and N concentration of
the harvested biomass.

Short photoperiods and cool temperatures in autumn reduce above-ground
growth and favour allocation to roots. During this period, autumn-dormant geno-
types produce short decumbent shoots and have higher concentrations of sugars
and proteins in their buds and roots than non-dormant genotypes (Cunningham
et al., 1998). In autumn, lucerne stems are generally short but very leafy, gener-
ating a low forage production but a high forage quality.

Water and nutrient requirements

Lucerne is acknowledged as more drought-tolerant than other perennial legumes
because of its deep rooting system (Peterson et al., 1992). However, it is an oppor-
tunistic water user that is best suited to soils with a high water reserve. In contrast
to species adapted to drought stress, it exhibits low stomatal closure in the early
stages of drought (Durand, 2007). After the initial growth phase, BNF in nodu-
lated plants supplies enough fixed N for optimal growth (Lemaire et al., 1985).
Annual fixation rates from 8 5 kg N/ha to 360 kg N/ha are reported (Frame, 2005).

Due to the relatively high yield potential of lucerne under cutting manage-
ment, large quantities of nutrients are removed in harvested biomass, so par-
ticular attention is required to maintain soil fertility in order to achieve high
biomass yields (Mauries, 2003; Undersander et al., 2011). Maintenance of soil
fertility is also critical for the longevity of the crop, particularly under poor and
acidic soil conditions. Lucerne accumulates potassium (K) and phosphorus
(P) at approximately 25 g/kg shoot dry weight and 2.6 g/kg shoot dry weight,
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Fig. 11.4. Change in quality traits during dry matter accumulation. (A) Leaf to stem
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(From Lemaire and Allirand, 1993.)
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respectively, corresponding to 30 kg of K,0/t harvested biomass and 6 kg of PO/t
harvested biomass. Application of sufficient P and K fertilizers is thus necessary
to compensate for these high rates of removal, according to the soil availability
of these minerals, which in turn depends on soil physicochemical characteristics
and on management of the preceding crops. Similarly, attention to soil availability
of other nutrients is required, in particular magnesium, sulfur and calcium, de-
pending on soil characteristics.

Competitive ability and compatibility with grasses

Although lucerne is grown in pure stands in many instances, it is also commonly
grown in mixtures with perennial grasses. Mixtures are generally as productive
as pure stands under favourable cropping conditions. High-yielding lucerne cul-
tivars in mixtures tend to be at a competitive advantage over grasses (Chamblee
and Collins, 1988), so a 50/50 sowing rate frequently results in over 80/20 an-
nual yield in favour of lucerne during the first years. The greater ability of lu-
cerne to compete for light resulting from erect shoots, leaf angles and a large
leaf area in the top layers of the canopy partly explains this difference. More
balanced mixtures can be achieved through moderate N fertilization to improve
grass growth and more frequent defoliation. The choice of grass species and lu-
cerne cultivars is also of importance. Reasonably high-yielding lucerne cultivars
with shorter stems, smaller leaves and higher branching ability provide a less ag-
gressive companion crop for the grass (Maamouri et al., 2015). Furthermore, fa-
vouring non-competitive interactions in the mixture, such as the transfer on fixed
N from the legume to the grass, would also improve grass N nutrition and growth
and thus the balance between species. Nevertheless, lucerne displays a rather less
efficient N transfer than other forage legumes (Louarn et al., 2015). Although
lucerne can fix twice as much N as white clover, white clover is about five times
more efficient at providing fixed N to the companion grass than lucerne. A signifi-
cant diversity in root traits exists among lucerne cultivars, which remains to be
exploited in terms of breeding for compatibility with grasses.

Reserves and defoliation management

After harvest, C and N reserves are mobilized from roots for about 6-10 days.
Root reserves start to recover after regrowth has progressed but several weeks
are generally required to restore them (Lemaire and Allirand, 1993) (Fig. 11.5).
Lucerne is thus suited to an infrequent defoliation regime. Furthermore, root N
reserves available at harvest influence leaf area expansion and the growth rate
after defoliation (Avice et al., 1997; Justes et al., 2002). Flowering, although not
physiologically related to reserve accumulation in the roots, is generally used as
an indicator of adequate replenishment of root reserves to guide harvest sched-
uling. Increasing the mowing frequency reduces the yield of single harvests, the
total annual yield and the crop persistence, while increasing the forage nutritive
value. For example, in northern France, four harvests are effective, while five are
likely to reduce the persistence (Lemaire and Allirand, 1993). Irrigation of lucerne
in Mediterranean climates supports up to eight harvests.
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Fig. 11.5. Change of nitrogen (N) content in taproots as a function of above-ground
biomass. (From Lemaire and Allirand, 1993.)

Breeding
Genetic progress

The rate of genetic progress for lucerne forage quality has been modest, namely,
0.2-0.3% per year in the USA and somewhat less in Europe (up to 0.15% per year)
(Annicchiarico et al., 2015), which is definitely lower than major grain crops such
as wheat or maize. Recent breeding advance relates mainly to greater tolerance to
major pests. Breeding progress for intrinsic yield potential is slow due to the peren-
nial nature of the crop, long breeding cycles, and because increasing the harvest
index is not a breeding option as it is in cereals. Breeding is also difficult because
cultivars are populations rather than pure lines.

Cultivar structure

The biological characteristics (allogamy, impossibility to control pollination and
inbreeding depression) facilitate the breeding of synthetic cultivars that exploit
heterosis. Each cultivar is derived from four to 200 parents (a parent being an indi-
vidual genotype, or a half-sib progeny obtained by open-pollination of one mother
plant). Three to four generations of polycrossing (or inter-mating) are made to
obtain the commercial seed. A cultivar is thus a population of related genotypes.

The only commercial genetically modified (GM) lucerne cultivar is a Roundup
Ready cultivar registered in the USA in 2005 (which underwent a period of legal
confrontation before being admitted to cultivation). A second GM cultivar with
improved digestibility has been obtained by down-regulating lignin synthesis
(Guo et al., 2001; McCaslin and Reisen, 2012). The development of GM lucerne
cultivars in Europe is expected to be met with public hostility strengthened by
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the risk of gene flow to feral or wild populations due to the reproductive system.
However, for a few crucial traits that show no variation within lucerne, such as
tannin content, a GM cultivar could be a real breakthrough.

Breeding targets

Autumn dormancy is important for winter survival. The cultivars adapted to nor-
thern Europe have a dormancy class ranging from 3 to 5 on a scale from 1 to 11.
Cultivars adapted to European Mediterranean climates have a dormancy of 6 to 8.
Within each dormancy class, breeding targets are mostly similar with some dif-
ferences in emphasis. Forage yield is a major target. It is frequently tested over 2
production years (not including the sowing year). Stem length is an important
trait, although stem diameter and stem number tend to compensate each other.
Resistance to lodging is important, especially in the spring cuts for northern
Europe, because it ensures that all the above-ground biomass is harvested. It is
strongly related to stem diameter, a trait that is negatively correlated with volun-
tary intake by small ruminants.

Forage quality is also evaluated, with emphasis on protein content and fibre
content. Even if quality traits tend to correlate negatively with forage yield, gen-
etic variation is available (Julier et al., 2000) and cultivars with high digestibility
improve milk production in dairy cows (Emile et al., 1997). Seed production is also
important for propagation. The seed weight per inflorescence is a useful breeding
criterion in selecting for high seed yield (Bolanos-Aguilar et al., 2001).

Resistance to diseases is a major target, with genetic progress attained for re-
sponse to verticillium wilt (Verticillium albo-atrum) and anthracnose (Colletotrichum
trifolii). Resistance to stem nematode (Ditylenchus dipsaci) is also important. Tests
in controlled conditions are available for all of these biotic stresses (Leclercq
and Caubel, 1991; Julier et al., 1996; Molinéro-Demilly et al., 2007). Tolerance
to other biotic stresses may be needed for specific adaptation. Screening tests in
controlled conditions have been proposed for resistance to aphids (Girousse and
Bournoville, 1994; Landré et al., 1999) and sclerotinia rot (Sclerotinia trifoliorum)
(Julier et al., 1996).

Drought is a major constraint on yield, although drought tolerance has been
only a minor breeding target so far. In most European regions, lucerne frequently
experiences transient drought episodes during which an important objective is
to maintain sufficient forage production. Modest levels of irrigation are used in
southern Europe but the crop is not a priority where irrigation water is scarce.
Genetic variation for adaption to drought or moisture-favourable conditions is
wide in lucerne (Annicchiarico and Piano, 2005; Annicchiarico et al., 2011).
Different and partly incompatible morpho-physiological traits are associated with
optimal plant adaptation to drought-prone and moisture-favourable conditions
(Annicchiarico et al., 2013).

Despite the degree to which acidic soils limit lucerne cultivation in Europe,
no selection has been carried out to improve tolerance to low pH. Other legume
species (clovers) are preferred for low pH soils. Cultivars that are tolerant of sal-
inity have been developed in the USA, whereas salt-tolerant landraces evolved in
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Northern Africa where saline conditions are relatively frequent (Annicchiarico
etal.,2011).

The development of low-input farming systems has implications for breeding
targets. These include: (i) breeding for adaptation to mixed lucerne—grass culti-
vation; (ii) adaptation to grazing, which is favoured by less erect growth habit
and other characteristics which can conveniently be introgressed from falcata
germplasm (Pecetti et al., 2008); and (iii) high ability to compete with weeds, to
reduce reliance on herbicides (Annicchiarico and Pecetti, 2010).

Breeding schemes

In most cases, lucerne breeding pools are composed of polycross progenies and new
germplasm (landraces or cultivars). This plant material may be submitted to dis-
ease tests, selecting resistant plants for evaluation in a field nursery under spaced
planting conditions or relatively dense conditions. In this design, the most herit-
able traits (plant height, lodging) and the traits that show a large within-family
variation (digestibility, protein content, seed weight per inflorescence) are scored.

Breeding programmes frequently adopt a final stage selection for the best in-
dividuals, identifying the parents of future synthetic cultivars according to forage
yield and quality traits of their half-sib progenies grown in dense, replicated
micro-plots. Either the best parent plants or, less frequently, the best half-sib pro-
genies (or the best plants within each progeny) are used to produce the first gen-
eration of a candidate cultivar (or possibly for entering a new cycle of recurrent
selection). Multi-site trials can be used for testing the candidate cultivar or, when
more than one candidate cultivar is available, for selecting one for registration in
a national list of cultivars.

Up to now, the use of molecular markers in breeding programmes has been
very limited. However, some results and prospects show that molecular tools,
including genomic selection, should soon contribute to the genetic progress
(Annicchiarico et al., 2015).

Agronomical Role and Environmental Impacts of Lucerne
Beneficial role of lucerne in crop rotations

The benefits of lucerne in crop rotations arise from the ability to improve soil
fertility and soil structure and to limit weed development in subsequent crops.
Lucerne accumulates large amounts of N, commonly 300-400 kg/ha/year
(Kelner et al., 1997; Angus and Peoples, 2012). Up to 165 kg/ha of N are accu-
mulated in the crown and roots (Rasse et al., 1999; Justes et al., 2001), which is
available to subsequent crops. The N fertilizer replacement value of lucerne for
subsequent crops is generally estimated at 100-200 kg/ha (Baldock et al., 1981;
Bruulsema and Christie, 1987; Hesterman et al., 1987; Ballesta and Lloveras,
2010). A significant residual N effect of lucerne is also observed in the second
cereal cropping year (Cela et al., 2011; Vertes et al., 2015).
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Lucerne N rhizodeposition has been estimated to account for 3—5% of fixed
N, a value which appears to be lower than for several other legumes (Brophy and
Heichel, 1989; Lory et al., 1992). Rhizodeposition is particularly low during the
first year of lucerne cultivation (Heichel and Henjum, 1991). Lucerne rhizodepo-
sition appears to be more related to changes in plant density and turnover of fine
roots than to turnover of nodules (which are indeterminate) or to root exudation
(Brophy and Heichel, 1989; Dubach and Russelle, 1994; Louarn et al., 2015).
Therefore, rhizodeposition during the growth phase appears to have a limited
contribution to the residual N effects of this species, and the low values account
for the low N transfer to grasses.

Approximately 25-35% of the crop residue is mineralized during the first
year following the crop destruction (Angus et al., 2006). The relatively slow initial
decomposition rate of taproot and other thick roots probably explains the low ini-
tial mineralization rate of lucerne residues, along with the long overall duration
of N release spanning several years. Crop destruction during the autumn is more
favourable for mineral N release to a subsequent spring crop than the destruction
during late winter, due to the longer period of N mineralization before establish-
ment of the spring crop (Angus et al., 2000).

In rotations, lucerne has a positive effect on subsequent crops through its
capacity to improve soil structure and soil permeability. However, the ability of lu-
cerne to take up water from deep in the subsoil through its extensive root system
may lead to water deficit of the subsequent crop during its early growth under
limited rainfall (Angus et al., 2000).

Effects of lucerne on the environment

Lucerne can take up nitrate from deep soil layers (Blumenthal and Russelle, 1996).
The risk of nitrate leaching below the lucerne crop is generally very low, even where
manure is applied (Thiébeau et al., 2004). Lucerne is considered an efficient forage
species for nitrate-enriched soils (Russelle et al., 2007). Emissions of nitrous oxide
(N,0) have been observed in the range 0.67-1.45 kg of N,O-N/ha/year (Rochette
etal., 2004), which is intermediate between the lower emission rates of unfertilized
grass and the higher emission rates of well-fertilized crops. However, higher N,O
emissions have been reported in succeeding crops (Wagner-Riddle and Thurtell,
1998). Lucerne crops accumulate significant amounts of C in the soil (Mortenson
et al., 2004 ) contributing to mitigation of C emissions.

Biodiversity (insects, birds, small mammals)

Lucerne is recognized as a key habitat for many species in mixed farming systems.
In France, 40 insect species have been reported in lucerne (Raynal et al., 1989) as
potential pests for forage or seed production, but little is known about effects on
lucerne production in natural conditions where biological interactions may regu-
late their abundance. A recent study in western France (Long Term Ecological
Research (LTER) network, ‘Zone Atelier Plaine et Val de Sevre’) identified more
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Weeds

than 30 wild bee species in flowering lucerne crops, against ten concurrently
found in sunflower crops (Rollin et al., 2013).

Lucerne crops are also important habitats for other important taxa such
as grasshoppers (Badenhausser et al., 2012) and small mammals (common
vole and mouse species) that use lucerne for overwintering and reproduction
(Inchausti et al., 2009). The abundance of these prey species drives the popula-
tion dynamics of their predators at the landscape scale. An increase in the area
of lucerne benefits skylarks (Kragten et al., 2008), ortolan bunting (Morelli,
2012) and top predators, such as raptors (e.g. Montagu’s harrier) (Salamolard
et al., 2000) or the little bustard (Bretagnolle et al., 2011), which are birds of
high conservation value. Some agri-environmental schemes support lucerne
production (Berthet et al., 2012). While butterfly species richness per field was
5.6 species in conventional lucerne fields in eastern France, it reached 8.8 species
in lucerne managed to favour butterflies (Thiébeau et al., 2010). Grasshopper
densities in agri-environment scheme (AES) lucerne fields can be fourfold higher
than in conventional fields (Fig. 11.6). The management of lucerne fields at the
local and landscape scales is critical for both the maintenance of ecosystem ser-
vices, such as those depending on functional biodiversity, and the conservation of
threatened species.

Weeds can be a problem in lucerne, particularly at establishment but also after
each cutting. Approved herbicides are available. The introduction of lucerne into

o Conventional

o AES: low input

3| | @ AES: low input/delayed cutting
@ AES: no input/delayed cutting

Grasshopper density (total no./m2)
N
T

Agricultural practices in lucerne fields

Fig. 11.6. Grasshopper density (all species cumulated) in conventional and agri-
environment scheme (AES) lucerne fields (total number/m2 + standard error) in the
Long Term Ecological Research (LTER) network ‘Zone Atelier Plaine et Val de Sévre.
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the rotation induces a change in the weed flora, with less climbing and erect an-
nual dicots and more perennial dicots and annual rosette dicots. Therefore, in-
cluding lucerne in rotations can reduce the risk of weeds affecting subsequent
annual crops. Lucerne—grass mixtures can be used to reduce the risk of weed
problems. From a breeding perspective, competitive ability against weeds is cor-
related with yield potential (Annicchiarico and Pecetti, 2010). Using mixtures of
lucerne and annual legumes is also a way to decrease the development of weeds
in the establishment year of lucerne while increasing forage production (see
Chapter 12, this volume).

Harvest
Grazing

Grazing is not popular in Europe but is common in North and South America. It
is the cheapest way to harvest forage. Rotational grazing is generally more con-
venient than continuous grazing, and should be limited to a few days, to reduce
damage to new stems. Grazing-tolerant cultivars are required to maintain sat-
isfactory persistence. The soil should be dry enough to prevent poaching which
may cause serious damage to the plants. The grazing interval should be at least
35 days to enable the recovery of root reserves. In the south of France, autumn
regrowth provides a high-quality forage that is utilized by sheep or goats. Breeding
and selection increases grazing tolerance, allowing continuous grazing for cattle
and sheep (Annicchiarico et al., 2010).

In some conditions (wet forage, high protein content, animals not accus-
tomed to lucerne), foaming occurs in the rumen and may cause animal death,
and this is a major disadvantage for many farmers. However, several management
practices can minimize these risks: (i) grazing of Lucerne—grass mixture; (ii) no
grazing in the early morning when the plants are still wet; and (iii) the use of
anti-foaming agents.

Silage and hay

The choice of the cutting schedule is critical for yield, quality and persistency.
Generally, the first cut of the year is conducted at budding stage and followed by
cuts at 5- to 8-week intervals to maximize yield, give satisfactory nutritive value
and support persistence. In Western Europe, 1-3 days of wilting are needed to
make silage, 2—4 days to store in wrapped bales (about 40—50% moisture when
the forage is wrapped) and 3—6 days to make hay (below 20% moisture). Silage is
generally convenient for the first cut, when the quantity of forage is high enough
to make a silo and the weather is not dry or warm enough for natural drying.
Because of the high protein content, low sugar content and high buffering cap-
acity, silage requires pre-wilting of the forage so that it is ensiled at a minimum of
35% dry matter. The sugar content affects preservation. It is higher at the budding
stage than at flowering stage (6—10% compared with less than 5%) and at the end
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of the day than in the morning. Rapid wilting limits respiration and sugar losses.
If the dry matter content of lucerne is lower than 35%, silage making requires the
addition of either preservatives, other sources of sugar (e.g. a sugar-rich forage
grass or molasses) or dry components such as dried sugarbeet pulp.

Wrapped bales are also used to make silage. Two conditions are needed to
limit the development of butyric microorganisms that represent the main risk for
preservation in wrapped bales: (i) no soil in the bales (obtained by a harvest height
of at least 6-8 cm); and (ii) a dry matter content of 50-60%. The bale density
must reach about 200 kg of dry matter/m?. Depending on the water content of
the forage in the bales, nutritive value of wrapped bales is higher than hay and
may be similar to conventional silage.

Hay making is a traditional way to conserve lucerne, but skill is required to
avoid field losses that can reach as high as 30%. Leaves dry quicker than stems
and the nutritional composition of hay drops if leaves are lost during hay making.
In humid environments, a morning mowing is recommended to benefit from the
whole first day and increased drying rate. Roll conditioners crush the stems and
enable faster and better synchronized drying of stems and leaves. Tedding and
raking must be confined to early in the morning when the forage is still wet with
dew toreduce leaf losses. All these methods still present a risk of low-quality forage
and are time-consuming. Barn-drying has proved to be efficient but requires spe-
cific investment. Briefly, pre-wilted forage (60-65% of dry matter) is stored in
a chamber and warm air is blown in and progressively dries it. The air may be
heated using solar energy absorbed by the roof. A high-quality hay is obtained.
For dehydration, factories establish contracts with lucerne growers and organize
cutting and dehydration schedules. The stage of plant development, the distance
from field to factory and the age of lucerne field are taken into account. Intervals
between cuts are 40-50 days, depending on crop growth and the objectives of
production (high protein and energy contents or high fibre content). During the
lucerne harvest period (April-October), the factory works round the clock, while
other crops or by-products are dehydrated in the other seasons. Thirty years ago,
lucerne forage was delivered to the factory soon after mowing and was dehydrated
at 600-800°C. In order to limit energy consumption, forage is now pre-wilted in
the field before dehydration, and the drying temperature is close to 250°C, which
is sufficient to produce a Maillard reaction between sugars and proteins, thereby
limiting the protein degradability in the rumen and increasing the protein value
of the crop.

Lucerne in Farming Systems

In mixed animal-crop production systems, lucerne or lucerne—grass mixtures
are cultivated in rotation with annual crops devoted to animal nutrition
(maize, cereals) and possibly with annual cash crops. Lucerne cropping is also
introduced into annual cropping systems on stock-less farms and is traded as
hay. Traditionally, these exchanges occur at a local scale between farmers. They
are currently emerging at a larger regional scale, with the involvement of bro-
kers such as cooperatives. Trade also occurs at the intercontinental level. Some
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countries such as China and Saudi Arabia import large quantities of com-
pressed lucerne hay from California to support livestock production. To our
knowledge, European producers of lucerne are not present in this international
market of lucerne hay.

Feeding Value for Ruminants and Monogastrics
Ruminants

Lucerne is of high interest for ruminant feeding because of its high dry matter
yield, protein and calcium contents, palatability and high level of intake. It has
also a well-balanced amino-acid profile and provides higher amounts of minerals
and vitamins than other forages. It is a flexible forage resource that can be grazed,
fed as green forage, offered as hay or silage, or given as dehydrated roughage
(Baumont et al., 2014).

For dairy cattle, grazing can support up to 25 kg milk/day from an intake
of 20 kg dry matter/day saving 1 kg soybean meal/day (Heuzé et al., 2013).
Given as fresh forage or as silage, it can replace up to 50% of a maize silage
diet, enriching the diet in protein and minerals, avoiding metabolic disorders
and reducing the use of concentrate feeds. Hay feeding alone supports 27 kg
milk/day with up to 45 kg milk/day produced when it is supplemented with
concentrate feed. Dehydrated lucerne can partially replace protein-rich con-
centrates in dairy cow diets, allowing high levels of production. In beef pro-
duction, grazing needs supplementation with either grass hay (4-8 kg/day) or
cereals (2-5 kg/day) to support high growth rates (up to 1.8 kg/day). Lucerne
can also be used for feeding small ruminants such as sheep and goats, for either
milk or meat production. High-quality lucerne hay and pellets are well suited
for high-production animals while lucerne silage could be offered to lower-
requirement animals.

The main difficulties for the farmers — and challenges for the future — are:
(i) to protect lucerne from over-grazing; (ii) to get the best compromise between
dry matter yield and quality; and (iii) to limit the high protein degradation rate.

The water-soluble carbohydrate:protein ratio is higher in lucerne—grass mix-
tures than in pure lucerne (da Silva et al., 2013), and this increases the utilization
of the protein (N) component. Combining lucerne with some grasses is generally
a good approach to utilization.

Pigs and poultry

For monogastric feeding, lucerne is generally incorporated at a low percentage
of the diet (Heuzé et al., 2013). Its fibre content is high and limits animal growth
rate. Its protein and also its mineral contents are valuable. The saponins have an
anti-cholesterolemic effect and may reduce animal growth rate, even though a
positive effect has been reported on the reduction of cholesterol content of animal
products (Ostrowski-Meissner et al., 1995). Carotenoids have a positive impact
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on the pigmentation of eggs and body lipids of poultry. Finally, the proportion of
lucerne introduced in the diets of pigs or poultry is usually lower than 10-15%
and is mainly composed of dehydrated products. For rabbits, the inclusion of
lucerne is much more important. A rate of 40-60% of lucerne in the diet, as hay
or pellets, is frequently recommended.

Novel and Non-food Use

Certain concentrated lucerne components are useful for animal health or
animal quality products, human health, cosmetology, energy production and
pet health.

Protein concentrates that are also rich in minerals and vitamins are produced
from lucerne juice obtained after pressing and precipitation. They are distributed
to fight against malnutrition in Africa and South America but could also be used
for people suffering from protein deficiency. They have obtained the ‘Novel food’
label from the European Food Security Agency in 2009 as they may have the
beneficial effects of ten out of 16 classes of food supplements. For ruminant pro-
duction, the omega-3 fatty acids in lucerne could be used to improve the quality
of animal production (milk and meat). The saponins that are naturally present
can be used to reduce methane production in cattle (Beauchemin et al., 2009;
Malik and Singhal, 2009). Minerals and vitamins of lucerne can also be used for
cosmetics and skincare. Research is being carried out to define dietary products to
reduce or prevent obesity of companion animals.

Lucerne may also be used for energy production because of its high bio-
mass production and its low N fertilization requirement. Energy production is
based on the exploitation of cell wall polysaccharides, but a low N content is
preferred to avoid greenhouse gas emissions. Integrated or cascade uses start
with protein extraction for animal feeding or human supplement and then the
polysaccharide residue is used as a source of biomass energy. In such a system,
labour costs might be reduced because a longer regrowth period and lower
plant density could be used to combine high yield with limited senescence of
leaves (Lamb et al., 2003). Specific cultivars, with an erect growth habit, thick
stems and resistance to lodging, would be appropriate for this type of use (Lamb
etal., 2007).

Seed Production

Lucerne seed is mainly produced in the USA, Canada, Australia and Europe
(France, Italy, Spain, Hungary and Serbia) (Boelt et al., 2015). The favourable
regions are characterized by a deep soil with high water reserves combined
with summers that are warm and dry to ensure optimal seed maturation and
harvest. Sowing density is lower than for forage production (4 kg of seed/ha)
and rows are wider (around 0.35 m). Usually, the stands are clipped early
in spring, so that lodging risk is reduced and flowering date coincides with
bee activity that is further enhanced by dry conditions in late spring or early
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summer. Insecticide is often needed to avoid seed losses. Optimal management
of lucerne seed production crops resulted in an increase in seed production
from 200 kg/ha to 500 kg/ha in France in the past 30 years (Hacquet and
Karagic, 2014).

Seed production has always been an important aspect of lucerne cultiva-
tion. In the past, seed exchanges or marketing were observed within a region, a
country or overseas without strict control of the origin of the cultivar or the popu-
lation (Julier et al., 1996). Nowadays, seed yield influences seed prices and the
commercial success of a cultivar is influenced by seed price, so a cultivar that is
very good for forage production but poor for seed production is usually not avail-
able to the farmers. A significant international market for seed exists, with world
trade dominated by exports from North America and Australia (Le Buanec, 1997;
Huyghe, 2005).

Outlook

Lucerne has many advantages as a source of forage for animal feeding. Its high
forage production and high protein content are combined with low N fertil-
ization requirements, adequate persistence and beneficial agronomical effects
on the following crop. Recent scientific studies have confirmed the renowned
positive environmental impact of lucerne cropping. Actions are required to
safeguard the cultivation of lucerne and boost its positive effects for European
agriculture.

The Common Agricultural Policy in 2013 established that member states de-
voted 2% of Single Farm Payments to revive the production of protein-rich feed
crops. To be efficient, this protein plan requires: (i) research and development to
increase forage yield; (ii) development of processes for the medium scale; (iii) en-
couragement and support for the establishment of contracts between lucerne pro-
ducers and users; (iv) information and extension; (v) development of programmes
for livestock farmers, aimed at promoting multifunctional forage systems; and
(vi) economic support to compensate for the lower financial returns for lucerne
related to environmental benefits.
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Abstract

In Europe, legumes are mostly grown as single species or in mixtures with cereals or
grasses. As an alternative cropping strategy, mixtures of legumes for forage have been
developed in Serbia. This novel approach can be applied in many other temperate regions
of Europe. This chapter provides an overview of these cropping systems, their use and
their development. Carefully designed mixtures of forage crop species offer advantages
over the component species grown separately. These advantages include higher yield, en-
hanced weed control and reduced soil erosion. In addition, the use of legumes in forage
mixtures has benefits for feed quality due to the high protein content of the legume. This
chapter examines the use of annual legumes mixed with perennial legumes to boost first-
year yields in particular. Our research has shown that an annual forage legume can pro-
vide a yield benefit when sown as the companion crop during the establishment phase
of a perennial legume. This research also shows that including field pea as a companion
crop significantly increased overall dry matter yields and reduced weeds in red clover
stands. Similar research is in progress for the establishment of lucerne (Medicago sativa L.)
and sainfoin (Onobrychis viciifolia Scop.). We also examined the intercropping of annual
temperate legumes with each other for forage production, and found that all mixtures
out-yielded their components grown as pure stands. The evidence in the literature that
explains this is reviewed.

Introduction

The cropping systems described here were developed in Serbia, where agricul-
tural production systems range from specialized arable cropping and livestock
raising in relevant regions, to traditional mixed farming systems. A combination
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of livestock raising and fruit and/or wine growing is common. The farming sys-
tems in the fertile northern areas (Vojvodina) and central parts of the country are
dominated by intensive arable cropping and dairy farming. In the less fertile and
predominantly mountainous regions of southern Serbia, the diverse farming sys-
tems are based on vegetables, vineyards, and forage crops to support the livestock.

Legumes are incorporated into Serbian cereal cropping systems as green
manures, intercrops and rotational crops. They contribute high-quality organic
matter to the soil and are effective in breaking the disease cycles of cereal crops.

Many farms in Vojvodina province have been affected by soil degradation.
Inherently fertile soils such as the chernozem (black) soils have suffered a signifi-
cant reduction in organic matter, in some cases as much as 50% (Cupina et al.,
2011a). Farmers are trying to reverse this process by using crop rotation, and
especially by including legumes that are mostly sown as a winter cover crops and
are used as green manure or as forage (Fig. 12.1).

Of the 3.3 million ha of arable land in Serbia, 8% is used for forage crop pro-
duction. Lucerne (alfalfa; Medicago sativa L.) is the most important forage crop
grown on 180,000 ha. Red clover (Trifolium pratense L.) is grown on 80,000 ha
and annual legumes on over 30,000 ha. Intercropping of annual legumes (field
pea, Pisum sativum L. and vetches, Vicia spp.) and cereals (mostly oat, Avena sativa L.)
is found typically on farms that have livestock, and the practice is particularly im-
portant on relatively small farms (Eric et al., 2010).

Intercropping

Intercropping is the growing of two or more crops in the same field at the same
time (Willey, 1979). Combinations of crops that do not fix nitrogen and legumes
are regarded as a most effective (Corre-Hellou et al., 2006). This is due to the
stimulating effect of the non-legume on the biological nitrogen (N) fixation in
the legume (Hauggaard-Nielsen and Jensen, 2005; Temperton et al., 2007; Zarea
et al., 2008; Fustec et al., 2010). The focus of this chapter, however, is the inter-
cropping of legumes with legumes for forage purposes. If the components are

(A) B)

Fig. 12.1. Vetches and a mixture of vetches and wheatl used as cover crops: cutting
regime (A) and mulching regime (B). (Photo credit: B. Cupina.)
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carefully selected, intercrops of legumes have potential advantages compared with
sole crops. These include: (i) increased forage yield and enhanced weed control
(Avola et al., 2008); (ii) decreased soil erosion (Wiersma et al., 1999); and (iii) re-
duced incidences of pests and diseases (Trenbath, 1993; Altieri, 1999; Malézieux
et al., 2009). Intercropping exploits the benefits of diversity, interactions between
species, and other natural regulation mechanisms (Vandermeer et al., 1998) to use
the available resources more efficiently than sole crops (Anil et al., 1998).

Intercropping of annual and perennial crops can be applied to forage crops
in Europe in four main forms (Zemenchik et al., 2000; Koivisto, 2002; Thorsted
etal., 2002). These are as follows.

1. Two or more annual forages sown together.

2. An annual companion crop used to establish a perennial forage crop (Fig. 12.2).
3. Annual forages sown into an existing perennial stand to boost short-term yields.
4. Perennial legumes sown between the rows of an annual arable crop, such as
maize.

Temperate perennial forage legumes, such as red clover, lucerne and sain-
foin (Onobrychis viciifolia Scop.), are established either in late summer and early
autumn, or in spring. Due to their small seed size, perennial legumes are sown
shallow, so are especially susceptible to drought during the germination and
establishment phase. A spring-sown perennial forage crop frequently has a sig-
nificantly lower yield in the year of establishment in comparison to the autumn-
sown one, partly because of weeds (Cupina et al., 2000, 2004). To overcome this,
farmers in Europe have traditionally established perennial forage crops using
a companion crop (Klesnil, 1980; Matejkova, 1982; Tesar and Marble, 1988;
Zollinger and Meyer, 1996), often a cereal, such as oat. This practice usually in-
creases the total forage yield, enhances the forage quality and reduces the weed
invasion (Fig. 12.3) (Vandermeer et al., 1998). Nevertheless, using a companion
crop in the establishment of a perennial forage legume has its limitations, since
the annual companion species may also compete to the detriment of the perennial
(Tesar and Marble, 1988), especially where oat or another cereal is used. For this

A G

Fig. 12.2. Two approaches to intercropping legumes. (A) Field pea used as a nurse
crop for red clover. (B) A mixture of white lupin and field pea. (Photo credits: D. Krsti¢
(A) and S. Vujié (B).)
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Weeds compete with and suppress
red clover in its pure stand

i

Red Weed Red > Red Weed Red
clover clover clover clover

Oat suppresses weeds and
red clover

Oat Red Weed Red Oat > Oat Red Weed Red Oat
clover clover clover clover

Field pea suppresses weeds
and enhances the growth of
red clover

Field Red Weed Red Field > Field Red Weed Red Field
pea clover clover pea pea clover clover pea

Fig. 12.3. Different ways of using nurse crops in the establishment of perennial
legumes with their effects. (From Cupina et al., 2011d.)

reason, an alternative and economically reliable scheme has been suggested,
where an annual legume, such as pea, is used (Fig. 12.3).

The success of using an annual companion crop in establishing a perennial
forage legume depends on the capacity of the perennial to develop in the shade
of the annual (Tan et al., 2004). Competition for light has a direct impact on the
morphology and physiology of the perennial species that lies lower in the canopy
(Bedoussac and Justes, 2010).

Our research has focused on using pea as a companion species in particular.
The light intensity at the level of the perennial forage legume under the pea com-
panion crop is consistently higher compared with that under other companion
crops that have a more robust growth habit (Simmons et al., 1995). Semi-leafless
(afila) pea cultivars in particular increase the total capture of photosynthetically
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active radiation (PAR), so they are considered to be more appropriate for inter-
cropping (Heath and Hebblethwaite, 1985).

Developing and Managing Mixtures of Legumes — the
Fundamentals

Optimizing the growth of a mixture of perennial and annual forage species de-
pends on finely balancing the benefits of the additional biomass and weed control
provided by the annual with the negative effects of shading on the perennial. To
achieve this, an understanding of the physiological responses within the stand is
useful.

It is well established that leaves adapt to the light environment. Anatomical
variation induced by the light environment has consequences for photosynthesis,
as better development of palisade tissue in sun leaves gives a high photosynthetic
capacity (Dickison, 2000). Leaves grown in the shade have lower photosyn-
thetic saturation points than those developed in full sun (Bjéorkman, 1981; Taiz
and Zeiger, 2002). This fundamental effect provides the basis for the benefits of
intercropping, enabling shaded plants to survive shading and respond positively
through new leaf development when the shading companion crop is removed.

This general effect of shading on photosynthetic responses can be observed in
specific intercrops. In a red clover or lucerne—pea mixture, reduced light intensity
retards the growth and leaf area development of the clover (Heichel et al., 1988).
This effect increases as the number of pea plants of either leafy or semi-leafless
cultivars above the clover or lucerne increases (Krstic et al., 2005a, b). The leaves
and other plant parts receiving only diffuse light often have a higher chlorophyll
content than those exposed to direct light. Thus, the contents of both chlorophyll
a and b were lower in the sole crops of lucerne (10 mg/g) and red clover (12 mg/g)
than in their intercrops with field pea (18 mg/g). This increased chlorophyll con-
centration enables the perennial crop to benefit from the protection of the pea
while still establishing effectively in shade. Furthermore, we have observed that
differences in plant architecture and morphology of the intercropped field pea
cultivars did not induce significant differences in lucerne leaf anatomical param-
eters (Zoric et al., 2012).

The overall effect is that establishing lucerne or red clover with a companion
crop of field pea increases the total capture of solar radiation, increasing overall
crop yields.

It is noteworthy that most of the perennial plant rosette remains after the
first cut of a perennial forage legume. This part enables the plant to recover faster
than the covering nurse crop (Krstic et al., 2005b). This means that harvesting
favours the perennial over the annual, further reinforcing the benefits of this type
of intercropping.

The results of our research in the conditions of Serbia confirm that lucerne,
from both anatomical and morphological aspects, may be successfully established
and cultivated with a companion crop of field pea, regardless of its leaf type, in an
environment-friendly way, thus providing various farming systems with reliable
ecological services (Zori¢ et al., 2012).
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Optimizing Interspecific Interactions when
Establishing Perennial Forage Crops

Effect of pea cultivar

Careful selection of the companion pea cultivar is important in optimizing pea—
perennial crop mixtures in some circumstances. Leafy field pea cultivars are sus-
ceptible to lodging, so they introduce a high risk of suppressing the growth of
the undersown perennial forage crop to the detriment of the overall crop yield
(Faulkner, 1985; Gilliland and Johnston, 1992). However, in a 3-year field study
carried out in Serbia (Cupina et al., 2010b), two pea cultivars with different leaf
types, namely leafy cv. ‘Javor’ and semi-leafless cv. ‘Jezero’, did not differ signifi-
cantly as cover for red clover. The crops also had similar forage yields, with no
consistent differences in 2 establishment years, confirming the previous results
(Koivisto, 2002).

Optimizing plant populations

Using the optimum seed rate for the nurse (cover) species is central to establishing
the optimum balance with perennial crop (Tan et al., 2004). A high population
of the companion crop increases first-year forage yields and suppresses weeds,
but can adversely affect the longer-term potential of the perennial crop. Lower
companion seed rates may not be sufficient to suppress weeds, but provide the
intercrop canopy with more solar radiation and better air movement (Tesar and
Marble, 1988; Horrocks and Vallentine, 1999). Given these trade-offs, it is recom-
mended that the seeding rate of the companion crop (in viable seeds/m?) should
not exceed half of the seeding rate of the perennial crop.

Early first cutting reduces competition from the cover crop. In the case of
using peas, this means cutting at the early pod-filling stage (Vough et al., 1995).

Cupina et al. (2010b) reported that the highest annual forage dry matter
yield (7.66 t/ha) and the lowest weed cover in the first cut of the newly established
red clover (5.9%) were obtained where clover was mixed with the highest sowing
rate of field pea tested (90 plants/m?) (Fig. 12.4). From an economic perspective,
a lower pea plant population of 60 plants/m? may be more appropriate. In the
same experiment, the highest forage yields in the first year were obtained from
red clover intercropped with oat. However, forage digestibility in ruminants is an
important parameter which in these conditions ranges from 70% to 80% in field
pea and 50-60% in oat (Smith et al., 1972; Obracevi¢, 1990). Additionally, field
pea has morphological and biological characteristics that make it more suitable
than oat for use as a companion crop for red clover in both the establishment and
the first full harvest years. In the second and subsequent years, perennial legumes
that were grown with pea had a better regeneration rate and thus higher total
annual yield.

By contributing to the forage yield in the first cut, the annual companion crop
contributes to the average annual forage yield. Generally, the use of an annual
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Fig. 12.4. Forage yields of red clover and mixtures of red clover with oats and pea.
The three pea—clover mixtures with different pea plant populations (sowing rate of 30
pea plants/m?, 60 plants/m? and 90 plants/m?) are compared with a pure stand of red
clover and red clover mixed with oat. LSD, Least significant difference. (From Cupina
etal., 2010c.)

legume as a companion crop instead of oat results in a lower proportion of the
first-year yield coming from the first cut. On average, the proportion of the first
cut in the annual yield may range from 50% to about 70% where pea is the com-
panion crop, which is similar to the proportion of first cuts in pure stands. In com-
parison, where oat is used, a larger proportion of the first-year forage yield is in
the first cut. The first-cut yield of lucerne intercropped with oat in the establish-
ment year may comprise between 70% and nearly 100% of the total first-year
yield. The reason is that oat intercropped with a perennial forage legume often
reduces the forage yields in subsequent cuts during the establishment year (Lanini
etal., 1991).

Mixtures of Annual Legumes

Compared with the intercropping of legumes with cereals, grasses and brassicas, re-
ports of the intercropping of annual legumes species are rare. White lupin (Lupinus
albus L.) used phosphorus more effectively when intercropped with soybean (Glycine
max L.) than on its own (Braum and Helmke, 1995). Similarly, intercropping soy-
bean and pigeon pea (Cajanus cajan L.) may mitigate the effects of an unpredictable
drought (Ghosh et al., 2006a). Annual legume species rich in bioactive compounds,
such as fenugreek (Trigonella foenum-graecum L.), are efficient in reducing the infec-
tion of faba bean by broomrape (Orobanche crenata Forssk.) (Evidente et al., 2007;
Fernandez-Aparicio et al., 2011). However, intercropping annual legumes with
each other may cause undesirable effects, such as competition for nutrients that
may reduce the growth of one legume, as in the case of intercropping pigeon pea
with soybean, due to nitrogen deficiency (Ghosh et al., 2006b).
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We have developed the intercropping of annual legumes for both forage and
grain production (Cupina et al., 2011c). This began with an evaluation of sev-
eral hundred accessions of numerous cool- and warm-season annual legume
species of diverse geographic and genetic origin and status in the collection
maintained in Novi Sad. The goal was to assess the potential of components in
various two-way combinations as intercrops for forage and grain production
(Antanasovic et al., 2011). The main conclusions of this research are illustrated
in Fig. 12.5.

Annual legumes such as vetches with lodging stems suppress weeds, but
forage yields are low because of the degradation of lower leaves. In contrast, faba
bean (Vicia faba L.) is susceptible to weed infestation as a sole crop. Mixing these
combines the good standing ability of the faba bean with weed suppression from
the vetch. Intercropping using an incompatible mixture reduces yield by giving

Pure stand of climbing legume
(vetch) controlling weeds well

AP B A

Common Weed Common > Common Weed Common
vetch vetch vetch vetch

Erect legume (faba bean)
affected by weed infestation

THY

Faba Weed Faba > Faba Weed Faba
bean bean bean bean

Incompatible mixture of
climbing legumes

AR

Field Common Field > Field Common Field
pea vetch pea

Compatible mixture of climbing
and erect legumes

White  Common White > White Common White
lupin vetch lupin lupin vetch lupin

Fig. 12./5. Different approaches to intercropping annual legumes with each other.
(From Cupina et al., 2011d.)
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advantage to one component, such as common vetch (Vicia sativa L.), while
severely affecting another one, such as semi-leafless pea. A compatible, functional
and reliable intercropping is one such as white lupin and common vetch, pro-
viding the best possible conditions and effects.

On the basis of the results of our experiments and wider knowledge, we have
established four basic requirements for a successful intercropping of two annual
legume species for forage production (Cupina et al., 2011d).

1. Components should have the same optimum sowing time.

2. Components should have similar heights.

3. Components should have similar full flowering times to achieve a balance
between forage yield and its quality.

4. One component needs to have a good standing ability (supporting crop) to
complement the component that is more susceptible to lodging.

Annual Legume Forage Intercrops for Farm Use

From these requirements, we have examined the performance of three main
groups of the annual legume intercrops that are expected to over-yield (Mikic¢
etal., 2012):

e autumn- and spring-sown ‘tall’ cool-season annuals;
* autumn- and spring-sown ‘short’ cool-season annuals; and
e early and late maturing warm-season annuals.

Each component of the two-way mixtures was included at 50% of its pure-stand
seeding rate.

‘Tall’ cool-season annuals

For our autumn sowings, faba bean was the supporting crop, while forage pea,
common vetch, Hungarian vetch (Vicia pannonica Crantz) and hairy vetch (Vicia
villosa Roth) were the supported crops (Fig. 12.6). For spring sowing, faba bean
and white lupin were the supporting crops, while forage pea, common vetch and
grass pea (Lathyrus sativus L.) were the supported crops.

The performance of an intercrop is expressed using the land equivalent ratio
(LER). This is the yield of the intercrop compared with the yield of the compo-
nents grown separately on the same area of land, expressed as a ratio. An LER of
1.1 means that the intercrop had a 10% higher yield than the total of the com-
ponents grown separately. Intercropping autumn-sown faba bean with common
vetch proved especially effective with both contributing similarly to the total
forage dry matter yield and an LER of 1.42 (Cupina et al., 2011d). These experi-
ments also evaluated a range of seeding-rate relationships: 50%/50%, 75%/25%
and 25%/75%. The intercrops of 50% faba bean with 50% of grass pea, and 75%
white lupin with 25% grass pea had the best agronomic performance, with LERs
for green forage yield of 1.44 and 1.21, respectively (Cupina et al., 2009). The
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Fig. 12.6. Examples of intercropping ‘tall’ cool-season legumes: (A) autumn sowing —
white lupin with common vetch; (B) spring sowing — faba bean with common vetch.
(From Miki¢ et al., 2012.)

intercrops of white lupin with common vetch resulted in high values of LER for
green forage yield in all three ratios, averaging 1.28 (Cupina et al., 2011D).

‘Short’ cool-season annuals

‘Short’ cool-season annual forage legumes have short stems with fewer nodes,
often determinate stem growth and more uniform stages of growth and devel-
opment. In our experiments, the autumn-sown option comprised semi-leafless
pea as the supporting crop and leafy pea and bitter vetch (Vicia ervilia (L.) Willd.)
as the supported crop. The spring-sown option was leafy pea with lentil (Lens
culinaris Medik.) serving as the supported crop.

Semi-leafless pea allows good light penetration into the stand, providing fa-
vourable conditions for weed growth, which is countered by the presence of the
companion. Mixing these two types of pea increased forage yield (Table 12.1)
(Cupina et al., 2010a). The intercrops of autumn-sown semi-leafless pea with
bitter vetch had an LER for forage dry matter yield of only 0.91, whereas that of
spring-sown semi-leafless pea with lentil had an LER for forage dry matter yield of
1.09 (Mikic et al., 2012).

Warm-season annuals

Warm-season annual forage legumes are sown in late spring. In our trials, early-
and late-maturing mixtures were tested. In the early-maturing group, soybean
belonging to the 00 maturity group was the supporting crop, while several Vigna
species, namely mung bean (Vigna radiata L.), adzuki bean (Vigna angularis (Willd.)
Ohwi & Osashi) and black gram (Vigna mungo L.) were the supported crops. Within
the late-maturing group, soybean belonging to a late-maturity group and pigeon
pea served as supporting crops, while cowpea (Vigna unguiculata (L.) and hyacinth
bean (Lablab purpureus (L.) were the supported crops (Mikic et al., 2012).
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Table 12.1. Forage dry matter yields (t/ha) and corresponding land equivalent ratios
(LER) in intercrops of pea cultivars with different leaf types at Rimski San¢evi during
2008-2010. (From Cupina et al., 2010a.)

Forage dry matter yield (t/ha)

Supporting  Supported LER for forage
Season Treatment component component Total dry matter
Winter ‘Dove, pure stand 6.8 0.0 6.8 1.00
‘Frijaune; pure stand 0.0 78 7.8 1.00
‘Dove’ + ‘Frijaune’ 51 3.0 8.1 1.13
Spring  ‘Jezero; pure stand 6.3 0.0 6.3 1.00
‘Javor, pure stand 0.0 6.4 6.4 1.00
‘Jezero’ + ‘Javor’ 2.9 3.6 6.5 1.03
LSD,,* 0.8 0.08

aLSD, Least significant difference.

A schematic of the responses in these mixtures is depicted in Fig. 12.7.
Regardless of its maturity group, a soybean crop provides favourable conditions
for weed development and thus regularly requires intensive weed control meas-
ures. In contrast, cowpea and hyacinth bean are notoriously prone to lodging.
Both develop a mass of creeping cover able to counter weed species but these
may suffer losses of lower biomass and may be difficult to harvest due to lodging.
When intercropped, soybean carries the cowpea or lablab plants preserving their
protein-rich leaves combined with a significant benefit from essentially reduced
weed infestation.

In the preliminary trials with intercrops of warm-season annual forage
legumes carried out at Rimski Sancevi and Zemun Polje near Belgrade, almost
all proved as economically reliable and superior to the pure stands (Mikic¢ et al.,
2010). Intercropping pigeon pea with hyacinth bean performed particularly
well, with an LER for forage dry matter yield of 1.10. Additional data indicate
that the performance of the intercrops of soybean belonging to the 00 maturity
group with adzuki bean and black gram were better than the one with mung
bean, with an LER for forage dry matter yield of 1.07 and 1.11, respectively
(Miki¢ et al., 2012).

Conclusions

An annual legume used as the companion crop in the establishment of the peren-
nial forage crop can increase total forage yields. The superiority of intercropping
over pure stands is attributed generally to variations between species in morpho-
logical characteristics resulting in more efficient capture of resources. In add-
ition, field pea as a companion crop contributes to improving forage quality and
digestibility.

We conclude that legumes can be intercropped together successfully. It
is emphasized that such intercrops do not increase the costs of crop establishment.
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Soybean alone competes poorly with weeds

Soybean Weed Soybean Weed Soybean

Cowpea competes with weeds but lodges

Soybean Weed Cowpea Weed Soybean Weed Cowpea Weed Soybean

Fig. 12.7. Model of intercropping warm-season legumes. (From Miki¢ et al., 2012.)

At the same time, when both components in an intercrop are legumes, the
crude protein content in forage dry matter remains high and does not decrease as
happens in the case of intercropping with cereals. All three presented models
of annual forage legume intercrops are characterized by short growing seasons
and thus are able to fit easily into various cropping systems. Producing forage
in such intercrops does not require the application of either synthetic nitrogen
fertilizer, since both components are legumes, or herbicides, due to an enhanced
weed control, and thus confirms its value as a true environment-friendly
service.

There remain questions to address including: (i) the optimum ratios for in-
dividual intercrops; (ii) the impact of intercropping on forage yield components;
(iii) possible correlations between total forage yields and their LER values; (iv) the
chemical composition of the forage dry matter in the intercrop components; and
(v) various underground aspects, with particular regard to microbiology and al-
lelopathy. Reliable seed production of the intercropping-specific annual forage
legume cultivars is also required in order to secure their successful use in general
production.



Mixtures of Legumes for Forage Production 205

Acknowledgements

Much of the research work reported here was funded by grant number Project
TR-31016 of the Ministry of Education, Science and Technological Development
of the Republic of Serbia. The results of this research are also an outcome of the
project 114-451-2641 of the Provincial Secretariat for Science and Technological
Development of Vojvodina. The chapter was prepared in collaboration with
‘Legume Futures’ which is an international research project funded by the
European Union under FP7 grant number 245216 CP-FP.

References

Altieri, M. (1999) The ecological role of biodiversity in agroecosystems. Agricultural Ecosystems
and Environment 74, 19-31.

Anil, L., Park, J., Phipps, R.H. and Miller, F.A. (1998) Temperate intercropping of cereals for
forage: review of the potential for growth and utilisation with particular reference to the UK.
Grass and Forage Science 53, 301-317.

Antanasovi¢, S., Miki¢, A., Cupina, B., Krsti¢, B., Mihailovi¢, V., Eri¢, P. and MiloSevi¢, B. (2011)
Some agronomic aspects of the intercrops of semi-leafless and normal-leafed dry pea cul-
tivars. Pisum Genetics 43, 25-28.

Avola, G., Tuttbene, R., Gresta, F. and Abbate, V. (2008) Weed control strategies for grain leg-
umes. Agronomy and Sustainable Development 28, 389-395.

Bedoussac, L. and Justes, E. (2010) Dynamic analysis of competition and complementarity for
light and N use to understand the yield and the protein content of a durum wheat-winter
pea intercrop. Plant Soil 330, 37-54.

Bjorkman, O. (1981) Responses to different quantum flux densities. In: Lange, O.L., Nobel, P.S.,
Osmond, C.B. and Zeigler, H. (eds) Encyclopedia of Plant Physiology. New Series.
Springer, Berlin, pp. 57—107.

Braum, S.M. and Helmke, P.A. (1995) White lupin utilizes soil phosphorus that is unavailable to
soybean. Plant Soil 176, 95—100.

Corre-Hellou, G., Fustec, J. and Crozat, Y. (2006) Interspecific competition for soil N and its
interaction with N, fixation, leaf expansion and crop growth in pea—barley intercrops. Plant
Soil 282, 195-208.

Cupina, B., Mihailovié, V. and Eri¢, P. (2000) Management practices for yield and quality of field
pea. Ratarstvo i povrtarstvo 33, 91-102.

Cupina, B., Eri¢, P,, Mihailovi¢, V. and Miki¢, A. (2004) The role and importance of cover crops
in sustainable agriculture. Ratarstvo i povrtarstvo 40, 419-430.

Cupina, B., Miki¢, A., Mihailovi¢, V., Krisi¢, . and Buri¢, B. (2009) Intercropping of grass pea
(Lathyrus sativus) with other grain legumes for forage production. Grain Legume 54, 32.

Cupina, B., Krsti¢, B., Antanasovi¢, S., Eri¢, P, Peji¢, B., Miki¢, A. and Mihailovi¢, V. (2010a)
Potential of the intercrops of normal-leafed and semi-leafless pea cultivars for forage pro-
duction. Pisum Genetics 42, 11-14.

Cupina, B., Krsti¢, D., Miki¢, A., Eri¢, P, Vuckovi¢, S. and Peji¢, B. (2010b) Field pea com-
panion crop management on red clover establishment and productivity. Turkish Journal of
Agriculture and Forestry 34, 275-283.

Cupina, B., Manojlovié, M., Krsti¢, D., Cabilovski, R., Miki, A., Ignjatovié—Cupina, A.and Eri¢, P.(2011a)
Effect of winter cover crops on the dynamics of soil mineral nitrogen and yield and quality of
Sudan grass (Sorghum bicolor (L.) Moench). Australian Journal of Crop Science 5(7), 839-845.



206 Branko Cupina et al.

Cupina, B., Miki¢, A., Krsti¢, D., Antanasovi¢, S., Eri¢, P., Bordevi¢, V. and Peri¢, V. (2011b)
Intercropping white lupin with other annual legumes for forage and grain production. In:
Book of Abstracts for the 13th International Lupin Conference, Poznan, Poland, 6—10 June
2011, 25.

Cupina, B., Miki¢, A., Krsti¢, B., Antanasovi¢, S., Peji¢, B., Eri¢, P. and Ignjatovié—Cupina, A.
(2011c) Mutual intercropping of spring annual legumes for grain production in the Balkans.
Indian Journal of Agricultural Science 81, 971-972.

Cupina, B., Mikié, A., Stoddard, FL., Krsti¢, D., Justes, E., Bedoussac, L., Fustec, J. and Peji¢, B.
(2011d) Mutual legume intercropping for forage production in temperate regions. In:
Lichtfouse, E. (ed.) Sustainable Agriculture Reviews 7. Genetics, Biofuels and Local
Farming Systems. Springer Science+Business Media, Dordrecht, the Netherlands,
pp. 347-365.

Dickison, W.C. (2000) Integrative Plant Anatomy. Academic Press, San Diego.

Eri¢, P., Cupina, B. and Stevovié, V. (2010) Forage crops production on arable land in Serbia.
Biotechnology in Animal Husbandry 26 (special issue 1), 173—189.

Evidente, A., Fernandez-Aparicio, M., Andolfi, A., Rubiales, D. and Motta, A. (2007)
Trigoxazonane, a monosubstituted trioxazonane from Trigonella foenum-graecum root
exudate, inhibits Orobanche crenata seed germination. Phytochemistry 68, 2487-2492.

Faulkner, J.S. (1985) A comparison of faba beans and peas as whole-crop forages. Grass
Forage Science 40, 161-169.

Fernandez-Aparicio, M., Emeran, A.A. and Rubiales, D. (2011) Inter-cropping faba bean with ber-
seem, fenugreek or oat can contribute to broomrape management. Grain Legume 56, 31.

Fustec, J., Lesuffleur, F., Mahieu, S. and Cliquet, J.B. (2010) N rhizodeposition of legumes. A
review. Agronomy for Sustainable Development 30, 57-66.

Gilliland, T.J. and Johnston, J. (1992) Barley/pea mixtures as cover crops for grass reseed.
Grass and Forage Science 47, 1-7.

Ghosh, PK., Mohanty, M., Bandyopadhyay, K.K., Painuli, D.K. and Misra, A.K. (2006a) Growth,
competition, yield advantage and economics in soybean/pigeonpea intercropping system
in semi-arid tropics of India: |. Effect of subsoiling. Field Crop Research 96, 80-89.

Ghosh, PK., Mohanty, M., Bandyopadhyay, K.K., Painuli, D.K. and Misra, A.K. (2006b) Growth,
competition, yields advantage and economics in soybean/pigeonpea intercropping system
in semi-arid tropics of India: Il. Effect of nutrient management. Field Crop Research 96,
90-97.

Hauggaard-Nielsen, H. and Jensen, E.S. (2005) Facilitative root interactions in intercrops. Plant
Soil 274, 237-250.

Heath, M.C. and Hebblethwaite, P.D. (1985) Solar radiation interception by leafless, semi-leafless
and leafed peas (Pisum sativum L.) under contrasting field conditions. Annals of Applied
Biology 7, 309-318.

Heichel, G.H., Delaney, R.H. and Cralle, H.T. (1988) Carbon asimilation, partioning and utiliza-
tion. In: Hanson, A.A., Barnes, D.K. and Hill, R.R. (eds) Alfalfa and Alfalfa Improvement.
American Society of Agronomy, Madison, Wisconsin, pp. 195-228.

Horrocks, R.D. and Vallentine, J.F. (1999) Establishment of forage species. In: Horrocks, R.D.
and Vallentine, J.F. (eds) Harvested Forages. Academic Press, London, pp. 135-154.
Klesnil, J. (1980) Contribution to the problem of establishing of clover crop stands. Rostlinna

vyroba 26, 6-10.

Koivisto, J.M. (2002) Semi-leafless pea: a cover crop for establishing lucerne or red clover. PhD
thesis, Royal Agricultural College, Cirencester and Coventry University, Coventry, UK.
Krsti¢, D., Cupina, B., Eri¢, P. and Mihailovié, V. (2005a) Fodder pea as companion crop in
alfalfa establishment — effect on alfalfa morphological and physiological parameters. In:
XXXV European Society for New Methods in Agriculture (ESNA) Annual Meeting, Amiens,

France, 29 August-2 September 2005. ESNA, Amiens, France, pp. 40—41.



Mixtures of Legumes for Forage Production 207

Krstic, D., Cupina, B., Erié, P. and Mihailovi¢, V. (2005b) Fodder pea as companion crop in red
clover establishment — effects on red clover morphological and physiological parameters.
In: Book of Abstracts for the XVI Symposium of the Society of Plant Physiology of Srbija i
Crna Gora (SCG), Bajina Basta, Serbia, 13—16 June 2005, 11.

Lanini, W.T., Orlof, S.B., Vargas, R.N., Orr, J.P., Marable, V.L. and Grattan, S.R. (1991) Oat com-
panion crop seeding rate effect on alfalfa establishment, yield and weed control. Agronomy
Journal 83, 330-333.

Malézieux, E., Crozat, Y., Dupraz, C., Laurans, M., Makowski, D. and Ozier-Lafontaine, H.
(2009) Mixing plant species in cropping systems: concepts, tools and models. A review.
Agronomy for Sustainable Development 29, 43-62.

Matejkova, O. (1982) Limited ways of the soil cultivation to summer sowing of alfalfa. Rostlinna
vyroba 28, 233-248.

Miki¢, A., Dordevi¢, V., Peri¢, V., Cupina, B., Mihailovi¢, V., Srebri¢, M. and Krsti¢, . (2010)
Preliminary report on forage yields in mid- to late spring-sown annual legume intercrops.
Biotechnology and Animal Husbandry 26 (special issue 2), 269-275.

Mikié, A., Cupina, B., Mihailovi¢, V., Krsti¢, B., Pordevic, V., Perié, V., Srebrié, M., Antanasovic, S.,
Marjanovi¢-Jeromela, A. and Kobiljski, B. (2012) Forage legume intercropping in temperate
regions: models and ideotypes. In: Lichtfouse, E. (ed.) Sustainable Agriculture Reviews 11.
Springer Science+Business Media, Dordrecht, the Netherlands, pp. 161-182.

Obragevi¢, C. (1990) Tablice Hranljivih Vrednosti Stocnih Hraniva i Normativa u Ishrani PreZivara.
Naucna knjiga, Belgrade, Serbia.

Simmons, S.R., Craig, S., Sheffer, D.C., Rasmusson, D.D., Stuthman, S. and Nickel, E. (1995)
Alfalfa establishment with barley and oat companion crops differing in stature. Agronomy
Journal 87, 268-272.

Smith, L.W., Goering, H.K.and Gordon, C.H. (1972) Relationships of forage compositions with rates
of cell wall digestion and indigestibility of cell walls. Journal of Dairy Science 55, 1140—1147.

Taiz, L. and Zeiger, E. (2002) Plant Physiology, 3rd edn. Sinauer Associates, Sunderland,
Massachusetts.

Tan, M., Serin, Y. and Erkovan, H.l. (2004) Effect of barley as companion crop on the hay
yield and plant density of red clover and botanical composition of hay. Turkish Journal of
Agriculture and Forestry 28, 35—41.

Temperton, V.M., Mwangi, P.N., Scherer-Lorenzen, M., Schmid, B. and Buchmann, N. (2007)
Positive interactions between nitrogen-fixing legumes and four different neighbouring spe-
cies in a biodiversity experiment. Oecologia 151, 190-205.

Tesar, M.B. and Marble, V.L. (1988) Alfalfa establishment. In: Hanson, A.A., Barnes, D.K. and
Hill, R.R. (eds) Alfalfa and Alfalfa Improvement. American Society of Agronomy (ASA),
Crop Science Society of America (CSSA), Soil Science Society of America (SSSA),
Madison, Wisconsin, pp. 303—-332.

Thorsted, M.D., Sgegaard, K. and Koefoed, N. (2002) Yield and quality of oat/white clover inter-
crops. Grassland Science in Europe 7, 94—95.

Trenbath, B.R. (1993) Intercropping for the management of pests and diseases. Field Crop
Research 34, 381-405.

Vandermeer, J., Van Noordwijk, M., Anderson, J., Ong, C. and Perfecto, I. (1998) Global
change and multi-species ecosystems: concepts and issues. Agricultural Ecosystem and
Environment 67, 1-22.

Vough, L.R., Decker, A.M. and Taylor, T.H. (1995) Forage establishment and renovation. In:
Barnes, R.F, Miller, D.A. and Nelson, J. (eds) The Science of Grassland Agriculture. lowa
State University Press, Ames, lowa, pp. 29—43.

Wiersma, D.W., Hoffman, P.C. and Mlynarek, M.J. (1999) Companion crops for legume es-
tablishment: forage yield, quality, and establishment success. Journal of Production
Agriculture 12, 116-122.



208 Branko Cupina et al.

Willey, R. (1979) Intercropping — its importance and research needs. 1. Competition and yield
advantages. Field Crop Abstracts 32, 1-10.

Zarea, M.J., Ghalavand, A. and Jamshidi, E. (2008) Role of forage legumes mixed cropping
on biomass yield and bacterial community composition. In: Proceedings of the Second
Scientific Conference of the International Society of Organic Agriculture Research, Modena,
Italy, 18—-20 June 2008. International Society of Organic Agriculture Research, Modena,
Italy, pp. 180-183.

Zemenchik, R.A., Albrecht, K.A., Boerboom, C.M. and Lauer, J. (2000) Corn production with
kura clover as a living mulch. Agronomy Journal 92, 698—705.

Zollinger, R.K. and Meyer, D.V. (1996) Imazethapyr for weed control in alfalfa establishment.
Weed Science 49, 19-21.

Zori¢, L., Krsti¢, b., Cupina, B., Miki¢, A., Antanasovic¢, S., Lukovié, J. and Merkulov, Lj. (2012)
The effect of field pea (Pisum sativum L.) as companion crop on leaf histological parameters
of lucerne (Medicago sativa L.). Australian Journal of Crop Science 6, 430—435.



1 3 Introducing Legumes into
European Cropping Systems:
Farm-level Economic Effects

SARA PREISSEL,* MoRiTz RECKLING, JOHANN BACHINGER
AND PETER ZANDER

Leibniz Centre for Agricultural Landscape Research (ZALF), Miincheberg,
Germany

Abstract

Legume cultivation in Europe has declined in recent decades due to decreased farm-level
economic competitiveness compared with cereal and oil crop production. The increase in
soybean prices in recent years and the public benefits expected from diversified production
systems are reasons to reconsider legumes in Europe. Farm-level economic assessments,
based on gross margin analysis of individual crops, often underestimate the contribution
that legumes make to the farm business. We addressed this deficit using assessments made
at the crop rotation level. We explored the possibilities resulting from: (i) the consideration
of the management and yield of subsequent crops; (ii) systematic cropping system design;
and (iii) changed price relations for legume feed grain. We identified several situations
where legume-supported crop rotations are competitive and can create economic and
environmental win—win situations to support a sustainable intensification of European
cropping systems.

Introduction

Legume production can protect and enhance public goods, including through
reduced greenhouse gas and nutrient emissions, increased crop and associated
biodiversity, and reduced resource requirements of cropping and animal feeding
systems. In spite of these, the area cultivated with legumes has declined in recent
decades (Bues et al., 2013). A combination of drivers, including yield develop-
ments, public policy decisions and economic under-evaluation of the farm-level
economic effects, has led European farming to specialize in cereal and oil crop
production (Zander et al., 2016).
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The current situation of legumes in Europe — main drivers

In Europe, the relative and absolute difference in grain yield between legumes
and cereals is high (Bues et al., 2013). Consequently, European farmers spe-
cialize in cereal production. Soy is imported to supplement these cereals in
livestock feeds.

Furthermore, grain legume yields fluctuate more than most cereals (Cernay
et al., 2015). The gross margins of pea and faba bean were more volatile than
those of other crop types in three out of five case study sites across Europe (LMC
International, 2009). Consequently, cereals occupy on average 54% of arable
land in the European Union (EU) (average 2005-2011) compared with 35% in
the USA and Canada (FAOSTAT, 2014).

Legumes also compete with other broadleaved crops, especially oilseeds, even
though many oil crops have similarly low and unstable yields. The high demand
for these oilseed crops is partly attributable to European bioenergy policy, which
has strongly favoured the production of rapeseed in particular (Robles, 2011; Peri
and Baldi, 2013). Rapeseed production expanded partly at the expense of leg-
umes (Brisson et al., 2010). Since oil is a higher value component than starch
(De Visser et al., 2014 ) and the residues of oil extraction also provide a protein-rich
feedstuff, expanding rapeseed production reduces the demand for legumes on the
feed market as well as the amount of land available for legumes.

Underestimation of the on-farm economic impacts of diversification
in cropping

Simplified farm management, maximized utilization of machinery and estab-
lished value chains enable higher financial gains from cereal-based systems.
However, the resulting specialization comes at the cost of increased fertilizer and
pesticide requirements. Crop diversification through legumes reduces the depend-
ency on these external inputs and often increases the yield and cost-efficiency of
subsequent crops (Kirkegaard et al., 2008; Peoples et al., 2009a). These ‘pre-crop
effects’ include the provision of nitrogen derived from biological nitrogen fixation
to the subsequent crops (see e.g. Peoples et al., 2009b, or Reckling et al., 2014a)
and the phytosanitary impact of breaking a sequence of similar crops (typically
cereals) reduce disease, weed and pest risks (Robson et al., 2002). Longer and
more diverse rotations prevent the build-up of pathogens, particularly soil-borne
root diseases such as take-all in cereals and clubroot in rapeseed. Legumes also
have the potential to improve the structure and other quality parameters of soils
(Leithold et al., 199 7; Jensen and Hauggaard-Nielsen, 2003; Peoples et al., 2009b;
Jensen et al., 2011).

Approach

A combination of agroeconomic drivers (yield developments) and public policy
has thus led to a focus on cereal and oil crop production in Europe. However, as
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the price of soy imports and the relevance of diversification increase, the eco-
nomic drivers behind specialization weaken. Our analysis is focused at the farm
level, where decisions about growing legumes are taken. We therefore discuss the
relevance of different economic indicators using literature and case studies, and
illustrate trade-offs between economic and environmental performance and the
potential to raise the on-farm economic value of legume grain through on-farm
use or niche marketing.

Limitations of economic indicators

A classical and simple indicator of the economic competitiveness of a certain crop
is the gross margin, calculated by deducting all variable costs from the revenues
received. It is suitable for comparing crops that have similar fixed cost frame-
works, such as machinery, buildings and management. It can be useful for com-
paring wheat and barley, for example, to help farmers decide which is the more
profitable cereal to grow. In contrast, comparing cereals with tomatoes using
gross margins would not be a good decision basis, because tomatoes require a
completely different fixed cost base. In the case of legumes, a realistic assessment
of the competitiveness of legumes requires consideration of the economic value
of pre-crop effects. Hence the level of comparison needs to be raised to the level of
the cropping sequence or even to the farm level to capture effects on fixed costs.
A good compromise would be to include labour and fixed machinery costs into the
analysis. However, to allow comparison with literature data, we limit our analysis
to gross margins and their extension through the inclusion of pre-crop values or
whole rotations.

Methods

We compiled yield and economic assessment data from the literature and con-
ducted case studies in five geographic regions of the Legume Futures project. The
literature included data from 29 experiments carried out in Europe that enabled
the yield of cereals and rapeseed preceded by different pre-crops to be compared.
Furthermore, the analysis included six studies comparing simple gross margins of
legumes and non-legume crops and six studies comparing gross margins across
similar rotations including and excluding legumes.

In the five case study regions, we conducted a structured expert survey in
2012/2013 to obtain crop production data on pre-crop and site-specific crop
management and crop rotation rules using expert knowledge supplemented by
statistical data. Emphasis was placed on pre-crop effects. The survey also specified
several sub-sites for each region, such as different soil grades or lowland and high-
land, which determine yield levels and the range of suitable crops. The data were
fed into a rotation generator to identify the full range of agronomically feasible
rotations for each region and sub-site and to evaluate each rotation for economic
and environmental performance.
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Economic Evaluation from Crop to Rotation Level

To illustrate and address the economic value of legumes, we present, step by step,
first the simple gross margin comparisons, then a review of the size and value of
legume effects on subsequent crops, and lastly systematic economic evaluations
for the case studies in a rotational context.

Crop-level profitability

Data from the Legume Futures survey revealed that legume gross margins ranged
from —€322/ha in Brandenburg (faba bean) to +€574/ha in Sud-Muntenia (soybean)
(Table 13.1). In Eastern Scotland, Vastra Gotaland and Sud-Muntenia, grain leg-
umes had positive gross margins (i.e. they covered the direct costs of production).
However, by comparing with data in Table 13.3, it is evident that they were com-
petitive with wheat only in Sud-Muntenia. In contrast, gross margins were nega-
tive in Brandenburg and the Calabrian lowlands. Prices for grain legumes were
comparable or slightly higher than those of cereals. In Germany for example,
prices for grain legumes ranged between €102/t for faba bean and €182/t for pea,
whereas prices for wheat were €165/t; in Calabria, legume prices of €250-260/t
compared with a wheat price of €250/t. These price differences do not compen-
sate for the lower yields.

A compilation of six studies (Preissel et al., 2015) shows a similar picture: low
and unstable yields and comparably low prices resulted in a considerable gross
margin deficit of grain legumes compared with alternative crops in 12 European

Table 13.1. Economic evaluation of legumes across the case study regions in selected site
classes. (From survey data from the Legume Futures project.)

Country, Yield Price Revenue Variable Gross
region Site class  Crop (ha) (€/t) (€/ha) costs (€/ha) margin (€ha)
Germany —  Loam? Faba bean 4.0 102 408 730 -322
Brandenburg Loam? Narrow-leafed 2.5 150 375 679 -304
lupin
Loama Pea 3.0 182 545 749 —-204
Italy — Lowland®  Faba bean 16 250 400 560 -160
Calabria Lowland®  Pea 1.2 260 312 487 -175
UK - Grade 3 Faba bean 5.0 197 986 701 285
Eastern Grade 3 Pea 40 240 960 714 246
Scotland
Sweden — Clay soll Faba bean 3.1 168 521 397 124
Vastra Clay soll Pea 3.0 207 621 455 166
Gétaland
Romania — Chernozem Pea 3.5 325 1138 828 310
Sud-Muntenia Chernozem Soybean 25 440 1100 526 574

aLocal site class 2.
®Rain-fed systems.
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sites ranging from €70/ha to several hundred euros per hectare at eight sites; they
were competitive with cereals at only four out of the 12 sites.

Pre-crop value of legumes

These crop-level gross margins do not take into account the pre-crop effects of the
legumes. A meta-analysis of 29 experiments in Europe (Preissel et al., 201 5) showed
that, where the yield of cereals following grain legumes was compared to that of
cereals after cereals, a consistent yield difference of 0.5-1.6 t/ha was observed at
both moderate and high fertilization levels. However, when cereals following grain
legumes were compared to those following other broadleaved pre-crops, small yield
increases of 0.1-0.4 t/ha were observed at moderate fertilization levels (up to
90 kg N/ha), but not at high fertilization levels (100-200 kg N/ha). Thus, the pre-
crop effect of legumes on subsequent crop yield is similar to that of other broad-
leaved crops in intensive production systems. In Mediterranean water-limited sites,
overall yield levels as well as legume effects are smaller (Lopez-Bellido et al., 2012).
Mediterranean cereals often yielded 0.2—1.5 t/ha more after grain legumes than
after cereals or sunflower. This yield increase in the subsequent cereal is worth be-
tween €20/ha and €300/ha compared with cereals in temperate sites (assuming a
moderate wheat price of € 200/t). Prices play a crucial role in the overall evaluation.

Reduced costs in subsequent crops have a smaller effect on economic per-
formance compared with increased revenue. In Europe, nitrogen fertilization of
subsequent crops can be reduced by an average of 23—31 kg/ha without any yield
losses (compiled in Reckling et al., 2014a and in Preissel et al., 2015). This would
amount to cost savings of €18-24/ha at 2012 prices (for urea averaged over several
countries; Eurostat, 2015a). Where nitrogen fertilizer use is restricted, nitrogen
fertilization to subsequent crops can be reduced further by 62 kg/ha on average
across estimates while maintaining adequate yields (i.e. the same yield as if the
crop was grown following a cereal) (compiled in Preissel et al., 2015). The ability
of legumes to reduce weeds and diseases in subsequent crops has the potential to
reduce costs by up to €50/ha (Luetke-Entrup et al., 2003; von Richthofen et al.,
2006; Jensen et al., 2010). Most break crops have the potential to improve soil
structure, creating better establishment conditions for subsequent crops with less
tillage and potentially saving about €20-60/ha in fuel costs (Luetke-Entrup et al.,
2003; Alpmann et al., 201 3a). The highest cost reductions can be achieved where
legumes are grown in combination with reduced tillage, leading to potential cost
reductions of €70-125/ha when reductions of fixed costs for machinery endow-
ment and labour costs are included (Luetke-Entrup et al., 2003). Table 13.2 sum-
marizes these different potential effects.

As Table 13.2 shows, the impact of break crops is very variable depending
on the situation and on the willingness and ability of farmers to diversify their
cropping system. Whether these rotation-level effects fully compensate for the
frequently lower gross margins of legumes depends on the environmental con-
ditions, prices and crop management. Notably, legume rotational crop effects are
similar to other break crops, so competition between legumes and these other
break crops is a significant factor in determining farmers’ cropping choices.
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Table 13.2. Potential economic effects of grain legumes on subsequent winter wheat in

temperate sites.2

Effects on
subsequent crops

Compared with cereal pre-crops

Compared with other break crops

Monetary

Quantities per ha value (€/ha)

Monetary

Quantities per ha value (€/ha)

Yield effects in
subsequent
cereals

Reduced N
fertilization

Savings in weed
and disease
management

Savings from better
machinability

Savings from
reduced tillage

Total range

Comparison:
Legume futures
Case studies

+100 to +1500 kg 20-300
By 23-31 kg N 18-24
One to two <50

treatments

20-60

70-125

130-560

106-296

Up to +300 kg <60
By 23-31 kg N 18-24
No extra -
increase
20-60
70-125
38—-209
No effect

aPrices are moderate assumptions based on 2012 data: wheat €200/t, N fertilizer €1.27/kg.

In the Legume Futures case studies, gross margins that take into account the

pre-crop effect were calculated for all crops, confirming the pre-crop value based on
literature estimates. Gross margins of winter wheat grown after grain legumes or
rapeseed ranged from €322/ha to €689/ha (Table 13.3), and were €106-188/ha
higher than after a cereal crop (€296/ha in Sud-Muntenia). Winter wheat grown
after forage legumes generated additional gross margins of €116-301/ha.

Rotation-level profitability

A reliable estimate of legume profitability should compare the gross margins of
full rotations. To represent the range of possibilities for sites, we generated a large
number of feasible crop rotations using a crop rotation generator that takes ro-
tational restrictions into account (see Reckling et al., 2016a; Table 13.4). For a
small number of sites we were unable to generate systems without legumes due
to agronomic restrictions and a lack of crop combinations. For Romania, we ex-
cluded the most profitable rotations as these included common bean, a specialized
food crop that only a few farmers could grow with specific marketing contracts.
Environmental and agronomic factors had a strong effect at all sites. Legume-
supported rotations performed best compared with non-legume rotations in
Romania, with an average advantage of €22/ha/year. They also had an advan-
tage in the UK, with €6/ha/year and €10/ha/year on two soils suited to arable
cropping. We found even greater advantages for a small number of Romanian
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Table 13.3. Gross margins (GM) of winter wheat grown after cereals and legume pre-crops
across the case study regions in selected site classes.

Variable
Country, Yield Price Revenue costs GM Additional
region Site class Pre-crop type (t/ha)® (€/4)> (€/ha) (€/ha) (€ha) GM (€/ha)
Germany — Loam° Cereal 57 165 942 779 162 0

Brandenburg Loame° Grain legume 6.8 165 1123 801 322 160

Loam® Foragelegume 6.8 165 1123 801 322 160

ltaly — Lowland?  Cereal 32 250 800 626 175 0

Calabria Lowland®  Grain legume 35 250 875 530 345 171

Lowland?  Forage legume 3.6 250 900 530 370 196

UK — Grade 3 Cereal 75 186 1395 986 409 0

Eastern Grade 3 Grain legume 8.0 186 1488 973 515 106
Scotland

Grade 3 Foragelegume 8.0 186 1488 963 525 116

Sweden — Clay soil  Cereal 6.1 188 1147 645 501 0

Véstra Clay soil  Grain legume 71 188 1335 645 689 188
Gétaland

Clay soil Forage legume 77 188 1448 645 802 301

Romania—  Chernozem Cereal 3.6 232 835 688 147 0

Sud-Muntenia Chernozem Grain legume 50 232 1160 717 443 296

@Yields are assessments by regional experts.

®Prices of

wheat are farm-level prices as given by the regional surveys.

°Local site class 2.
9Rain-fed systems.

rotations including common bean as a food crop and a small number of rotations
under irrigation in Calabria (not shown). In Vistra Goétaland and Brandenburg,
legume-supported rotations had €20-40/ha/year lower gross margins. In rain-fed
sites in Italy, gross margins were up to €108/ha/year lower. Gross margins of ar-
able systems were lowest in the German cases and highest in the UK cases for both
legume-supported systems and systems without legumes. In Brandenburg, arable
cropping systems on sandy soils had, on average, negative gross margins because
of poor site productivity.

In forage systems, legume-supported rotations had an average advantage
over rotations without legumes in all three regions where this comparison was
possible (Table 13.4). Differences between regions were lower than in arable sys-
tems. The regional averages of the gross margins in forage legume rotation were
€4-103/ha/year higher than those of the non-legume rotations.

Six other studies used rotation gross margin analysis to evaluate cropping
systems (Table 13.5). Their results align with ours. Legumes were especially
competitive in three Spanish case studies due to the low profitability of alterna-
tive crops, and in three French case studies. In Denmark and Switzerland, the
studies identified no competitive grain legume rotations, as did our research for
Sweden. For the UK, comparing the studies with our research (Table 13.4) yields
a mixed result. In Germany, they identified competitive legume production in
one organic and several conservation tillage systems, but only one competitive
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Table 13.4. Generated rotations and the ranges of their gross margins across the case study
regions and site classes.

Gross margin (€/ha/year)

With/without ~ No. of Average
Country, region Sub-site legume rotations Min  Max  Av.? difference
Arable crop rotations
Germany — Loam® — Legume 28 69 315 131
Brandenburg + Legume 65 -3 214 76 —40
Sand° — Legume 18 -175 68 -3
+ Legume 35 -194 55 24 -20
ltaly — Lowland? — Legume 6 171 267 225
Calabria + Legume 281 -15 233 116 —-108
Sweden — Clay soil — Legume 3,191 343 644 451
Vastra Gotaland + Legume 19,077 320 593 415 -36
UK - Grade 1-2 —Legume 3,938 426 1,455 985
Eastern Scotland + Legume 16,079 425 1,544 995 10
Grade 3 — Legume 2,135 181 872 603
+ Legume 8,802 194 910 609 6
Romania — Chernozem - Legume 20 272 432 369
Sud-Muntenia + Legume® 156 238 518 391 22
Forage-oriented rotations
Germany — Loam® — Legume 374 59 429 185
Brandenburg + Legume 792 92 462 217 22
Sand° — Legume 89 -35 262 80
+ Legume 343 69 365 176 103
Italy — Lowland — Legume - - - -
Calabria + Legume 136 75 287 177 -
UK - Grade 3 — Legume 23 638 922 737
Eastern Scotland + Legume 20 660 874 746 9
Grade 4 — Legume 8 372 502 423
+ Legume 10 389 572 465 42
Sweden — Clay soil — Legume 136 430 590 481
Vastra Goétaland + Legume 132 31 614 485 4

aAverage over all rotations with and without legumes, respectively, generated for a specific sub-site.
®Local site classes 1-2.

‘Local site classes 3-5.

9Rain-fed systems.

¢Excluding common bean.

legume rotation in conventional production systems. These results partly align
with observed production trends in these countries (FAOSTAT, 2014): grain
legume production areas reduced slightly in Romania and Spain (17% reduc-
tion in 2000-2012), moderately in the UK, Italy, France and Germany (20-50%
reduction) and substantially in Sweden and Denmark (50-80% reduction). The
40% increase in grain legume areas in Switzerland is not explained by these re-
sults, and the assessments do not adequately represent countries where produc-
tion areas have increased since 2000 (mostly Eastern European countries).



Farm-level Economic Effects of Introducing Legumes 217

Table 13.5. Competitiveness of legume-supported crop rotations with those not containing
legumes according to modelled rotation gross margins. (From literature review by Preissel
etal., 2015.)

Number of grain legume
rotations compared

Region Total Competitive? Not competitive® Reference
Germany: Bavaria (organic 2 2 - Weitbrecht and
farming, food soy) Pahl (2000)°
Denmark: Fyn 2 - 2 von Richthofen
et al. (2006)°
France: Barrois, Picardie 2 2 - von Richthofen
et al. (2006)¢
Germany: Saxony-Anhalt, 3 1 2 von Richthofen
Lower Bavaria et al. (2006)¢
Spain: Castilla y Leon, 3 3 - von Richthofen
Navarra et al. (2006)¢
Switzerland: Vaud 1 - 1 von Richthofen
et al. (2006)¢
France: Burgundy, 14 11 3 Hayer et al.
Moselle, Beauce (2012)¢
France: Eure et Loir, 2 2 - LMC International
Seine Maritime (2009)°
Germany: Lower Saxony 2 - 2 LMC International
(2009)°
Spain: Castilla-La Mancha 1 1 - LMC International
(2009)°
UK: East Anglia 2 - 2 LMC International
(2009)°
Germany: Bavaria, 8 5 3 Luetke-Entrup
Westphalia, Mecklenburg et al. (2006)>4
(plough and reduced tillage)
Spain: central (plough and 3 3 - Sanchez-Giron
reduced tillage) et al. (2004)°4
Total 45 30 15

aAverage annual gross margin of grain legume rotation is higher or less than €10/ha lower than that of
non-legume rotation.

bAverage annual gross margin of grain legume rotation is more than €10/ha lower than that of non-legume
rotation.

°Based on experimental results.

dOptimistic estimates of pre-crop effects: yield effect on first subsequent crop, N fertilizer saving, further
cost savings due to reduced tillage.

eConservative estimates of pre-crop effects: yield effect on first subsequent crop, some N fertilizer saving.

The comparison of the crop- and rotation-level profitability measures illus-
trates that crop-level comparisons neglect a sizeable share of the profitability of
legumes and rarely find them competitive with other crops. The following section
shows how crop choice can be fine-tuned for local conditions and the likely
environmental impacts of competitive crop rotations with legumes.
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Environmental Impact of Profitable Legume Rotations

Legume-supported cropping sequences are more economically viable than
conventional gross margin analysis indicates. This leads to questions about the
environmental impact of choosing economically competitive legume-supported
cropping systems. Table 13.6 provides a comparison between the most econom-
ically viable rotations with and without legumes for their impact on nitrate
leaching and nitrous oxide (N,0) emissions (methods are described in Reckling
etal.,, 2014b).

The results show economic—environmental win—-win situations for leg-
umes in Eastern Scotland; while minor trade-offs compared with the most
profitable non-legume cropping systems occur in Brandenburg and Sud-
Muntenia. In Scotland, the legume rotation with faba bean substantially
improves income and environmental impacts compared with the optimum
without legumes. In Brandenburg, the legume rotation achieved only mar-
ginally lower income while substantially reducing emissions by 21% for ni-
trate and by 25% for nitrous oxide. In Sud-Muntenia, a legume rotation with
soybean increases income and reduces nitrous oxide emissions, with a slight
negative effect on leaching.

In contrast, in Védstra Gotaland and Calabria, even the most profitable
legume rotations are economically poorer than rotations without legumes,
while they lead to divergent environmental impacts. In Véistra Gétaland, the ro-
tation with faba bean brings a sizeable loss of income compared with a rotation
with linseed and no reduction in nitrate leaching, although nitrous oxide emis-
sions are lower. In the Calabrian lowlands, the legume rotation would mean
a sizeable income loss, while increasing leaching but substantially reducing
nitrous oxide emissions.

When economic—environmental optimum rotations with legumes were
compared with current farming (without legumes), these performed economic-
ally and environmentally better in Vastra Gotaland, Sud-Muntenia and Eastern
Scotland (Reckling et al., 2016b). Overall, the impact of the most profitable
legume rotations on nitrate-N leaching was very site-specific and determined
by the crop management, while nitrous oxide (N,0) emissions were reduced by
12-35% in all selected legume-supported rotations compared with cropping sys-
tems without legumes. Our case studies showed highly positive environmental
impacts for forage systems with legumes, but their economic assessment is highly
complex and beyond the scope of this chapter. Reckling et al. (2016b) concluded
from their analysis that legumes provide benefits to both the economic and the
environmental performance of forage systems.

This assessment highlights that systematic cropping system design can be
used to identify cropping systems with minor trade-offs or even win-win situ-
ations for improving the environmental performance of cropping. The assessment
approach can also be used to identify and select those generated rotations that
perform best in relation to specific indicators, such as rotations with the lowest
emissions or highest N efficiencies, to provide a range of options for sustainable
intensification of cropping systems in the case study regions.



Table 13.6. Comparison of most profitable legume and non-legume rotations, respectively, for arable production across the case study
regions in selected sub-sites.

Difference of legume to
non-legume rotations?

Country, region Gross margin Gross margin  Gross margin ~ Nitrate-N  Emission of

(sub-site) Non-legume rotation (€/hal/year) Legume rotation (€/halyear) (€/halyear) leaching (%) N,O (%)
Germany — Rapeseed, wheat, 128 Rapeseed, wheat, 11 -17 -21 -25
Brandenburg winter barley rye, rye, pea
(loam®)
Italy — Calabria Rapeseed, wheat, 267 Rapeseed, wheat, 233 -34 +16 —20
(lowland, rain-fed) rapeseed, wheat rapeseed, wheat,
faba bean
UK — Eastern Rapeseed, winter 509 Rapeseed, winter 547 +38 -14 -8
Scotland barley, winter barley, barley, winter oat,
(grade 3) winter barley, winter faba bean, winter
oat barley
Sweden — Vastra Rapeseed, wheat, 644 Rapeseed, wheat, 593 -51 +0 -35
Gotaland linseed, wheat, faba bean, wheat,
(clay soil) spring barley spring barley
Romania — Rapeseed, maize, 432 Rapeseed, soybean, 518 +86 +7 -20
Sud-Muntenia wheat maize, wheat
(Chernozem)

aPositive values signify a higher impact of the legume-supported rotation.

bLocal site class 2.
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Potential for Increasing the Economic Value of Legume Grain

Price (€/)

Although the competitiveness of legumes as crops is better than often estimated,
the relatively low market value of the grain still discourages their production.
There is an increasing potential for obtaining higher prices for legume grain by
exploiting local feed markets. European-grown legume grain is under-valued in
feed markets. A mix of locally grown legume grains and cereals is often cheaper
than an equivalent mix of soybean and cereals. This gap has been explained by
compounders’ preference for the larger and more homogenous quantities offered
by international traders (Sauermann, 2009; LLH, 2012; Alpmann et al., 2013Db).
The purchase price for soybean meal almost doubled between 2006 and 2012
while the purchase prices for feed wheat increased at a lower rate (Fig. 13.1).
Aramyan et al. (2009) predicted further increases in the prices of soy in mar-
kets that require genetically modified (GM)-free produce. Although changes in
pea prices reflect changes in the price of soybean and wheat (LMC International,
2009), European pea and faba bean producer prices did not fully follow the price
increases of soy-based feed ingredients. Consequently, the incentive for using pea
or beans as locally grown feedstuff has increased. This is shown using a German
feed calculator for pork feed ingredients (LLH, 2012). For given wheat and soy-
bean purchase prices, this feed calculator computes the equivalent economic
value of other products such as pea and faba bean on the basis of their most
important contribution to pig feeds, namely the essential amino acid lysine and
metabolizable energy.

500 -

400 1

300 -

200 -

100 ~

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Year

Peas, farm-level selling price — — - Feed wheat, purchase price
Broad beans, farm-level selling price — — - Soybean meal, purchase price

Fig. 13.1. Changes in the purchase prices of soy- and wheat-based feed and
farm-level selling prices of major feed grain legumes in Europe. (From Eurostat,
2015a, b.)
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Introducing the purchase prices for feed wheat and soybean meal into the
calculator shows that, since around 2010, the equivalent economic value of pea
and faba bean for pig production is considerably higher than the prices that the
farmer would receive for selling those products (Fig. 13.2).In 2014, the difference
between the value based on feed characteristics and the market price was more
than €100/t (+55%) for pea and €28/t (+10%) for faba bean. In the German case
study example, this surplus would raise pea gross margins to a positive value (see
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Fig. 13.2. Changes in farm-level (crop selling) prices and calculated feed value
based on farm purchase prices for alternative feed ingredients (according to LLH,
2012) for faba bean (A) and pea (B), based on prices from Eurostat (2015a, b).
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Table 13.1). Marketing legumes outside the feed sector holds further potential for
improving their crop-level economic value. There are high-quality and high-price
niches for legumes. Examples include the use of lupin in a number of new food
products, such as PlantsProFood (Pro Lupin, 2014), or the non-food sector,
including renewable resources for biorefineries (Papendiek et al., 2012; Papendiek
and Venus, 2014).

Conclusions

There is an economic under-valuation of legumes due to the lack of consideration
of their wider effects in cropping systems. European-grown pea and faba bean
are often under-valued in markets in relation to their feeding value. Thus, our
calculations show that the economic value of legumes is substantially higher
than commonly perceived. Legume-supported systems performed economically
well where:

* the use of nitrogen fertilizers is restricted (e.g. organic farming, water protec-
tion areas);

¢ legume grain has a high value (e.g. soybean, grains for food uses, grain for
local or on-farm feeding);

»  otherbroadleaved crops are not particularly profitable (e.g. in parts of Spain); and

e grain legumes support effective reduced-tillage systems.

Through systematic cropping system design and economic evaluations at
rotation level, we identified a number of cropping systems with the potential
to improve both economic and environmental performance compared with
standard rotations, which would not be identified using standard gross margin
analysis.

Beyond these farm-economic (private) implications of legumes, we identi-
fied environmental (public) benefits of legumes that are not always recognized.
A comprehensive assessment of entire supply chains could help to identify fur-
ther levers for developing legume cropping and use. Increasing prices of nitrogen
fertilizers and of soy imports will slightly improve the competitive situation of
legumes, but this alone will not tip the balance to more diversified production sys-
tems throughout Europe. As the competitive advantage of cereals and oil crops is
a result of technical and policy efforts in recent decades, we expect that similar
efforts could raise the competitiveness of legumes to a similar level.
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Abstract

The cultivation of legumes is low in Europe. Public policy incentives and/or regulations
have a role to play in changing this. This chapter examines six such policies. The CAPRI
(Common Agricultural Policy Regional Impact) model, a partial equilibrium model for the
agricultural sector, is used to simulate the effects of these policies and compare them to
what would happen if no policy action were taken. Five of these policy scenarios are aimed
at grain legumes (pulses and soybean), and one at forage legumes (in particular, clover).
Three of the policies could be incorporated into the Common Agricultural Policy, whereas
the other three are more general in nature: related to consumption, international trade
and climate-change mitigation. It is the latter two that are likely to have the most signifi-
cant effect on the cultivation of grain legumes.

Introduction

Preceding chapters in this book describe cropping and forage systems containing
legumes which, if realized, would contribute to the sustainable development of
European agriculture. The overall costs and benefits of these systems for farm
businesses and society have been clarified — weighing the effects on environ-
mental sustainability and social well-being. This chapter addresses the question of
how policy can help to promote these systems. It is based on research conducted
in the Legume Futures project (Helming et al., 2014).

There are two reasons why policy intervention is needed. First, many farmers
lack reliable information on the most suitable legume crops and how to integrate
them into their farming systems. This is a consequence of the decline in on-farm
technical knowledge about legumes as well as the lack of progress through research.
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Second, even though legumes can be a profitable option for farmers, in many
situations other crops provide more net revenue. Hence, legumes are used less in
farming systems than is desirable from a societal point of view. In the economist’s
parlance, there are positive economic externalities in growing legumes. This calls
for policies to increase the area under legumes.

What, then, can these policies be? It has been famously said that there are
three kinds of policy instruments: carrots, sticks and sermons (Bemelmans-Videc
etal., 2003). Carrots are incentives (positive or negative) that make the desired de-
cisions more attractive or undesired options less attractive. They narrow the gap
between private and social costs and benefits using either subsidies or penalties;
we may also say that they are a way to internalize economic externalities. Sticks
are regulations that force private decisions more in line with the desired state.
Sermons are what Anderson (1977) calls structured options: programmes that
individuals can use as they see fit. In our case, a sermon can consist of informa-
tion provided to land users on how to incorporate legumes into farm practices.
Another possibility in the ‘sermon’ category is the labelling of the products of par-
ticular farming systems, such as is currently done for organic production. Many
farmers will also respond to the opportunity to produce in a more sustainable way,
as long as the cost is not excessive in relation to their (private) benefits.

Farming in Europe is heavily affected by European Union (EU) policies, and the
Common Agricultural Policy (CAP) offers plenty of opportunities for influencing
farmers’ behaviour. This chapter focuses on options that may be envisaged as part of
the CAP, although possible policies to be formulated at national or regional level
will also be considered. Growing legumes can be influenced also by policies outside
the realm of agriculture itself. We first discuss how the CAP has influenced legume
growing in Europe until now. From there we consider the formulation of possible
policies within and outside the CAP framework which may help to promote the leg-
ume-inclusive systems described in this book. These policies have been simulated
with the help of the Common Agricultural Policy Regional Impact (CAPRI) model,
a partial equilibrium model for the agricultural sector in a European context.

Legumes and the CAP

The area under grain legumes in Europe declined from 5.8 million ha in 1961 to
1.9 million ha in 2011 (Eurostat, 2015). This is not solely due to the CAP, it is also
part of a wider process of change: increased consumption of animal products to
the detriment of vegetable sources of protein facilitated by the large-scale import-
ation of soy to feed the expanding European livestock herd. However, measures
under the CAP have contributed to the decline. Market support for arable crops
focused on cereals in the early years of the CAP, leading to an expansion in wheat
and barley at the expense of pulses.

Policy makers saw the decline in legumes as problematic: the role of legumes
in enhancing soil fertility was well known. Also in the interest of food security
(a principal objective of the CAP), there was a case for maintaining protein-rich
legume crops. In order to rectify this imbalance, market support for ‘protein crops’
(pea, faba bean and sweet lupins) was introduced in 1978. This stopped the decline
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in the countries that were then members of the Common Market (Fig. 14.1). In
the late 1980s there was even an increase due to the need for protein-rich animal
feed. The 1992 ‘MacSharry’ reform of the CAP, designed mainly to curb excess
production, restricted support to cereals and thereby probably helped the relative
position of legumes. At the same time, however, the Blair House Agreement put
a ceiling on the support for European oilseeds (which includes the legume soy-
bean): a maximum was set on the land area that could receive support, as well as
on the amount of oilseed by-products that could be harvested from set-aside land
(where non-food crops including legumes could be grown). It is not certain that
this agreement actually enforced a decline in legumes, but it did not help their
growth potential.

The protein crop premium was finally abolished in 2006, although there was
some limited support for these crops under Pillar 1 (production support) until
2012. This support was given only in some countries at their discretion and it
was coupled to the cropped area, not to production. The decoupling process was
completed in 2012 and this limited area support was discontinued. However, in
some countries (e.g. Hungary, Poland, some regions in Spain and Italy) legumes
still continued to be subsidized under Pillar 2 (rural development) because of their
environmental benefits. This support was also area-based.

A new phase of the CAP began in 2014. Pillar 1 now consists primarily of
direct payments on a per-hectare basis, decoupled from production. However, 30%
of these payments are conditional on so-called greening measures by the farmer:
(i) crop diversification (for larger arable farms); (ii) maintenance of permanent
grassland; and (iii) maintaining so-called ecological focus areas (EFAs) on 5% of
farmland, later to be expanded to 7%. Both the crop diversification requirement
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Fig. 14.1. Area under grain legumes in the European Union (EU) (from FAOSTAT,
2015). EU-9: the six founding members of the European Communities plus the three
countries that joined in 1973 (the UK, Ireland and Denmark); EU-28: the 28
members of the EU since 2013.
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and the EFA may favour legumes. Exactly how EFAs are defined is left to member
states, but permitted practices include natural or semi-natural vegetation such as
buffer strips next to watercourses or hedgerows, or cultivation with annual rota-
tion without the use of agrochemicals (European Commission, 2013). Growing
legumes could fit in this policy, as has happened in, for example, the UK, but this
remains controversial in the environmental policy community (Dicks, 2014;
Ehlers et al., 2014).

In addition to these greening requirements, member states may also still include
support for legume cultivation under the agri-environment schemes in Pillar 2, as in
the past. These schemes are co-financed by the member states themselves.

Forage legumes may be grown as monocultures or included in a grass sward.
No measures have been undertaken under the CAP to promote the growing of
forage legumes specifically. Data on the use of forage legumes are patchy, but the
general trend of intensification in farming has led to grassland management that
favours those species which provide the most productive fodder in terms of en-
ergy and respond positively to applied nitrogen. This notably means an increase
in grasses at the expense of broadleaved plants which include legumes (Boatman
etal., 2007).

Policy Scenarios

Judging from the considerable environmental benefits of growing legumes com-
bined with the current negative trend in producing them in Europe, there appears
to be a good case for policy intervention. The challenge is to find policies that could
bring about the required result without negative side effects. This is where eco-
nomic modelling can help. Policies can be cast in the form of possible scenarios,
each of which is simulated by the model so as to explore its impact on the envir-
onment as well as on the economy. The outcomes of these scenarios are compared
not with the present situation but with a counterfactual indicating what would
happen in the absence of said policy. As part of the Legume Futures project, we
modelled different scenarios relating to policies that might be used in future to in-
crease the production of legumes. The impact of these policies is compared with a
reference scenario describing the situation in 2020 if no new measures are taken
to increase the growing of legumes. The policies are as follows.

1. Hectare premia for grain legumes. Premia existed in the CAP in the recent
past. Unlike the policy before the 2003 reform, it would be linked to area rather
than production.

2. Legumes included in EFA. Under this policy, legume production would fulfil
the EFA obligation under the current CAP. As mentioned above, this would be con-
troversial as the EFA is meant for semi-natural vegetation. However, legumes have
ecological benefits and the policy could include restrictions on the use of agro-
chemicals so as to maximize these benefits.

3. Compulsory forage legumes. A compulsory percentage of clover in grass
swards is modelled, but other legumes could be used. The simulated regulation is
arequirement to have a proportion of clover of 25% in all grassland.
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4. Meat tax. This scenario includes a tax on meat consumption, coupled with a
subsidy on vegetable protein (which legumes produce in large quantities). Such a
policy would not only address the need to grow more legumes, but also more gen-
erally the environmental burden of the rapid increase in livestock production.

5. Carbon taxes in agriculture. Under current policy, farmers are not included
in the emission trading scheme, although fertilizer manufacturers are. Under the
scenario examined here, all farmers would be taxed for the amount of greenhouse
gas (GHG) emissions (not only carbon dioxide (CO,), but also methane (CH,) and
nitrous oxide (N,0)). Conversely, the reduction of emissions through carbon
storage would be rewarded.

6. Genetically modified (GM) soy imports. Finally, the potential future ef-
fects of an existing policy are examined — effects that are not considered in the
reference scenario. European livestock production has become heavily de-
pendent on imported soybean as a source of protein. Most of this soybean is
GM and subject to a lengthy process of approval. This presents a problem for
the future: as more and more GM cultivars are developed, the approval process
will lag increasingly behind the commodity markets. Moreover, since there is
a zero-tolerance policy in force for the presence of non-approved cultivars in
soy shipments, it will become increasingly risky for traders to ship soy to the
EU, as the entire shipment may be rejected without compensation if trace
quantities of non-approved GM cultivars are found in the load. This can cause
disruptions in the soy trade (Nowicki et al., 2010). Under the scenario, the
worst case is assumed, where a large proportion of imported soybean cultivars
have not been approved and zero tolerance for traces of such cultivars is main-
tained. The resulting shortage of imported soy would promote the production
of soybean and other grain legumes in the EU.

The first two of these policies are standard components of the CAP. The third
one could theoretically be included in the CAP as well. The meat and carbon taxes
are not CAP policies, but could be undertaken as general policies to promote a
healthier lifestyle (the meat tax) or to mitigate climate change (the carbon tax).
The last scenario is a consequence of an existing policy that could lead to stimu-
lating legume production in Europe. Because of the risk of severe disruption of
livestock production, it is unlikely that the current policy on importing GM soy-
bean for feed will continue in its present form: the project (Nowicki et al., 2010)
in which it was modelled was conducted to apprise the European Commission of
the risks involved.

Simulating the Policies: the CAPRI Model

These policies were simulated with the CAPRI model. It is a partial equilibrium
model for the agricultural sector and, as the name indicates, it can specify the
impact of CAP measures on farmers’ behaviour for each region (according to
the Nomenclature of Units for Territorial Statistics (NUTS) 2 territorial classifica-
tion) in EU member states, as well as in some other European countries (Britz et al.,
2007).
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The model consists of a supply module and a market module (Woltjer et al.,
2011). The supply module represents up to ten farm types in each NUTS2 region.
The data come from Eurostat’s Economic Accounts for Agriculture with 2009 as the
base year. The farm models have fixed input—output coefficients for each production
activity with respect to land and intermediate inputs, in many cases with a low- and
high-yield variant. Fertilizer and feed requirements are taken into account. A land
supply module allows for land leaving and entering the agricultural sector and trans-
formation between arable and pasture land, both in response to relative price changes.

The market module is a comparative static global multi-commodity model.
It covers 47 primary and secondary agricultural products, and models trade
between 60 countries grouped in 28 trade blocks. Among these agricultural
products are two legume categories, pulses and soybeans. Apart from market-
able agricultural outputs, it contains a specific sub-component that models the
feed market. The behavioural equations for supply, feed, processing and human
consumption have flexible functional forms. Calibration algorithms make the
coefficients in these functions consistent with micro-economic theory.

Labour and capital costs are captured by a non-linear cost function. These
cost functions are calibrated so as to mimic the base data and to capture informa-
tion about supply elasticities. The models allow for much of the detail in CAP re-
gulations. Prices are exogenous in the supply module and provided by the market
module. Grass, silage and manure are non-tradable and receive accounting prices
based on opportunity costs.

CAPRI uses templates that are filled with different parameter sets for different
regions and products. This reduces maintenance cost and makes results com-
parable across products, activities and regions. The modular set-up allows inde-
pendent use of the different components.

The CAPRI output includes economic variables such as land areas for dif-
ferent crops, crop and animal production, agricultural prices, farm incomes and
budgetary costs, and also environmental variables such as GHG emissions, nitrate
and phosphate surpluses, and energy use.

Since CAPRI is a partial equilibrium model, it cannot forecast what happens
in other sectors of the economy, outside agriculture. This is another reason why
the policy scenarios are structured in such a way that they are neutral in terms of
government budget and in taxes and subsidies for farmers. Were this not the case,
we would have to take the effect of our policies on other sectors into account, and
a general equilibrium model would be needed, which cannot provide the kind of
detailed output on agriculture that CAPRI can.

Like most economic models, CAPRI is designed to simulate effects in the short
and medium term, so we have modelled 2020 as the target year. This is a limita-
tion, as a significant part of the impact of growing legumes is a long-term process,
but we cannot know what trade and prices will do in the longer run.

Another limitation that has some effect on our outcomes is that CAPRI can
only simulate the expansion or contraction of existing crops in any particular re-
gion, not the introduction of a crop in a region where it was not grown before. The
model contains parameters for all crops that are grown in a region, and not for
those that might be grown. Finally, it may be noted that Croatia is not included in
the simulation, as it was not an EU member state in the base year.
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Results

It must be remembered that we cannot pronounce on the probability of any of
the scenarios coming to pass. The reference scenario is merely a continuation of
recent trends. The GM scenario describes what might happen under certain new
circumstances if current policies are not modified. The new circumstances are
highly likely, but current policy will probably be modified in response to those cir-
cumstances. It is very important also to remember that the scenario changes are
in relation to the reference scenario.

Reference scenario

In the reference scenario (i.e. with a continuation of current trends) there will
be a further decline in the cultivation of legumes. The area under pulses will de-
crease by 327,000 ha or 24% over the period 2009-2020. However, cultivation
of soybean will increase, by 213,000 ha or 70%, meaning an overall net loss of
114,000 ha for grain legumes or 7% of the grain legume area in 2009. Figures
per country are shown in Table 14.1. Large increases in production under the
reference scenario are predicted due to an expansion of soybean cultivation in
countries where the climate is suitable and where the crop is presently grown only
on a small scale.

Hectare premium for grain legumes

The rationale behind this policy would be that legumes are often less profitable
than other crops, but that they provide environmental benefits. Since these ac-
crue to society at large rather than to the farmer who delivers them, the farmer
would tend to produce fewer legume crops than would be in the interest of society.
We have defined the premium in such a way that up to 2% of the CAP budget
for direct farm payments (Pillar 1) in any one NUTS2 region is allocated to leg-
umes. In order to avoid excessive premia per hectare in regions with very small
areas under legumes, the premium cannot be higher than the average direct farm
payment per hectare at national level. As the area under legumes increases with
the premium, the payment per hectare is reduced so as to avoid overshooting
the budget. The resulting annual payments in the scenario range from €70/ha
(Latvia) to €425/ha (Greece).

This leads to an increase of the area under grain legumes of 12% in 2020
compared with the reference scenario. This is not very large, but at least it means
that there will be a slight increase, as opposed to the decrease projected in the
reference scenario. As can be seen in Fig. 14.2, the effect differs between regions,
with some regions even experiencing a decrease in the area under legumes. This
is probably due to price changes: as more legume products come onto the market,
the price will be reduced and this will make cultivation unattractive to some
farmers. This is the case in Romania and Bulgaria, where direct farm payments
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Table 14.1. Area under grain legumes in 2009 and in 2020 under the reference scenario.

2009 2020 (reference scenario)
Percentage
As a percentage As a percentage  change
Country Thousand ha  of arable (%) Thousand ha  of arable (%) in area (%)
Austria 47 3.3 84 5.5 80
Belgium 2 0.2 1 0.1 —68
Bulgaria 8 0.8 45 1.3 474
Cyprus 2 0.9 1 0.8 -19
Czech Rep. 36 0.7 69 2.3 92
Denmark 7 0.3 2 0.1 =75
Estonia 5 0.2 5 0.8 -7
Finland 7 0.3 7 0.3 3
France 263 1.3 221 1.1 -16
Germany 83 0.7 81 0.6 -2
Greece 21 0.6 19 0.6 -8
Hungary 52 4.3 87 1.8 68
Ireland 4 0.4 3 0.3 -1
Italy 210 2.1 92 0.9 -56
Latvia 3 1.6 2 0.2 -39
Lithuania 47 0.3 43 2.1 -10
Malta <1 0.2 <1 0.2 -33
Netherlands 3 0.3 0.5 0.0 -84
Poland 129 8.8 79 0.6 -39
Portugal 15 0.7 4 0.2 —74
Romania 104 14.2 148 1.5 43
Slovakia 20 1.4 24 1.6 18
Slovenia 1 0.6 6 2.7 582
Spain 315 1.8 309 1.8 -2
Sweden 26 1.0 15 0.6 -41
UK 242 4.0 191 3.1 —21
EU-27 1652 1.3 1538 1.2 -7

are lower to begin with, so the premium may not be sufficient to offset the lower
price for the produce.

Apart from the increase in area under legumes, the policy will have other

effects on land use. First, it becomes more attractive to grow crops rather than
to maintain pasture, so some grassland will be converted to arable land: about
42,000 ha compared with the reference scenario. Second, because direct farm
payments decline generally where legumes are not grown, some land will be taken
out of production. This will occur on 27,000 ha, or 0.015% of the total utilized
agricultural area (UAA), mostly in Scotland and north-western Spain.

Economic effects of the legume premium include the following.

Lower imports of soy and pulses.

Redistribution of direct farm payments in favour of farmers who grow leg-
umes at the expense of those who do not (including livestock farmers); the
total amount per country does not change.
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*  Although total CAP payments do not change on balance, there is an increase
in overall farm income by 0.08% due to slightly higher prices for all crops
other than legumes.

e There is on balance a slight advantage to consumers (€36 million/year) due
to price effects — although most crops become more expensive, animal prod-
ucts become cheaper.

e On the other hand, there is a cost to taxpayers (€50 million/year), and since
consumers are also taxpayers there is no net gain.

e The net effect on the economy is a positive €139 million, or 0.01% of gross
domestic product (GDP).

Legumes included in EFAs

If growing legumes fulfils the EFA requirement under the new CAP, the farmer
would choose between growing legumes and various types of fallow: (i) simply
not using the land; (ii) buffer strips; (iii) hedges; or (iv) some other form of semi-
natural vegetation. His or her choice will depend on the costs and revenues of
options in different regions. Overall, we forecast an increase in uncultivated land
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Fig. 14.2. Change in cultivation of grain legumes under hectare premium scenario.
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of almost 3 million ha while legumes increase by no more than 50,000 ha rela-
tive to the reference scenario. Once again, the effect differs strongly by region,
with many regions showing an even stronger decrease compared with the refer-
ence scenario, with significant increases elsewhere. Moreover, the geographical
pattern of increase and decrease of legumes differs from that under the hectare
premium scenario.

These results seem counter-intuitive: the policy implicitly subsidizes legumes,
so how can this lead to a decline in some regions (although not a decline in the EU
as a whole)? To understand this, we must consider that the costs and revenues of
growing legumes in comparison with leaving the land fallow are different in each
region. Moreover, the overall increase in legume cultivation (albeit slight) causes
a decrease in price. In regions where the profitability of legumes is marginal, this
price change may tip the balance and cause a decrease in their cultivation. In such
regions, the area under legumes will be small, meaning that a decrease of a few
hundred hectares may constitute a decrease of over 10%. The hectare premium,
on the other hand, may be sufficient to persuade these farmers to increase the area
under legumes. It is precisely such counter-intuitive results that make a model
such as CAPRI a useful tool for predicting the impact of agricultural policies.

The environmental and welfare effects of the policy will be similar to those
of the hectare premium scenario, but even smaller — in line with the limited effect
on land use.

Compulsory forage legumes

It is estimated that grassland in the EU contains only 5% clover on average, but
the percentage varies widely per country. An increased share of clover will reduce
the dry matter yield of the grassland where it is already heavily fertilized, but it
is more difficult to say what happens to nutritional value (energy and protein).
The data coverage on this point is limited, and the outcome varies per country for
those countries where data are available. Hence, only the impact on dry-matter
yields could be modelled in CAPRI.

From the point of view of a farmer who uses synthetic nitrogen fertilizer, in-
creasing the proportion of clover means that additional feed needs to be purchased
in order to have the same total quantity of stockfeed (in terms of dry matter) for the
same number of animals. The farmer saves money on the fertilizer he or she does
not need to use, but this saving is less than the extra feed cost. The net increase in
cost is on average 2.5%. The resulting lower profitability of livestock will lead to a
slight decrease in the livestock herd. As with other policies, the effect will not be
the same throughout Europe, and under some conditions a grass—clover mix can
be more profitable than pure grass, such as when the ratio of fertilizer price to milk
price reaches a tipping point (Humphreys et al., 2012; see Chapter 9, this volume).

Compared with the alternative of fertilized pure-grass swards, grass—clover
mixtures produce lower emissions of N,0 and ammonia (NH,), as well as
leading to a decrease in CO, emissions from the manufacture of nitrogen
fertilizer (see Table 14.2). Methane emissions also decrease, due to the reduction
in livestock herd.
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Table 14.2. Environmental impact of the forage legumes scenario.

Difference with

Type of impact reference scenario (%)
Ammonia emissions -0.7
Methane emissions -14
Global warming potential -2.1
N input with mineral fertilizers -15.0
N input with manure (excretion) -1.2
N input with crop residues -3.3
Biological nitrogen fixation 130.8
Atmospheric N deposition 0.0
N export with crop products -25
N surplus total —4.6
Meat tax

The meat tax policy is implemented in such a way that 2.5% of meat consump-
tion is substituted by vegetable proteins, in particular, pulses. This is done by first
taxing the margin between producer price and consumer price of meat products,
such that consumption will decrease by the target 2.5%. Next, a subsidy is applied
to the same margin in pulses, until their consumption rises by an amount equiva-
lent to 2% of meat consumption (pulses contain more protein than meat, so the
protein content of food remains the same). These changes are iterated until the
increase in protein consumption from pulses is equal to the decrease in meat pro-
tein for the EU as a whole. The result is achieved by taxing meat production by an
average 7% of the margin between producer and consumer price, and by subsid-
izing the same margin in the pulse price by, on average, 50%.

Since this is not a specifically agricultural policy but a general one (it could be
implemented either at European or at national level, although only the European
option is considered here), its effect on land use is indirect. The direct effect is on
prices: consumer prices for pulses go down while the price paid to producers goes
up, and the reverse happens for meat products (Table 14.3). CAPRI projects a de-
crease of meat consumption by 1.1 million t or 2.5%, whereas human consump-
tion of pulses goes up by 865,000 t or 72%. However, not all of this change in
consumption means a parallel change in production: net exports of meat increase
and so do net imports of pulses; moreover, less pulse produce is used for animal
feed. On balance, production of meat decreases by 1.5% and domestic production
of pulses increases by 2.9%.

The area under pulses increases proportionally to the increase in production,
but the production of soybeans does not increase, because the decrease in meat
consumption reduces demand for soy. Hence, the increase in area under legumes
as a whole for the EU-27 is only 25,000 ha. This represents a 1.7% increase as
a percentage of the arable area — lower even than the previous policy scenario.
The spatial pattern is similar to that of the EFA scenario: decreases mostly in the
Netherlands, Ireland, Sweden, Finland, southern Greece and the Italian islands;
increases in Denmark, Brittany and the Baltic states.
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Table 14.3. Price effects of the meat tax scenario.

Change under meat tax scenario

Percentage
Reference scenario Absolute difference difference with
(2020) with reference reference

Producer GConsumer Producer Consumer Producer Consumer

Product price (€/t) price (€/t) price (€/t) price (€/t) price (%) price (%)
Pulses 278 2518 14 —855 4.9 -34.0
Beef 3408 6798 -84 159 -2.5 2.3
Pork meat 1592 4436 -55 157 -3.4 3.5
Sheep and goat meat 5388 5747 -51 138 -0.9 2.4
Poultry meat 1578 4668 -16 94 -1.0 2.0

Total GHG emissions from agriculture decline by 0.4%, not so much due to
the increase in legumes but more to a decline in livestock production, which in
turn means less land needed for feed. Ammonia emissions are reduced by 0.6%
for the same reason.

Farmers’ income declines under this scenario, particularly in areas with few
legumes but much livestock, which is the case over much of north-west Europe.
This might lead to further farm consolidation, although that phenomenon is not
modelled in CAPRI. The increase in farming scale is primarily driven by technology;,
but smaller farmers are forced out more quickly where margins are squeezed.

Carbon tax for agriculture

The carbon tax scenario is not modelled as an overall tax on GHG emissions, but
only on emissions from the agricultural sector. CAPRI is not suited to simulating
the effect of taxes on all sectors. In the particular version of the scenario discussed
in this chapter, a price for emission rights of €72/t of CO, equivalent is used. This
price is based on the Stern Review of 2006, corrected for inflation, and is the price
that would be necessary to keep climate change at an acceptable level. It is much
higher than recent prices on the emissions market. The policy means that farmers
are taxed for all GHG emissions (including nitrous oxide from nitrogen fertilizer
use), and conversely rewarded for diminishing these emissions (including the
storage of carbon in the soil).

Under these conditions, the cultivation of legumes would increase by 62%,
to 3.5 million ha in 2020. This increase would take place in almost all parts of
Europe (Fig. 14.3). In many regions, notably in parts of Spain, France, Romania,
Germany and Scotland, the area under grain legumes would more than double.

There are numerous other effects. Most importantly, livestock farming would
become less profitable, and beef cattle in particular would decrease. The total util-
ized agricultural area would decrease by 1.6%, mostly because of a decrease in
intensive grassland. The area under fallow would increase significantly, as this
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would avoid GHG emissions. The same explains a shift from intensive to extensive
grassland (which would be richer in clover): the latter attracts less carbon tax, and
the lower land price (another result of this policy) would make extensive land use
more interesting to the farmer.

The increases in area under legumes and fallow land, along with the shift
from intensive to extensive grassland, all produce positive and fairly significant
environmental effects (Table 14.4). The actual impact is even larger, as not all
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Fig. 14.3. Change in cultivation of legumes under carbon tax for agriculture scenario.

Table 14.4. Environmental impact of carbon tax scenario.

Type of impact Reference (1000t)  Carbon tax (% change)
N input from mineral fertilizer 10,690 4.4
N input from manure 9,086 -3.6
Nitrous oxide emissions 743 -3.4
Methane emissions 7,899 -3.6
Total GHG emissions from agriculture (CO,,) 396,156 -3.6
Ammonia emissions 2,412 -3.3

CO,,, Carbon dioxide equivalent; GHG, greenhouse gas.
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effects are included in CAPRI: although the concept of the carbon tax means that
the increased storage of carbon in the soil under legumes is credited to the farmer,
this effect is not measured by CAPRI and thus cannot be quantified.

The net effect on average farm income would be very small, as the rev-
enue from the tax is returned to the farming sector in the form of rewards
for mitigating GHG emissions. Since some farmers will be more successful
at changing their practices than others, some will benefit while others will
lose out.

GM soybean imports

Nowicki et al. (2010) modelled several possible scenarios in CAPRI, of which the
more serious one assumes that many new GM cultivars not approved for food and
feed in the EU are introduced in all major soy-exporting countries. Under policies
currently in force, this scenario is deemed plausible, although in recent years the
industry has been responding to the demand for non-GM soy and the premium for
those cultivars has reportedly come down. The scenario would lead to a cessation
of soy imports from the major suppliers: the USA, Argentina and Brazil, as well as
from Paraguay (a minor source). In all of these countries, the different cultivars
of soy are grown in close proximity, such that the risk of traces of unapproved soy
in batches of approved soy is high. Only Canada and some parts of Brazil, where
GM and non-GM production areas are geographically separated, would continue
to supply soybean to the EU.

The effects would be multiple and complex, but one of them would cer-
tainly be an increase in the production of soybeans as well as other legumes in
Europe. Nowicki et al. (2010) showed that the total area under grain legumes
would increase by 1 million ha, half in the form of soybeans and half in peas
and faba beans, which would serve as substitutes for soybeans. This represents
an increase of 67% over the reference scenario and would nullify the decline
in legume area over the last 25 years or so. Production would increase even
more, as the higher prices (the instrument through which farmers would be
motivated to grow legumes) are also an incentive to seek increased yields. The
land used for legumes would come at the expense of other arable crops, an
effect made even larger because maize (of which the EU imports some 50-60
million t/year) would also be affected by the trade disruption, necessitating
increased domestic production of maize for stockfeed. Even some land now
under vegetables or permanent crops would be converted to growing maize
and legumes.

The economic effect would be a loss to the livestock sector, against which ar-
able farmers would gain. On balance, the agricultural sector would neither lose
nor gain, although there would be a redistribution of income among different
groups of farmers. Consumers would be affected by higher prices of animal prod-
ucts, to the tune of €10.5 billion/year across the EU.

Nowicki et al. (2010) do not specify the environmental impact of this scen-
ario, but we estimate that it would be similar to the impact of the carbon tax
scenario.
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Discussion and Conclusions

The scenario outcomes must be seen not in comparison with today’s situ-
ation, but in relation to the reference scenario. Policies prevailing in 2013
are likely to lead to further decline in legume cultivation. The question that
the policy scenarios are designed to answer is whether they are able to reverse
this trend.

Our analysis indicates that measures which can be included in the CAP with
relative ease are unlikely to reverse the trend of declining legume cultivation in
Europe. Only much bolder policies, such as an ambitious climate change strategy,
could achieve that. How plausible are such scenarios, and to what extent may we
trust their results?

Accepting legume cultivation as a way to fulfil the EFA obligation is the least
controversial policy, since use of nitrogen-fixing crops (i.e. legumes) has been for-
mally accepted as a permissible land use in EFAs in 201 3, although member states
may implement this possibility as they see fit. In the Netherlands, for instance,
only perennial legumes (i.e. forage crops such as clover or lucerne (alfalfa)) are
allowed. Hence, our modelling of this scenario may be regarded as a forecast of
the impact of an existing policy — albeit one that is not included in the reference
scenario, as it was not yet known at the time that the reference scenario was built.
Yet, even this policy is not without controversy: some in the environmental policy
community see it as less beneficial for the environment than the alternatives such
as semi-natural vegetation. As we saw in the previous section, farmers, too, might
find the option less attractive than fallow. That is why we predict its effect to be
very small.

The premium per hectare for growing grain legumes is the most straightfor-
ward of our scenarios, and one that has been effective in the past. However, it goes
against the trend of CAP reforms over the last 15 years, which will make it less
attractive to policy-makers. To make the scenario a little more realistic, we have
made the premium independent of production quantity and also set it up in such
a way that the premia would be limited in terms of the amounts paid per hectare
and as a percentage of total CAP payments under Pillar 1 (direct farm payments).
Such a modest policy produces modest results, but a greater impact on legume
production than the EFA measure, and is probably more acceptable from an envir-
onmental perspective. We predict that the declining trend of legume cultivation
would be reversed into a modest upward one.

The forage legume scenario was chosen to provide a focus on this important
crop group. As expected, the environmental impact is favourable, not only be-
cause of the direct effect of forage legumes on reducing fertilizer needs and ni-
trous oxide emissions, but also because the livestock herd is reduced, leading to
reduced methane emissions. The policy comes at a cost to grassland farmers, who
might of course be compensated for this if the environmental benefits are deemed
sufficiently high.

Promoting a change in consumption patterns by taxing meat and subsidizing
vegetable protein is attractive in that it directly addresses consumption patterns
to protect the environment. It is unlikely to come to pass as a European policy,
although it might be considered by individual member states; in our scenario we
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have considered only the situation where such a policy would be implemented in
all member states. One might have expected that if the demand for meat decreased
then farmers would respond by changing their production in the desired direc-
tion. CAPRI forecasts a different outcome because trade is affected more than pro-
duction. Less meat would be imported and more exported, and the opposite would
apply to protein crops. The overall effect on the area dedicated to legumes would
be minimal: whereas production of pulses would increase, soybean production
would not. Meanwhile, the direct economic cost to both farmers and consumers
would be high. We have not included a calculation of the health benefit of the
change in consumption patterns, because doing so would require: (i) an estimate
of the healthy life years (HLY) gained by the change; and (ii) an estimate of the
monetary value of an HLY. There exists a body of literature for the latter (see, for
instance, Schoeni et al., 2011), but the former is highly controversial and the sub-
ject of a debate beset by ideological differences.

The carbon tax would have a large effect. The carbon tax scenario would
fit into a more ambitious climate-change mitigation policy than currently pur-
sued in the EU. Its cost in direct welfare terms would be quite substantial both to
farmers and to consumers, but in the long term the benefits might well outweigh
them (Kuhlman and Linderhof, 2014).

The GM scenario too would have a very significant impact, both on the live-
stock sector in general and on the cultivation of legumes. However, it is precisely
this impact which may provoke policy makers to push for a modification of cur-
rent policy on GM. The rationale behind the study from which our findings are
drawn was to warn of the possible consequences of that policy.

Turning to the question of the reliability of our results rather than the plausi-
bility of the scenario assumptions, naturally this is affected by the assumptions
and limitations of the CAPRI model. For one thing, as the model does not contain
parameters and data for the cultivation of crops not grown in a particular region,
it cannot simulate introductions, only expansions or contractions. As the various
maps show, there are only a few regions in Europe where no legumes are grown
(or more correctly, where existing data do not show them). CAPRI models two
types of grain legumes, soybeans and pulses, and whereas pulses are widespread,
soybeans are grown only in a limited number of regions. Undoubtedly, measures
to promote legumes would cause them to be grown in some regions where they
are not presently grown but could be. This problem may well lead to an underesti-
mation of the effect of all legume-promoting policies.

Compulsory forage legumes present another difficulty: CAPRI does not con-
tain forage crops other than silage maize, although it does have data on clover in
grassland. The model is also limited in that it only simulates the effect of clover on
biomass quantity, not on its quality; in other words, the higher protein content of
a grass—clover mix is not taken into account. Also in this case, the model yields
a conservative estimate of the benefits of legumes. Moreover, a policy on forage
legumes might well stimulate innovations in pasture management, such that the
extra cost to farmers would be minimized or even reversed.

Financial incentives are only one way of influencing farmers’ behaviour.
Progress in research on legumes, and the application of this knowledge to local
conditions, may well make them more attractive than they are today. Policies



242 Tom Kuhlman et al.

promoting not only such research but also cooperation between researchers and
farmers will reduce the profitability gap between legumes and alternative crops.
Such policies, which we might term ‘sermons’ as opposed to ‘carrots’ (financial
incentives such as the legume premium, the EFA policy, the meat tax and the
carbon tax) and ‘sticks’ (regulations such as the compulsory clover-in-grassland
policy), would be a departure from the focus on increasing the yield of crops such
as wheat or potatoes. The effect of research and extension may be less predictable,
but not necessarily smaller than the effects we are able to simulate by modelling.

Nevertheless there is undoubtedly a role for carrots and sticks as well as ser-
mons. Concluding from our research, the most promising way to promote grain
legumes would be through a policy taxing GHG emissions at a fairly high rate;
that policy would not be restricted to the agricultural sector and would produce a
much wider impact than analysed here. An additional policy would be needed to
promote forage legumes in grassland; we have shown only one example of such a
policy, but inventive policy makers may well come up with better ones. Our model-
ling exercise did not discuss management practices such as rotation patterns with
legumes. CAPRI is not equipped to deal with them, but legume-friendly policies
may well consider such aspects.
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1 5 Developing Legume Cropping:
Looking Forward

DoNAL MuURPHY-BOKERN®

Kroge-Ehrendorf, Lohne, Germany

Europe is self-sufficient in most agricultural commodities that it can produce. It
is even a net exporter of cereals. This remarkable productivity can be attributed
to specialization in high-yielding cereals and oilseeds supported by synthetic
nitrogen fertilizer, and large imports of soy from North and South America.
However, this productivity comes at a cost for the environment linked to imbal-
ances in European cropping systems. By 2010, when the Legume Futures project
was initiated, awareness of these imbalances in our agricultural and food sys-
tems was already the subject of discussion in the mainstream agricultural policy
community.

This book is the work of 58 authors from across Europe and beyond. Most
have received support from the European Union (EU) for research and innovation
activities that aim to support legume production. Almost all have received some
form of public support. The total support certainly runs to several tens of mil-
lions of Euros. In addition to Legume Futures, the EU has invested in LEGATO,
LEGRESIST, EUROLEGUME and ABSTRESS, among others. National governments
have invested in projects such as CLIMATE CAFE, MEDILEG, REFORMA, COBRA
and NORFAB. There are many other projects and more regional initiatives to sup-
port the production of legume crops in Europe.

This is all applied research. Its primary purpose is to improve the performance
of farming and food systems and thereby provide benefits for people and the envir-
onment. This purpose is served when research results are used to deliver new prac-
tices, technologies, products, support organizational and institutional change, and
to support evidence-based policy making. If successful, the research that the au-
thors of this book are now doing or have recently completed will be making an im-
pact on our farms and in our food systems in the next decade and beyond. Will we
in 10 years be able to celebrate real impact from that research? Will we be able to
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proudly point to positive change commensurate with the investment our research
represents and say we had a part in that?

Such change is not about promoting legumes. Legumes are neither good
nor bad. Success for our research is about informing the effective rebalancing
of farming and food in Europe using legumes. It is also about global change. In
South America, cropping systems with more than 50% soy are common, so their
cropping sequences are too simple. Europe is the second largest importer of soy
from that region, including from cropping systems that few of us would regard as
sustainable. At the same time, enabled by imports of soy, farmers in Europe have
reduced legume production to the point that most European cropping systems do
not use any legumes at all, so the system is imbalanced at field, farm, regional and
global scales. But is change really needed?

Europe is more self-sufficient in protein than is commonly implied. While
Europe imports about 70% of the protein-rich material used for feed supplementa-
tion, it is actually about 70% self-sufficient in tradable plant protein when all grain
and arable forage protein sources are considered. This self-sufficiency estimate in-
creases further when we take the protein from grassland into consideration. Many
economists would argue that instead of regarding specialization and imports as
a problem, we should celebrate them as a consequence of rational and effective
exploitation of comparative advantage. European farmers are as good as or better
than farmers in legume-exporting countries at growing legumes, but they are es-
pecially good at growing cereals. Agricultural land is scarce in Europe and the cost
of land is high. High land rents in particular force farmers to allocate land to crops
which are particularly productive in Europe, in most cases cereal crops. A textbook
example of Ricardo’s law of comparative advantage is clearly at work.

Can we expect change if the current situation reflects rational economic deci-
sion making by farmers and wider economic advantage that the use of comparative
advantage brings? We can speculate on a number of fundamental changes that de-
termine the likelihood of a rebalancing of agriculture supported by legumes grown
in Europe. Reference to Ricardo’s law in this context assumes that cropping systems
are really optimized from a farm economic viewpoint. But is this the case? Chapter 13
in this volume reflects on the complexity of making assessments of the economic
performance of cropping systems and shows that the real (farm-level) economic per-
formance of legumes is higher than conventional gross margin analysis indicates.
This means that the potential for economically competitive legume production is
probably not fully exploited. However, even accepting that the farm-level economic
performance of legume crops is often underestimated, there is consensus that there
is a lack of compelling economic grounds for growing legumes for many farmers,
especially where cereals and oilseeds grow particularly well. For this to change, we
need a number of fundamental changes in framework conditions.

The first is that the technical performance of legume crops needs to improve
compared with competing crops. In practical terms, this means that the net output
of legume crops needs to grow faster than the net output of competing crops.
There is some good evidence that this is possible. Cereal crop yields are stagnating
even though breeding continues to increase yield potential (Brisson et al., 2010).
Climate change may be at least partly responsible, but negative agronomic fac-
tors related to the lack of diversity in modern cropping systems are also likely to
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play a role. This conclusion is supported by practical observation with increasing
problems with weeds and diseases in cereal crops in particular. This means that
modern cereal-based systems are approaching and exceeding resource and en-
vironmental limits that restrain their performance. If the performance of cereals
stagnates or even declines, and performance of legumes continues to increase,
we will over time see the comparative advantage of cereals over legumes decline.
With this, the number of situations where legumes are competitive due to agro-
nomic reasons will increase. This scenario is supported by investment in plant
breeding and improving cropping systems in particular.

The second and related possibility is the costs of producing crops that com-
pete with legumes increases disproportionally. Humphreys et al. in Chapter 9, this
volume, provide an example of how the price of fertilizer nitrogen influences the
profitability of introducing white clover into grass-based farming. In an excellent
example of combining biological and economic research, they identified a tipping
point in the ratio of fertilizer nitrogen price and the farm-gate price of milk in
Ireland. When the ratio of the cost of 1 kg of nitrogen to the price of 1 kg of milk
exceeds about 3, grass—white clover-based production tends to be no longer eco-
nomically disadvantaged. The price of synthetic nitrogen is particularly relevant to
perennial systems where the recovery of biologically fixed nitrogen in the system
over years is high. Perennial forage crops require large amounts of nitrogen, which
can be effectively provided by introducing legumes. The scope for this effect in ar-
able systems is somewhat lower, although clearly the attractiveness of more diverse
cropping sequences increases as the cost of maintaining intensive cereal produc-
tion using synthetic fertilizer nitrogen and plant protection products increases.

The third possibility is the basic value of the crop produce increases relative
to that of other crops. Schitzl and Halama (201 3) in Bavaria have estimated that
if the farm price of soy is more than about twice that of wheat, soy is competi-
tive with wheat in that region. This ratio depends ultimately on the base price of
protein compared with starch, set mostly by the world prices for wheat, maize
and soy. Long runs of commodity price data (available from Index Mundi) show
that the ratio of soy to wheat prices was consistently below 1.5 between 1990
and 2009. The last 3 years (up to mid-2016) are characterized by relatively
high soy prices. From Schitzl and Halama (2013), we can expect that these soy
prices are high enough to make soy competitive against wheat in many parts of
Europe. Reports from farms confirm this. The currently rapid growth in the de-
mand for soy from China is an underlying driver for high soy prices. Using analysis
of scenarios, Pilorge and Muel (2016) indicated that the current high prices for
plant protein are here to stay, but their scenarios do not highlight the effects of
further globalization and increased free trade. From their work, it is reasonable to
conclude that protein remains valuable compared with carbohydrate and oil, and
that this increases the potential for legumes in Europe with protein yield per hec-
tare being a key determinant of success. Such a development will impact most on
the value of produce with the highest protein concentration (soy and lupin). The
high starch content of pea and faba beans means that the upward pressure on the
value of their protein is buffered by the downward pressure on the relative value
of the starch. However, the overall effect is that pea, faba bean and other pulses
will become more competitive when protein prices rise.
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The fourth possibility is that the market rewards the higher environmental
performance of value chains that use legumes. There is definitely growing interest
within agriculture and food in higher process quality, manifest in the rapid
growth in corporate social responsibility schemes in the sector (Murphy-Bokern
and Kleeman, 2015). However, for legume production in Europe to sustainably
and substantially benefit from such market premiums, it must be clear that legume
crops support improved environmental performance that the consumer can rec-
ognize and reward. As we can see in Chapters 3 and 4, this volume, and from Bues
et al. (201 3), there is consensus that diversifying our cropping systems using leg-
umes will bring environmental benefits, but these benefits are modest and prob-
ably not sufficient to drive large premiums.

Transition theory offers a fifth prospect for change. In addition to the indi-
vidual fundamental factors, there is also the possibility of fundamental change
based on a combination of small changes leading to breakthroughs at the system
level. Voisin et al. (2014) argued that the development of legume production
has been hindered by lock-in within incumbent structures and processes. For
example, older trade agreements supported specialization of EU agriculture in
cereal production and this has stimulated infrastructure investment in processing
large amounts of imported soybean meal. Complementing this, Europe’s natural
ability to produce high-yielding cereal crops was reinforced by public and private
investment in cereal breeding and supporting technologies. The resulting lock-in
or dominance of the incumbent system is manifest for example in the market
under-valuation of pea and faba bean in relation to their nutritional contribution
in compound feeds (see Chapter 13, this volume). Compared with the dominant
European cereal/imported soy system, the lack of a critical mass of production
of alternative legumes in Europe reduces investment in technical support and
leads to higher transaction costs. With such lock-in, a self-reinforcing dynamic
supporting the dominant system works parallel to a self-reinforcing dynamic that
discourages alternatives, for example in different levels of research investment.
Voisin et al. (2014) argued that starting with combining niche high-value chains
that give priority to a secure and high-quality supply within regionalized systems,
new broader structures and processes can be established. The theory of transition
(Geels, 2011) indicates that such new systems can emerge when the effects of sev-
eral niche innovators coalesce. The innovators in these niche systems are free of
the constraints in the dominant system and a wide range of technical and organ-
izational innovations can play a role in each case. Eventually the success of these
niche innovations influences the dominant system and changes it. An example
of this is the influence that organic food processing has had on the development
of ‘clean label’ processing in conventional food. Voisin et al. (2014) argued also
that new innovative value chains can target high transaction costs in the conven-
tional system, for example the high costs of controlling the quality of internation-
ally traded commodity compared with the lower cost of controlling the quality
of locally grown crop produce. The additional advantage of ‘peace of mind’ that
comes from having direct access to crop produce of known origin can also play a
significant role in commercial decisions. New value chains may synergize with
each other and with the dominant system. In animal feeding, legume species not
only complement cereals, they complement each other, offering a more diverse
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and resilient supply chain. In agricultural development contexts, the development
of a high-value tradable crop such as soy can be used to spearhead improvement
of farming more generally. This is particularly relevant in Eastern Europe where
synergies based on improved cropping sequences that use legumes can increase
the output of both legumes and non-legume crops. Growth of legume production
in the east offers the opportunity of new east-to-west trade within Europe as an
alternative to trans-Atlantic soy imports.

Lastly, the sixth approach to change is the use of public policy measures.
Kuhlman et al. in Chapter 14, this volume, reflect on options making it clear that
the development of policy instruments is not as easy as is often assumed in public
debate. A range of policy instruments supporting legume production have been
introduced in the last 2 years in the EU and there are early indications that the
trend in the decline in the production of legumes has been reversed. However,
as observed in debate recently in the European Parliament, there are trade-offs
and political contraindications. There is particular caution about forfeiting the
benefits of comparative advantage and the effect that using alternative protein
sources might have on feed costs (assuming that alternatives are more expensive).
Perhaps the dominant concern now is the challenge to European level measures
in general, particularly measures under ‘greening’ that seek to influence farmers’
decisions about the use of their land. In addition to the general ‘greening’ meas-
ures (crop diversification and the ecological focus areas), direct subsidy for pro-
tein crops (grain legumes and lucerne (alfalfa)) is provided by the Voluntary
Coupled Support in 16 of the 28 EU countries. Payments range from €36/ha
in Finland to €417/ha in Slovenia, but official statistics do not yet reflect the ef-
fects. Nevertheless, trade sources anecdotally report increased demand for seed
for these crops and this generally provides short-term confidence in investment in
related value chains.

The future, of course, depends on a combination of these six developments.
A systematic use of value chain approaches will help combine and harness
these approaches for sustained change at local level within the diverse farming
and food systems across Europe. For this, the recently announced plan from
the European Commission to invest in innovative research looking at the devel-
opment of legume-supported value chains is very significant. Development to
date provides a rich resource of practical know-how and insights embedded in
farming and food businesses which can now be harnessed to improve systems
supported by research-based experts. This ‘multi-actor’ approach complements
the research we have had to date, which was largely about components of sys-
tems. The successful harnessing of this combined knowledge in value chains is
the way forward if we are to be able to look back proudly at effective change in
10 years.
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222,245-247
crop profitability 212-213
diversification 210
impact 8-12
policy intervention scenarios 229-230,
240-242
potential for improvement 220-222
pre-crop value 213-214
study of 210-211
environmental impacts 8-12, 218, 247
greenhouse gas (GHG) emissions 2, 8—12,
235,237-239
European Union (EU)
policy 226-227,248
sources of plant protein 25-27

faba bean (Vicia faba) 2, 77-78,126, 130
Ascochyta spp. 74-75
black bean aphid (Aphis fabae) 74
chocolate spot (Botrytis fabae) 75
downy mildew (Peronospora viciae) 75
intercropping 200-201
profitability 212,220-222
Rhizobium leguminosarum 21
root characteristics 60
rust (Uromyces vicae-fabae) 75
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fenugreek (Trigonella foenum-graecum) 199

fertilizer 3,37, 38,98, 132
costs 140, 150-151, 235, 246
fibre 93
fish meal 4-5
forage production 3, 33

lucerne (Medicago sativa) 3, 168-187
red clover (Trifolium pratense) 3,157-165

sainfoin (Onobrychis viciifolia) 193,
195-196
trefoils (Lotus spp.) 125,129

white clover (Trifolium repens) 3, 139-153

Fusarium spp. 81,95,101, 102

Galega orientalis 6

genetic modification (GM) 178-179, 230, 239

genetic resources 93-94, 171-172

Genista spp. (broom) 19-20

genomic resources and tools 94-95

Glycine max (soybean) see soybean

grain production 2-3, 70-71, 82, 84
characteristics 73-76

chickpea (Cicer arietinum) 2, 79-80
common bean (Phaseolus vulgaris) 2,

8§2-83

faba bean (Vicia faba) 2, 77-78,126, 130
lentil (Lens culinaris) 2, 78-79, 202
lupin (Lupinus spp.) 2, 80-82, 88-101

origin of grain legumes 71-73

pea (Pisum sativum) 2, 76-77, 130
soybean (Glycine max) 30, 83-84,

109-123, 239, 245
grazing 139-143, 153,183
biological nitrogen fixation (BNF)
139-140, 144-146

economic margins 140, 150-151

environmental impact 151,153
herbage production 144-146
management 147

milk production 146-147, 185

nutritive value 146-147, 185-186
green manure crops 125-126,136-137

clovers 127-128
companion species 130
crop management
economics 136

faba bean 130

lucerne 129

lupins 129-130

N budgets 135-136

pea 130

rotational benefits 133-134
soil properties 134
species-rich mixtures 130-131
sweet clovers 129

trefoils 129

types 126-127
use 134-135
vetches 129

green pea aphid (Acyrthosiphon pisum) 74

greenhouse gas (GHG) emissions 2, 8—12, 235,

237-239

nitrous oxide (N,0) emissions 8, 12,
38-40, 48, 140-143, 181,

218,235

halo blight (Pseudomonas syringae) 83
herbivores 101-102
human

nutrition 3—4

health 4,32,71,91, 164

hyacinth bean (Lablab purpureus) 202-203

imported plant protein 25-27, 30

intercropping 193-197, 203-204
annual mixtures 199-203
benefits 195

land equivalent ratio (LER) 201-203

mixture development 197-199
nitrogen losses 46—48

plant population optimization 198-199

irrigation 99

land equivalent ratio (LER) 201-203

leaf weevil (Sitona spp.) 102
Sitona lineatus 74

lentil (Lens culinaris) 2, 78-79, 202
Aphanomyces euteiches 75
Ascochyta spp. 74-75

downy mildew (Peronospora viciae) 75

Rhizobium leguminosarum 21
livestock feed 1-2, 5,18

alkaloids 81

bloat 3,133, 149-150

economic potential 220-222

grazing 133

imported plant protein 25-27, 245

milk production 146-147
pasture 139-143,153,183
silage 157-158, 165, 183-184
soybean meal 28,121
trypsin inhibitor (TI) 77

Lotus spp. (trefoils) 125,129

lucerne (Medicago sativa) 3, 168—-187
agronomy
area 169
biodiversity 64, 181-182
biology 169
breeding 178-179

Colletotrichum trifolii (anthracnose) 179
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feeding value 185-186
genetic resources 171-172
green manure crops 125,129
harvest
intercropping 193, 194, 195-196
non-food use 186
root characteristics 60
rotational benefits 180-181
Sclerotinia trifoliorum 159,179
seed production 186-187
Sinorhizobium meliloti 21,174
stem nematode (Ditylenchus dipsaci) 179
use 170-171
verticillium wilt (Verticillium albo-atrum) 179
weeds 182-183
yield 169-170

lupin (Lupinus spp.) 2, 80-82, 88-101
anthracnose (Colletotrichum lipini) 81,94,102
area 90-91
Bradyrhizobium sp. 21
breeding 95-96
calcium tolerance 97-98
canopy structure 97
crop management 98-100
cultivars 99-100
Diaporthe toxica 81
fibre 93
Fusarium spp. 81, 95,101, 102
genetic resources 93-94
genomic resources and tools 94-95
green manure crops 125, 129-130
herbivores 101-102
intercropping 199, 201
leaf weevil (Sitona spp.) 102
oil content 92-93
protein content 91-92
quinolizidine alkaloids 81
rotational benefits 101
soil conditions 97
taxonomy 88-91
uses 92
yield 99-100

lysine 25

Macrophomina phaseolina (charcoal rot) 84
manure crops 125-126,136-137

clovers 127-128

companion species 130

crop management

economics 136

faba bean 130

lucerne 129

lupins 129-130

N budgets 135-136

pea 130

rotational benefits 133-134

soil properties 134

species-rich mixtures 130-131

sweet clovers 129

trefoils 129

types 126-127

use 134-135

vetches 129
Medicago sativa (lucerne) see lucerne
Melilotus spp. (sweet clovers) 129
milk production 146-147, 185
mixed cropping 193-197, 203-204

annual mixtures 199-203

benefits 195

land equivalent ratio (LER) 201-203

mixture development 197-199

nitrogen losses 46—48

plant population optimization 198-199
mung bean (Vigna radiata) 202-203
Muycosphaerella pinodes 74

nematode 6-7,179
nitrate leaching 46, 140-143, 151, 218
nitrogen (N)
biological nitrogen fixation (BNF) 2, 7-8,
18,19, 71,126, 139-140,
144-146,162-163, 181
cycle 31-32
fertilizer 3,37, 38,98, 132
losses 37-38,48
N budgets 135-136
nitrogen use efficiency (NUE) 31-32
release 180-181
rotational benefits 101, 133-134, 162,
180-181,213-217
nitrous oxide (N,0) emissions 8, 12, 38-40, 48,
140-143, 181, 218, 235
grazed pastures 42, 152
legume intercropping 46—48
legume monocrops 42-44
N-rich residues decomposition 44-45
rhizobial denitrification 40-41
nutrition
antinutritional effects 5
fish meal 4-5
humans 3-4
livestock feed 1-2, 5,18

oil content 92-93

Onobrychis viciifolia (sainfoin) 193,
195-196

origins 71-73

Orobanche crenata (broomrapes) 75
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pasture 139-143,153,183

biological nitrogen fixation (BNF) 139-140,
144-146

economic margins 140, 150-151

environmental impact 151,153

herbage production 144-146

management 147

milk production 146-147, 185

nutritive value 146-147, 185-186

pea (Pisum sativum) 2,76-77,130

Aphanomyces euteiches 75
Ascochyta spp. 74-75
green pea aphid (Acyrthosiphon pisum) 74
intercropping 194, 196-197,
201-202
Muycospaerella pinodes 74
pea moth (Cydia nigricana) 74
Phoma medicaginis 75
profitability 212, 220-222
Rhizobium leguminosarum 21
rust (Uromyces pisi) 75

pea moth (Cydia nigricana) 74
Peronospora

manshurica 84
viciae 75

pests 74

black bean aphid (Aphis fabae) 74

bruchid beetle (Bruchus spp.) 74

control 61-62

green pea aphid (Acyrthosiphon
pisum) 74

pea moth (Cydia nigricana) 74

stem nematode (Ditylenchus
dipsaci) 179

weevil (Sitona spp.) 74, 82,102

intervention scenarios 229-230,
240-242

protein 18-19, 32-33,170
albumin 91-92
amino acid
content 24, 74
globulin 91-92
human nutrition 3—4
natural ecosystems 19-20
quality 25

Pseudomonas syringae 83, 84

quinolizidine alkaloids 81

red clover (Trifolium pratense) 3, 157-165
agronomy 160-162
biological nitrogen fixation
(BNF) 162-163
breeding 159-160
feed quality 164
intercropping 194, 195-196
morphology 159
Rhizobium leguminosarum 21, 41, 74
rhizobia 7,19, 131
Bradyrhizobium sp. 98-99
B. japonicum 21, 84,119-120
enhanced fixation 21
nitrous oxide (N,0) emissions 40-41
Rhizobium leguminosarum 21, 41, 74
Sinorhizobium meliloti 21, 174
Rhizobium leguminosarum 21,41, 74
root characteristics 59-60
rotation 7-8

benefits 101, 133-134, 162, 180-181,
213-217
evaluation of 8-12
rust (Uromyces spp.) 75

Phoma medicaginis 75
phosphorus (P) uptake 47-48
phytoremediation 6—7

pigeon pea (Cajanus cajan) 199
Pisum sativum (pea) see pea
plant breeding

genetic modification (GM) 178-179
genetic resources 93-94, 171-172

genomic resources and tools 94-95
lucerne 178-180

lupin 95-96

sainfoin (Onobrychis viciifolia) 193,
195-196

Sclerotinia sclerotiorum 83, 102

Sclerotinia trifoliorum 159,179

seed production 186-187

red clover 159-160
soyabean 110-112
policy 226-227, 248

CAPRI (common agricultural policy
regional impact) model
230-231, 241-242

common agricultural policy (CAP) 226,
227-229,240-242

ecological focus areas (EFAs) 228-229,
234-235

silage 157-158, 165, 183-184
agronomy 160-162
biological nitrogen fixation

(BNF) 162-163
breeding 159-160
feed quality 164, 185-186
morphology 159

Sinorhizobium meliloti 21, 174

Sitona sp. 82
S. lineatus (leaf weevil) 74
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soil

calcium 97-98
conditions 97
management

biodiversity 62-63
pH 97-98

soybean (Glycine max) 30, 83-84, 109-123,

239,245

area 110-112

bacterial blight (Pseudomonas syringae pv.
glycinea) 84

Bradyrhizobium japonicum 21,119-120

breeding 110-112

canker (Diaporthe phaseolorum var.
caulivora) 84,120

charcoal rot (Macrophomina phaseolina) 84

crop heat units (CHU) 110

crop management 119-121

development of 112-114

future potential 114, 121-123

intercropping 199

livestock feed 28

Peronospora manshurica (dlowny mildew) 84

profitability 212

use 121

weed management 120

yield 115-119

stem nematode (Ditylenchus dipsaci) 179
sunn hemp (Crotalaria juncea) 6-7
sweet clovers (Melilotus spp.) 129

taxonomy 71, 88-91
trefoils (Lotus spp.) 125,129
Trifolium

T. pratense (red clover) see red clover

T. repens (white clover) see white clover
See also green manure crops
trypsin inhibitor (TI) 77

Uromyces spp. (rust) 75

verticillium wilt (Verticillium albo-atrum) 179
vetches (Vicia spp.)
green manure crops 125, 129
intercropping 194, 200-202
Vicia faba (faba bean) see faba bean
Vicia spp. (vetches)
green manure crops 125
intercropping 194, 200-201
Vigna spp. 202-203

water-filled pore space (WFPS) 39-40
weed management 59, 60-61, 99, 120,
182-183

weevil (Sitona spp.) 74, 82,102

white clover (Trifolium repens) 3,139-153
biological nitrogen fixation (BNF)

139-140, 144-146

economic margins 140, 150-151
environmental impact 151, 153
herbage production 144-146
management 147
milk production 146-147
nutritive value 146-147
Rhizobium leguminosarum 21,41, 74

Xanthomonas campestris pv. phaseoli 83
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