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Preface

In the near future, waste recycling will no longer be an option because natural
resources become rare and costly, urbanisation is blooming and population is grow-
ing. In theory, most waste could be recycled efficiently. In practice, most waste is
wasted, notably in rich countries where most people have somehow forgotten that
food production by agriculture is simply vital. In other words, without food we die,
to put it bluntly. For food security we need both more funds for agricultural research,
and more ideas and inventions to produce food using waste. This book presents
advanced research in fertilisation and recycling.

Spring pea field in Burgundy, France. Cernay et al. Chap. 4

In the first chapter, Drangert applies systems thinking to develop the concept of
waste hierarchy, which is at the basis of improving waste recycling in smart cities
and eco-houses. He shows that more than 50% of mined phosphorus (P) actually
used for fertilisation can be replaced by phosphorus from waste. Liwei et al. review
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food losses and waste in the Chinese food systems, and found that the loss ratio dur-
ing harvest could be reduced by 62%, in Chap. 2. Ipsilantis et al. review the role of
mycorrhizal fungi and P-mobilising bacteria to improve plant nutrition, in Chap. 3.
A meta-analysis of the yield of world grain legumes shows that soybean, narrowleaf
lupin and faba bean are interesting alternatives to pea in Europe, as explained in
Chap. 4 by Cernay et al. In the same vein, in Chap. 5, Mahmoud et al. recommend
to foster legume cultivation in Europe because grain legumes occupy only 1.8% of
arable lands.

Yu et al. explain that less than 40% of applied nitrogen (N) fertiliser is used by
crops ; they thus give management guidelines for fertilisation in rice-wheat systems
in Chap. 6. Benefits and drawbacks of using oilseed rape residues for fertilisation
are presented by Kriauciuniene et al. in Chap. 7. The production of biochar from
organic wastes, and the use of biochar to fertilise and improve soils are reviewed by
Singh et al. in Chap. 8. Mkonda and He discuss fertilisation and agropastoralism in
semi-arid areas, and conclude that the use of organic manure and waste has increased
crop yields from 0.8 to 18 tons per hectare, in Chap. 9. In Chap. 10, Raza et al.
decribe the impact of climate change on agriculture in Pakistan, and the potential
benefits of organic farming. Guleria and Kumar discuss the effect of transgenes and
nanoparticles on plants and soil microbes in the last chapter.

Aix-en-Provence, France Eric Lichtfouse
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Chapter 1
Nutrient Recycling: Waste Hierarchy,
Recycling Cities and Eco-houses

Jan-Olof Drangert

Abstract Food security presupposes access to sunshine, nutrients and water. With
an increase in population to 10-11 billion in this century, the Malthusian issue of
resources boundaries is still on the global agenda. Urban flows of nutrient-rich
waste from the food chain and excreta need to be redesigned. This chapter elabo-
rates on measures to ensure a sustainable supply of plant nutrients for future food
production.

An extended waste hierarchy is employed here to structure the analysis of nutri-
ent waste recovery. Reduction, reuse and recycling measures show that recovered P
from the waste flows in Europe can substitute 50-70% of mined phosphorus in
fertilizers. The rate of losses between the mine and plate control the degree of sub-
stitution. A practical city-level example of improved design of nutrient flows indi-
cates increases in recovery of both P and N of 90% and 80% respectively. Examples
of eco-houses built to recover and reuse/recycle nutrient-rich liquid and solid waste
displays required piping.

Keywords Nutrient recovery - Food loss - N - P - K - Planetary resources boundar-
ies - Waste hierarchy - Reuse - Recycling - Urban infrastructure - Food security -
Urban agriculture

1.1 Introduction

The Malthusian issue whether food production can cope with population increase is
still on the global agenda and is likely to continue to be as 85% of the world popula-
tion of 10-11 billion is expected to be urbanites at the end of this century (Malthus
1798; OECD 2013). Meanwhile, the rural population will be halved to 1.5 billion.
Thanks to mechanization and other productivity improvements, each farmer can
feed more people (Krausmann et al. 2008). Specialization and international trade
support this trend. But, will enough plant nutrients be available in the future?

J.-O. Drangert (<)
Linkoping University, Linkoping, Sweden

© Springer Nature Switzerland AG 2018 1
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Over the centuries, agricultural production has gradually been geographically
separated from food consumption. An extreme case is where active cereal farmers
in Canada have moved to nearby towns with their families and started commuting
daily to their farms. A result of the disconnection between food production and
consumption is that nutrient-rich urban food waste and human excreta, which were
traditionally returned as a local fertiliser resource, has turned into a disposal prob-
lem, while imported food, feed and mineral fertilisers fill the nutrient gap
(Senthilkumar et al. 2012).

Does the disconnection mean that residents in cities become unwilling to return
nutrient-rich waste to agriculture? Not necessarily, as shown by the fact that garden
cities or suburbs were built already a century ago where families produced flowers,
fruits, berries and vegetables (Smit et al. 1996). Today, there is an emerging trend of
greening the cities, and more concerted efforts go into urban agriculture with local
roof-top production of some food items (Stringer 2010). But, recycling of nutrient-
rich household waste in order to replace mineral fertilisers is still poorly developed
(Schoumans et al. 2015).

The subject of this chapter deals with options that urbanites have to end present
wastage of valuable nutrient resources and instead direct societies’ organic waste
back to agriculture. Such a step would support a sustainable supply of plant nutri-
ents to food production in an era when easy access to potassium and phosphorus is
diminishing (USGS 2015; van Dijk et al. 2015). A hierarchy of actions to manage
both solid and liquid wastes is employed to guide the modification of global nutrient
flows (Drangert et al. 2018), followed by a practical city-level approach to bend
nutrient flows. Lastly, some options to achieve a change in a single house are
presented.

1.2 Flows and Sinks of Nutrient Resources

There is a growing concern about crossing planetary boundaries to access natural
resources (Rockstrom et al. 2009). Nine global resources have been identified to be
vulnerable to transgression of set boundaries. All such estimates build on more or
less certain data, and both exploitable resources and reserves may differ over time
depending on technological advances, newly found deposits, or simple estimate
errors (USGS 2015).

Steffen et al. (2015) revised the boundaries and found that the nitrogen and phos-
phorus flows have already transgressed the boundary. Next, land-system change and
potassium are imminent candidates (USGS 2016). All these resources are vital
inputs to agriculture and food production. The challenge is to manipulate present
resource flows to avoid crossing planetary boundaries. A systems approach is
applied to display some options.

The production of food requires sun, water and nutrients, and in conventional
agriculture these resources are drawn directly or indirectly from rainfall and mainly
mined mineral nutrients. Figure 1.1 visualizes the two main options to access
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Fig. 1.1 Instead of wasting nutrients in e.g. excreta (red arrow), they can be recycled (green
arrow) and replace nutrients in mineral fertilisers such as P (phosphorus) and K (potassium)

Recycled nutrients

nutrients for food production. Commonly, the disposal of nutrient-rich human
excreta and biowaste takes place via untreated wastewater causing eutrophication,
or field application of sludge containing e.g. heavy metals, or dumping on landfills
(EUP 2011). The main alternative is to recycle treated nutrient-rich wastes back to
fields and food production — the ultimate sink and resource (Drangert 2000).

In the following the focus is on the potential to bend excreta and biowaste flows
from urban settlements to become part of the flow of nutrients to agriculture, and
thereby replacing nutrients that are presently being mined (P and K) or converted
nitrogen (N) from the air.

1.3 Systems Thinking — The ‘Extended Waste Hierarchy’

The guiding principle is to turn nutrients in urban liquid and solid waste into an
agricultural resource by transforming the urban sanitation systems. Life-cycle
thinking is applied and looks at environmental impacts throughout the entire life
cycle of a product, from extraction of the resource to — and including — its disposal
phase. Actions begin where waste originates, rather than where it ends up. Previous
focus on “end-of-pipe” treatment is thus avoided, and the initial attention goes to
controlling the substances used for the making of products (ECHA 2007).

The food sector has been singled out because it contains most of the nutrients in
urban wastes (Zeeman 2012). The macro-nutrients N, P and K are in focus since
there is no substitute for P or K in agriculture and mineral N requires a high energy
input when converted from N, in the air. Some 15% of the globally mined K is used
in non-food industries and only some 7% of the mined P, mainly for making deter-
gents (Cordell et al. 2009; USGS 2016). The agricultural sector plays an important
role as a potential recipient of urban nutrients, but is not analyzed in its own right as
provider of food.

A hierarchy, originally developed for handling solid waste (EU 2008), is produc-
tively applied to handle both solid and liquid waste. This extended waste hierarchy
has five steps, starting with how to produce more while generating less waste, and
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how to reduce unwanted substances in the products in order to facilitate later reuse
and recycling. The measures to recover nutrients in each step are exhausted before
entering the next step, and ideally little nutrients remains in step 4 and 5.

Step 1. Reduce (a) waste generation, and (b) harmful contents in products and
flows;

Step 2. Reuse the nutrients in waste and wastewater more or less as they are;

Step 3. Recycle the nutrients in waste and wastewater as input to new products
(including biogas production);

Step 4. Incinerate to extract the energy content in the remaining waste;

Step 5. Safely landfill residues remaining after exhausting the previous steps.

Impacts of steps 1-3 of the “extended waste hierarchy” are studied from measur-
able and achievable results rather than being based on prescribed technical solu-
tions. The selection of measures below reflects rough estimates that these will have
a large enough impact to be considered in most local circumstances. Quantifications
can be made more consistent by using national data bases with similar definitions
and known local conditions than when using global data (Prud’homme 2011; Kabbe
et al. 2014; van Dijk et al. 2015). The estimates presented next are therefore from
one region, the European Union.

In a phosphorus context, the above steps are interpreted as follows. Step 1 is the
most important step in the hierarchy. Stepla reduces the generation of solid and
liquid wastes which contain nutrients, and thus the need to tap mineral nutrient
reserves. For example, replacing phosphorus in detergents with potassium and mini-
mizing food additives reduces the need for mined phosphate (EC 2012; Vallin et al.
2016). Reducing P-waste generation has substantial positive environmental bene-
fits: avoids the toxic radioactive byproduct phospho-gypsum from processing phos-
phate rock (Ayres et al. 2001) and reduces eutrophication of water bodies. By
replacing mineral fertilisers with non-processed nutrient-rich solid and liquid waste
in agriculture the associated emissions are largely avoided (Tidaker et al. 2007).
Equally important is Step 1b to minimize harmful and unwanted substances in prod-
ucts that otherwise end up in municipal waste flows together with the desired nutri-
ents (ECHA 2007; Kiimmerer 2007).

By not mixing various waste flows, it becomes both easier and safer to reuse
nutrient-rich products right away (Step 2). For example, the almost sterile human
urine may be applied on farmland and replace some amount of mineral fertilisers
(WHO 2006). However, if the desired nutrients in the waste are not safe or not in a
state that allows reuse, some kind of conversion into a new product is required (Step
3). For instance, organic waste such as faecal matter and toilet water sludge could
be composted, hygienised and turned into a safe multi-nutrient fertiliser product. In
addition, organic waste may be digested anaerobically to produce biogas while
retaining the nutrients in the digestate for agricultural use. Such recycled nutrient
inputs save on virgin mineral resources, energy, and transport.

Incineration of organic waste is the next step (Step 4). Incineration is mainly
used to reduce the volume of solid waste and to recover some energy. Both ashes
and smoke contain phosphorus and potassium but, when organic waste is incinerated
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Fig. 1.2 Potential recovery of phosphorus (P) from the food chain, from human excreta, and ban-
ning P in detergents is guided by the first three steps of the ‘extended waste hierarchy’. Green
areas = recovered P and red areas = losses of P. (Source: Drangert et al. 2018)

at temperatures above 800 °C, the amount of plant-available phosphorus in the
ashes decreases (cf. Zhang et al. 2001). Also, all carbon, nitrogen and sulphur are
lost which makes the end products less valuable for agricultural use. Dumping
waste on a landfill (Step 5) should be resorted to only after having exhausted the
previous four steps. Currently, however, the most common practices employed in
the world’s solid waste management are Steps 5 and 4, whereas what is needed for
food security is to shift the focus towards the first three steps applied to both solid
and liquid nutrient waste.

The above steps for phosphorus recovery are brought together in a comprehen-
sive format in Figs. 1.2 and 1.3 in order to estimate the potential for replacing mined
P with saved and recovered P. Excreta are included since they contain most of the P
in urban waste flows (Vinneras et al. 2006). P in biodegradable paper, board and
wood waste is not included since these flows are already recycled to a large extent
for non-agricultural purposes. Garden waste is excluded due to a lack of reliable
data, but it can easily be composted and recycled on site.

The main usages of mined P, as well as proportions food losses, and P in faeces and
urine are presented in Fig. 1.2 together with estimates of the potential to recover these.
The mined phosphate rock is used to manufacture fertilisers (78%), feed additives
(14%), detergents (6%) and food additives (2%) (van Dijk et al. 2015). Non-P sub-
stances can substitute P in food and feed additives and detergents (Vallin et al. 2016;
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Fig. 1.3 Proportion of mined P for fertiliser production that can be replaced by saved P through
reduced food waste and food/feed additives, and no use of P in detergents (Step 1), reused P in
urine and food waste (Step 2), and recycled P in faeces and food waste (Step3) as a function of the
percentage loss from mine to plate. The dashed box indicates the interval where most countries are
likely to be. (Source: Drangert et al. 2018)

EC 2012). In the example given in Fig. 1.2, no P is used in detergents, while P in
additives is reduced from a combined 16% to 2%, should there be a valid usage. It is
also deemed possible to reduce food waste from one-third to 20% in Step 1, by buying
less and eating more of the food that is bought and prepared. In this way, some 10%
(0.33-0.2 =0.13 of 78%) of the initial input of mined P for this hierherto food pro-
duction is saved and can be left in the ground. Thus, the three measures could reduce
P mining by 30% (6 + 14 + 10) and be saved and substitute 44% of the P-fertilisers
needed for today’s level of food production, or for increased food production, or be
left in the ground. A change of P-related diets belongs to Step 1a and could save sub-
stantial amounts of mined P (Gustavsson et al. 2011; World Bank 2012). This measure
is not proposed here, however, since it is deemed difficult to achieve, while arresting
a further decrease of vegetarian food in e.g. China may be within reach.

Eaten food requires 54% of the total mined P (including losses from mine to
table) and all eaten food is subsequently excreted (Cordell et al. 2009). Two-thirds
of the excreted P is found in the urine, and one-third in the faeces. A well-designed
city infrastructure can realistically recover 90% of the P in urine (Step 2) and faecal
matter (Step 3), or from blackwater (Step 3). Some 30% of the food waste remaining
after Step lis suggested to be reused directly (Step 2), and 70% of the remaining
food waste is recycled (Step 3).
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The impact of Step 1 represents a direct saving of the currently mined P and is
independent of the losses from mine to plate. Given the assumptions in Fig. 1.2, an
amount that equals 44% of the P required for fertilisers to produce the current
amount of eaten food (with 10% lower wastage than today) is saved. However, the
proportion of mined P that can be replaced by measures taken in Step 2 and 3 is
strongly impacted by losses as shown in Fig. 1.3. Losses vary between countries,
diets, storage, collection methods, etc. and the dashed box indicates level of losses
often cited. With an assumed average loss from mine to plate of X per cent, the
amount of P recovered through reuse and recycling in Steps 2 and 3 are as follows:

Step 2: Reused P in urine, given the same food intake and a 90% recovery
rate + Reused P in food waste (30% of what remains from Step 1) recovers:

31°(100— X)) /100+0.30°(26 — 10) %(100— X ) /100 = (31+5)*(100 ~ X) /100units

Step 3: Recycled P in faeces, given the same food intake and 90% recovery
rate + Recycled P in food waste (70% of what remains from Step 2) recovers:

16°(100—X)/100+0.70°(26 —10—5) * (100 — X) /100 = (16 +8) * (100 — X ) /100units

In the unlikely case of no losses of P from mine to table, X = 0, the recovered P
in Step 2 + 3 can replace 60% (36 + 24) of the mined P. Together with the 44% from
Step 1, there is a surplus of mined P of 4%. If, instead, the loss from mine to table
is 60%, the recovered P from Step 1-3 is 68% (44 + 14.4 + 9.6), and only 32% of
present-day mining is needed for this purpose and the rest can be left in the ground
for future needs. If the P-loss is 80%), about 43% of present-day mining is required.
Therefore, the easily available global P resource will last two to three times longer
in these cases, and the transgression of the planetary P resource boundary is delayed
by several hundreds of years. This is a major reason for the European Union with
only one phosphate mine, to engage in recovery of otherwise wasted nutrient
resources and become a P-recycling society.

Spangberg et al. (2014) and Jonsson et al. (2012) calculated the theoretical eco-
nomic value of the four nutrients N, P, K, and S (sulphur) for two Swedish scenar-
ios: one with all toilet water (black water) being recovered, and another with all
municipal mixed wastewater sludge being recovered. The total amount of N, P, and
K from toilets was equivalent to 28%, 44%, and 55% respectively of the total
amounts of these nutrients in chemical fertilisers sold in Sweden in the financial
year 2010/2011. The annual monetary values in Fig. 1.4 are expressed as the value
of the chemical fertilisers that were replaced by recovered nutrients. Since mixed
wastewater contains not only toilet water but also detergents and food scraps, some-
what more P could be extracted from sludge than from toilet water, given a removal
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Fig. 1.4 Economic value of the plant nutrients N, P, K, and S in toilet water and in sewage sludge
from Swedish households. SEK = Swedish Kronor. (Source: Jonsson et al. 2012)

rate of 100% in the wastewater treatment plant. P from the toilet water has the addi-
tional advantage of being more accessible for plants than the P in sewage sludge.

The economic value of nitrogen in toilet water stands out and is several times
higher than that of the other nutrients. Also, the value of nitrogen and potassium in
toilet water is considerable higher than in sludge. This reflects the fact that nitrogen
disappears to air on its way from the toilet to sludge. This loss of nitrogen has to be
replaced by the energy-intensive production of nitrogen from ammonia and hydro-
gen. Also, dissolved potassium K is not captured in the treatment plant and is there-
fore not found in the sludge.

In addition to the economic benefit of recycling, CO, emissions would be reduced
in Sweden if chemical fertilisers were replaced by recovered nutrients from toilet
water or sewage sludge. Jonsson et al. (2012) estimated the reduction to be 203,500
and 17,000 tons per year of CO, equivalents when replaced by N in toilet water and
sludge respectively. Again, recovering nitrogen in the toilet water — but not in
sludge — would contribute substantially to mitigate climate change.

1.4 Designing a Nutrient-Recycling City

Nutrient-smart cities are within reach at reasonable investments by keeping flows
separate, treating each waste flow separately, and reuse/recycle the recovered nutri-
ents for feasible purposes. Figure 1.5 represents a common urban situation with
little nutrient recovery. The data is mainly from Fig. 1.2 and literature and differ
from city to city. It illustrates how the total household outputs of nitrogen (N) and
phosphorus (P) is distributed in the system. The theoretical flows indicate a modest
one-fifth of the P and only 5% of the N that household discharge is being gainfully
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Fig. 1.5 Illustration of present-day nutrient flows from urban households (HH)

recovered and used. Most N is emitted to the atmosphere, while most other nutrients
end up in water bodies (red arrow in Fig. 1.5) and causes eutrophication and algal
blooms in receiving water bodies. This may, in turn, result in less aquatic flora and
even dead zones on lake floors and reduced living space for fish (UNEP 2006).

The term “bio-waste” refers to such items as food waste, paper, and garden
waste. Such solid waste is usually easier to manage than liquid organic waste which
gets caught in sludge. Food remains, fat and grease on plates, pans and cutlery that
is swept into the organic waste bin, is possible to compost or convert to biogas and
apply the compost/slurry as fertiliser. Also, such a measure prevents fat, oil and
grease to be washed away and clogging sewer pipes that requires costly cleaning.

In urban areas, the nutrient-rich excreta are commonly flushed to a septic tank for
partial treatment. Ideally, settled sludge is cleaned out and brought to a compost
facility but, due to infrequent emptying, much of the nutrients remain in the effluent.
Illegal dumping is also commonplace in developing cities. Co-composted sludge
and solid organic waste is made available for use in agriculture, although most of
the nitrogen content gets lost to the atmosphere.

A modified sanitation systems in line with Steps 2 and 3 in the extended waste
hierarchy can considerably improve the capacity to reuse and recycle nutrients.
Figure 1.6 presents a hypothetical scenario for a typical city in the developing world
that has taken four important measures. Urine-diverting toilets have been installed,
which collect dehydrated urine separately (Senekal and Vinneras 2017), while
dewatered faecal matter is stored in line with the World Health Organisation recom-
mendation, before being applied to soil (WHO 2006). The wastewater treatment
plant has been upgraded to remove 90% of the P. Residents segregate household
solid organic waste, and a waste-handling company composts it, and thereby reduces
previous illegal dumping.
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Fig. 1.6 A scenario for nutrient flows out of households (HH) in the year 2030

The P- and N deficient greywater and sludge contains polluting substances that
may accumulate in soil (EC 2013). Therefore, this sludge is only applied on for-
est trees, after degrading organics to avoid clogging of soil pores.

The urine is safely applied on agricultural soil and it represents the least polluted
fertiliser available on the market, and has a well-balanced nutrient composition
(Spangberg 2014). The nutrient loss from well-managed urine is insignificant, even
for nitrogen (Senekal and Vinneras 2017). Likewise, the faecal matter is likely to be
of good quality and, in addition, provides valuable organic material to the soil.

Such measures have the potential to increase the productive use of the P originat-
ing from households from 19% to 82%, while N increases from 6% to 78%. The
accompanying reduction in wastage also implies that water bodies are less affected
by nutrient pollution and eutrophication. This P recovery does not account for losses
from mine to table and is therefore comparable to Step 2 and 3 the figure given in
Fig. 1.3 for substitution of P fertilisers.

1.5 The “24/7 Eco-house” Concept and Sustainability

What possibilities are there to achieve recovery of nutrients in a single house? The
perception of an eco-house commonly focuses on green plants, while smart houses
often focus on electronic devices for managing various installations in the house. A
24/7 eco-house comprises all this and, in addition, handles the flows of water, nutri-
ents and energy in a way to make the house function without relying on municipal
services — in the middle of a city.
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Fig. 1.7 Conceptual chart of flows through a 24/7 eco-house and back to specified uses

Figure 1.7 below conceptualizes liquid and solid nutrient flows to and from a
24/7 eco-house. Sustainability requirements for the output are set for solid and lig-
uid matter in order for them to be safely recycled back to use in the house or com-
pound. In addition, no odour is allowed and only low levels of noise and air
emissions.

At the frontend residents interface with water-saving faucets, urinals, and pour
flush urine-diverting toilets or water-less toilets. Backend treatment technologies
and processes range from physical to biological methods, while restricting chemical
use. Each treated flow is used for appropriate recycling purposes.

Safety concerns are related to pathogens in toilet water and bad odour, and to
toxic chemicals in greywater from e.g. hygiene products and detergents used in
washing machines. The crucial design idea is to fit the single house with pipes that
keep separate each of the four differently composed wastewaters from all floors all
the way to a treatment unit (Fig. 1.8). In warm climates the pipes may be attached
to the outside wall to allow for easy inspection and repair and, also, allow for low-
cost redesign of piping as need arises. Planners and builders can apply the same
systems thinking as in the case of keeping industrial and hospital sewage separate
from municipal sewers and stormwater drains.

The greywater from showers, hand-wash basins and washing machines can be
treated in situ by letting harmful substances bond to filter particles in a resorption
filter, and be diluted before recycled to fill washing machines, to water a garden, to
wash a car, or flush the toilet.

So called nutritious water from the Kitchen sink, urine, and leachate from excreta
contains only background levels of chemical compounds and is feasible to use as a
fertiliser in the garden after treatment. Health risks from pathogens are minimized
by storage for long periods (WHO 2006). An extra safety measure is to avoid man-
ual handling of this water by installing piped irrigation.
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Biowaste from kitchens and garden is collected separately and composted in a
simple, insulated composter. Faecal material, after being stored for almost 2 years,
can be added to the composter and the mix is used as a soil conditioner in the garden
or nearby farm. With two to three yields per year, the urban food production could
contribute a substantial part of urbanites’ vegetable and fruit requirements.
Depending on the area assigned for urban agriculture and distance to agricultural
areas, part or all nutritious material is transported to farm land. This is becoming
economically feasible as the liquid part in urine can be reduced (Senekal and
Vinneras 2017).

1.6 Food Security in Urban Areas

For long, the idea that food should not be produced in towns has been a feature of
urban identity. However, this idea has been challenged during periods of societal
stress, such as war and economic depression. Data gathered in the 1980s revealed
that urban agriculture was strong in many capitals of the world: Lusaka, Dar es
Salaam, Moscow, and other cities produced almost half of the consumed food within
the city limits (Smit et al. 1996). Cofie et al. (2003) estimated that 800 million
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Fig. 1.9 Restoring Nature in urban settings in El Bosco, Milan. Vertical forest on balconies.
(https://www.stefanoboeriarchitetti.net/en/project/vertical-forest/)

people were involved worldwide in urban agriculture, and 150 million fully
employed, while they contributed an estimated 15% of food production in 1993.

Gardening city dwellers may want to strengthen the family economy or enjoy
fresh vegetables or just be fond of gardening. Home-grown vegetables, berries and
fruits have a higher quality than when irrigated with untreated wastewater down-
stream of the city (Drechsel et al. 2010). An example of urban agriculture is Europe’s
allotment movement, which started in the late nineteen century. Initially, it was
introduced to improve workers’ well-being and complement their income by pro-
ducing some food. In Ukraine, for instance, there are some 7 million allotment
gardens on a population of about 40 million citizens (pers.com).

Today a renaissance for urban agriculture is ongoing in the western hemisphere
driven by a healthy food movement. A novel view of the use of ‘empty’ space is
emerging. At the Food and Climate Summit in New York 2009, an estimate was
presented that New York City has 52,000 acres of backyard space that collectively
could provide vegetables for 700,000 people (Stringer 2010).

The local situation determines what would suit the residents and their physical
and economic status. An interesting option is to build and use balconies and roofs to
grow plants and apply recovered nutrients. An ambitious example comprising
twelve 27-storey apartment towers, called Bosco Vertical alluding to hundreds of
full-size trees planted on the balconies, are built in Milan Italy (Fig. 1.9). Here,
plants also provide shade, cooling and dust reduction in the summer, and allow light
in the winter when the leaves have fallen (Financial Times 2011; INYT 2014). The
corresponding planted area on the ground would require 5 ha of agricultural land
and 1 ha of woodland. Such an area can potentially provide all vegetables required
by the families in the high-rise building.

In most cases, only minor changes are required of resident water-use and waste-
handling behaviours and routines. Perhaps the most important aspect of eco-houses
is that residents are obliged to be more careful with what they mix into the water
while using it, since they know that this water will come back to them in the tap after
treatment. Therefore, the quality of the raw wastewater entering the mini-WWTP is
likely to be of much better quality than that received by a municipal wastewater
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treatment plant. Residents are also encouraged to sort solid waste, including organic
waste to be composted.

Eco-homes can be modified to suit local preferences and future options entering
the market. Hydroponic technology is an emerging space-saving medium for grow-
ing e.g. salads faster than in soil and being fertilised by recovered nutrients in waste-
water. Another novel method makes meat production more independent of mineral
fertilisers and available land by letting earthworms or fly larvae process manure and
organic waste into protein-rich animal feed (Lalander et al. 2013). This is in line
with FAO’s aim to increase insect-based food production in order to feed the grow-
ing global population (van Huis et al. 2013). By so doing, also the land area required
for waste management would be reduced.

1.7 Conclusion

This chapter indicates that food security is within reach, if urban areas are designed
to save, reuse and recycle nutrients in organic waste. Such systems create a win-win
situation by also reducing health risks for humans and minimising polluting emis-
sions to water bodies and greenhouse gases to the atmosphere. But, such a change
is unlikely to come about by itself.

It is farfetched to hope for an international convention like the one on climate
change for limiting global use of mined nutrients. Instead, a multi-pronged solid
and liquid waste hierarchy emerges from the challenges posed by global resource
constraints, food insecurity and environmental degradation. The measures comprise
favourable building norms and environmental laws, product requirements, non-
toxic production through substitution, etc. Five examples have been explored:

— Manufacture and use products that generate as little waste as possible.

— Produce non-toxic materials whenever possible to facilitate the creation of nutri-
ent loops.

— Ban the use of P in detergents and minimize P in food and feed additives to delay
planetary shortage of P.

— Keep flows of different wastewater qualities separated and segregate solid waste.

— Keep the nutrient-rich toilet water separate from other household wastewater in
order to recover valuable nutrients.

— Enforce more stringent rules for agricultural use of municipal sludge and ban
storage of sludge on landfills in order to create incentives to save, reuse and
recycle nutrients.

— Encourage saving, reuse and recirculation of nutrients in order to minimize
incineration and landfilling of organic materials.

The on-going urbanization provides a window of opportunity to build new
recycling-friendly urban areas and infrastructure. At the end of this century, 8.5 bil-
lion will reside in cities — an increase from 3 billion the year 2000 — while only
1.5 billion people will reside in rural areas. This shift of people from rural to urban
areas increases the magnitude of urban nutrient flows. At the same time, the shift
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means that twice as many homes and offices are to be built in the present century as
the total building stock in the year 2000. The existing stock can be gradually
upgraded when e.g. piping is worn out. Thus, city councils can select any infra-
structure and building codes for these new urban areas without incurring extra
investment for creating a nutrient-smart city.
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Chapter 2 )
Reducing Food Losses and Waste et
in the Food Supply Chain

Gao Liwei, Zhang Yongen, Xu Shiwei, Xu Zengrang, Cheng Shengkui,
Wang Yu, and Muhammad Lugman

Abstract Globally around one-third of total food production is lost or wasted along
the entire food chain, which is an issue for food security. Therefore, better under-
standing of food waste is needed for waste reduction. However, such knowledge is
still vague and incomplete, particularly in developing countries and emerging coun-
tries such as China. Here we review food losses and waste in the Chinese food sys-
tem. We found that food loss and waste occurred at each stage of food chain, each
food department and each food item. Crop postharvest section and food post-
consumer section were the two biggest sources of food losses and waste. The loss
ratio of Chinese crop postharvest ranged from 7% to 11%, which is much higher
than that of developed counties, below 3%, though the Chinese ratio is decreasing
with improvement of postharvest technologies. The loss ratio at the food post-
consumer stage ranged from 3.8% to 11.1%, which is much lower than that of
developed counties, around 10%, but the Chinese ratio is increasing with urbaniza-
tion blooming and residential income rising. Food losses and waste still has not
been investigated in several processing steps including food processing, cool chain
logistics and retail.

To investigate losses reduction potential, a meta-analysis was used here to explore
reduction potential of Chinese food losses and waste, mainly focussing on crop
postharvest section and food post-consumer section. The results show that the loss
ratio during harvest can be reduced by 62.2% compared with the level in 2010.
Here, on-farmer traditional storage and harvest had the highest reduction potential,
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and drying and transport had the second highest potential. We also assessed the
impacts of policy on food waste in the restaurant industry. Results indicate that there
has been significantly waste declines in Chinese restaurants, particularly in large
restaurants and medium-sized restaurants. But food waste in households was still
not given detail evaluations because of data deficiency.

Keywords Food security - Food losses and waste - Reduction of food losses and
waste - Food supply chain

2.1 Introduction

It is estimated that food production will have to increase by 70% worldwide to be
able to meet the demand of increasing population and diet changes by the year of
2050 (Tilman et al. 2011). However, each year we still lost or waste about 30% to
50% of the edible parts of food that is produced and intended for human consump-
tion (Godfray et al. 2010; Gustavsson et al. 2011). The staggering food waste aggra-
vated global food security burden (Gustavsson et al. 2011), and the need to feed an
ever-increasing world population makes it obligatory to reduce the millions of tons
of avoidable food waste along the food supply chain.

The quantity and proportion of food losses or waste along the entire food supply
chain is staggering, but the underlying reasons differ between developed and devel-
oping countries. In developing nations, more than 40% of losses occur at the post-
harvest and processing stages due to the absence of infrastructure in food chain and
lack of knowledge or investment related to storage technologies at farmer levels
(Nellemann et al. 2009; Gustavsson et al. 2011). But, in developed nations, more
than 40% of losses occur at the retail and consumer stages for a variety of reasons
(Godfray et al. 2010; Gustavsson et al. 2011). For example, food wastage per capita
by consumers in Europe and North-America amounted to 95-115 kg a~!, while the
figures in Sub-Saharan Africa and South/Southeast Asia were only 6-11 kg a™!
(Gustavsson et al. 2011).

Food losses and waste not only threatens world food security but also negatively
effects resources, environment and human health (Hall et al. 2009; Cuellar and
Webber 2010), which has been substantial implications for sustainable development
(Godfray et al. 2010; Kummu et al. 2012).

In addition to the actual food wasted, resource inputs, eg. arable land, irrigated
water, fertilizer, oil, coal, natural gas, and environmental emissions, eg. CO,, NxO,
CH,, embedded in the whole food supply chain are also wasted (Gustavsson et al.
2011; FAO 2013), even so those losses have accumulative effects (Garnett 2008;
Porter et al. 2016). Furthermore, the methane gas, extra generated from food waste
landfill, has a 20-25 times more potent than carbon dioxide (Garnett 2011).

A report from Food and Agriculture Organization showed that global wasted
food consumed around 250 cubic kilometers of water, and it was equivalent to
annual water discharge of the Volga River, or three times the volume of Lake
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Geneva. Produced but uneaten food also relied on almost 1.4 billion ha of land,
which means about 30% of the world’s agricultural land area exploited in vain (FAO
2013). Kummu et al. (2012) calculated the resource costs associated with food
losses and waste within food supply chain, and found that around one quarter of
global produced food was lost and wasted, representing 24% of total freshwater
resources used in food crop production, 23% of total global cropland area, and 23%
of total global fertilizer use. The USA is the most concerned area where consider-
able food is wasted. It was estimated that food wasted by each American had
increased by 50% since 1974, accounting for more than one quarter of the total
freshwater consumption and 300 million barrels of oil per year (Kantor et al. 1997).
In China, Liu et al. (2013a, b) investigated food loss and waste across the food sup-
ply chain, and found that 19% of grain produced was lost and wasted, and the con-
sumer segment contributed the most (7.3%). In addition, the water and arable land
costs from Chinese food loss and waste were 135 billion cubic meters and 26 mil-
lion ha (Liu et al. 2013a, b), respectively.

Besides resources impacts of food waste, food production also contributes to
19-29% of worldwide greenhouse gas emissions (Vermeulen et al. 2012), including
emissions from the decomposition of food waste after disposal in landfills and from
the embedded emissions associated with its production, processing, transport and
retailing. The later impact requires a life-cycle view of wasted food (Garnett 2008).
It was estimated that the global footprint of wasted food was equivalent to 3.3 bil-
lion tons of carbon dioxide annually, ranking as the third largest source of emissions
after USA and China (FAO 2013), but that was not included greenhouse gas emis-
sions from land use change. Venkat (2011) calculated the emissions from wasted
food using life cycle assessment from production to disposal for each food com-
modity in the USA, data showed that avoidable food waste produced approximately
113 million metric tons of CO, e annually, equivalent to 2% of national emissions.
Figures in the UK from the year of 2010, indicated that the total avoidable house-
hold food and drink waste to be 4.4 million tons, and it was equivalent to 17 million
tons of CO, emissions (WRAP 2011). Within the grocery supply chain, the 3.6 mil-
lion tons of food waste each year was estimated to generate 8.4 million tons of CO,
emissions (WRAP 2010). In summary, reducing food losses and waste may be one
of the best ways to cut down the emissions and mitigate anthropogenic climate
change (Garnett 2011).

According to this increasingly serious problem, there is a growing global con-
sensus that curbing food loss and waste has been increasingly becoming another
way to enhance food supply, ensure food security and reduce environmental emis-
sions. In the year of 2011, identifying food as a key sector where resource efficiency
should be improved, the European Commission set targets to halve the disposal of
edible food waste by 2020 (EC 2011). Meanwhile, in the year of 2012, the European
Parliament also issued a resolution to halve food waste by 2025 and designated
2014 as the “European Year against Food Waste” (EP 2012). Some other govern-
ments have started to define specific targets for reduction of food losses and waste
including the United Kingdom, Republic of Korea, Japan, the Netherlands, France,
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Spain and Austria (HLPE 2014). Reduction of food losses and waste has been
becoming a worldwide campaign.

Moreover, any rapid and urgent actions to reduce food waste would have help
saving resources and reducing emissions. PBL (2009) estimated that effective mea-
sures for food waste reduction can reduce global land claim for agriculture by
approximate 5 million km? to 2050. At least 40% of the food waste produced in
Britain was estimated to be disposed in landfill (Defra 2011), large volumes of
which are biodegradable. Decomposition of this waste results in the production of
the greenhouse gas methane, which can contribute to climate change if not properly
managed. According to the UK Waste and Resource Action Programme, preventing
one ton of food waste had the potential to save an estimated 4.2 tons of CO,e emis-
sions in the UK (accounting for the lifecycle emissions and including emissions
from landfill) (WRAP 2009).

However, knowledge of food loss and waste along the food supply chain is still
inadequate worldwide (Schneider 2013), especially in developing countries and
regions with rapid economic transition (Song et al. 2015a, b; Gao et al. 2015;
Rembold et al. 2011). Therefore, the objective of this chapter, taking China as an
example, from crop postharvest section to food post-consumer section, would try to
give a whole review of food losses and waste along the food supply chain, and to
reveal the characteristics of food losses and waste, and then to discuss and explore
some approaches of reducing food losses and waste including improved technology,
management strategy, changing consumer behavior, policy guidance and so on. At
the end of this paper, to achieve sustainable food production and consumption in
whole food system, we presented and summarized some problems urgently needed
to be resolved and some policy suggestions urgently needed to be put into effects.

2.2 Food Production in China

Before discussion on food loss and waste in China, we firstly elaborated the evolu-
tion of food production and its resource inputs and environmental emissions in
order to clarify the importance of curbing food loss or waste along food supply
chain in China.

China is a country not only with huge food production but also with huge food
consumption. Hence, both sustainable food production and consumption are mostly
critical for food security in China (UNEP 2012). For more than six decades, in order
to ensure national food security, China has spared no effort to enhance food produc-
tion through implementing reforms, open-policy, technology and material inputs.
And the increasing amounts of agricultural products were produced from limited
land and water resources, and satisfied the huge food demands of a doubling popu-
lation and growing economy, creating a miracle of using only 7% of the world’s
cultivated land to feeding 22% of the world’s population (FAOSTAT 2013).

For example, beef production increased by a factor of more than 20 from 0.3 mil-
lion tons in 1980 to 6.5 million tons in 2010, and contemporaneously, mutton, poultry,



2 Reducing Food Losses and Waste in the Food Supply Chain 23

pork and aquatic products increased by factors of 9, 10, 3.5 and 11 respectively. Fresh
milk and egg production have increased by a factor of 26.5 and 8.8, respectively, dur-
ing the same period. However, total grain production only had a growth rate of 28.5%
during the three decades (FAOSTAT 2013) (Fig. 2.1). However, improving crop yield
will be more and more difficult within limited cultivated land resources in the future,
particularly because of challenges such as land competition from industrialization,
urbanization, and infrastructure development, and ongoing soil erosion and
desertification.

Although many works has been done to ensure food security in China, the growth
in China’s food production has made the resource and environmental cost promi-
nent (Guo et al. 2010; Beman et al. 2005; Jane 2011; Fang 2009) (Fig. 2.2), and
made people more aware of the true state of the national agricultural development.
Since the year of 2002, China has become the largest country of synthetic fertilizers
production and consumption in the world (Li et al. 2013). Data showed that, agri-
cultural capital goods such as chemical nitrogen and phosphors inputs in food pro-
duction, increased from 8.3 and 2.2 million tons to 23.5 and 8.1 million tons between
1978 and 2010 (Fig. 2.2), respectively. And during that time, agricultural machinery
inputs increased to 90 million KW from 10 million KW and irrigation water utiliza-
tion in agriculture was more than 300 billion cubic meters, which consumed 60% of
domestic water consumption (FAOSTAT 2013).

There is no doubt that overused agricultural resources, especially excessive
applied chemical nutrients discharging, caused many environmental problems
including eutrophication of water body, soil acidification, and greenhouse gas emis-
sions including CO,, CH,, N,O (Guo et al. 2010; Zhang et al. 2013; Liu et al. 2013a,
b), which has the potential to intensify global climate change. Taking agricultural
activity for example, CH,, N,O emission from agricultural sources accounted for
50.2%, 92.5% of total emissions of CH,, N,O, respectively, and greenhouse gas
emissions shared 17% of the total emission in China (Dong et al. 2008).
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Fig. 2.1 Total outputs of food production between 1980 and 2010 in China. Note the increase
outputs of agricultural production. Data was from FAOSTAT, 2013 and CNBS, 2017; Outputs
including liangshi, pork, beef and buffalo, mutton, poultry, milk, eggs and aquatic products. And
here liangshi included grain, tuber and beans
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Fig. 2.2 Total inputs of crop production between 1980 and 2010 in China. Note the increase
inputs of agricultural production. Data was from FAOSTAT, 2013 and CNBS, 2017; Inputs includ-
ing water use, nutrients application of chemical fertilizer, inputs of plastic mulch and machinery
power

However, when challenge facing by resources and environmental cost of food
production, food losses and waste has been long ignored. Since the early 1990s, the
proportion of food loss and waste from ‘farm to fork” was 18.1% in China, and the
post-consumer segment (consumer segment) accounted for almost one third of total
waste (5.4%), followed by postharvest stage (4.9%) (Zhan 1995). However, it
seemed that the situation had not been changed yet. In recent years, the ratio of food
loss for grains across the total supply chain was 19% in China, with the consumer
segment responsible for the single largest portion of food waste of 7.3% (Liu et al.
2013a, b). Nearly 20% of grain produced along food supply chain was loss and
wasted in China, which is equivalent to more than 1200 million tons in the year of
2014, which was nearly equal to half of total grain production in Africa. In other
words, if we can reduce by half of the loss or waste, more than 15 million people
will be fed (calculation based on 400 kilogram grain per capita per annum), more
than 32 million ha of arableland and 65 billion cubic meter of water would be saved
(Liu et al. 2013a, b). Therefore, in addition to maximizing crop yields, reducing
food loss or waste along food supply chain, especially in the consumer segment,
will be more significant to ensure food security in China because of its spending on
the least cost (Garnett 2011).

The rapid development of Chinese urbanization has been driving the diversifica-
tion of food consumption patterns and changes in food consumption behavior.
Statistics indicated that the ratio of animal-based food to total food consumed
increased from 10.7% to 22.1% between 1985 and 2010 (CNBS 2011). The trans-
formation of food consumption patterns towards to animal-based food drives more
greenhouse gas and resource-intensive food types (Garnett 2011). Therefore, the
magnitude of greenhouse gas and resource-intensive food wasted would incur
greater resources and environmental costs than the same plant-based food by weight
(Garnett 2008, 2011; Hamerschlag and Venkat 2011). Beef, for example, accounting
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for 16% of total emissions, was the single largest contributor to emissions from
wasted food in USA, even though the quantity of beef wasted amounts to less than
2% of total waste (Hamerschlag and Venkat 2011). This is because of the high emis-
sions intensity of beef and its low feed conversion efficiency (Hamerschlag and
Venkat 2011). However, with 65% of China’s population expected to be urbanized
by 2030, the volume of food wasted from food post-consumer segment in urban
China will be most likely to increase dramatically unless long-term and effective
measures are adopted by government and policy-makers (Cheng et al. 2012).

2.3 Food Losses and Waste in the Food Supply Chain

Since at least the 1970s, reducing post-harvest losses of food has been identified as
an element integral to supporting a growing population, particularly in developing
countries (Hall 1970; Bourne 1977; Gao 1977). However, the problem has not been
resolved to date, and even more serious. And besides post-harvest stage, other stages
including food processing, distribution and consumption also increasingly contrib-
uted to food losses.

China is taking responsibility of ensuring food security for 22% of the world’s
population, but almost 20 percent of grains produced each year was lost or wasted
in human food supply chain (Liu et al. 2013a, b), threatening to undermine future
food and resources security (Liu et al. 2013a, b), and intensifying climate change
(Cuéllar and Webber 2010). Therefore, prioritizing methods of reducing food wast-
age must be another try to increase food supply. However, the characteristics and
scales of food losses and waste from all the stages of food supply chain still has not
been understood systematically in China (Cheng et al. 2012), impeding the loss
reduction campaign, and the primarily reason was the unknown information ham-
pered by fragmented and outdated data (Parfitt et al. 2010; Liu et al. 2013a, b).

Food loss and waste can occur at each stage of food supply chain (Fig. 2.3). In
this part, a framework for food waste and losses was built along Chinese food sup-
ply chain (Fig. 2.3), and we will try our best to give a detail review around Chinese
food system, mainly focus on crop postharvest section and food consumed stage,
despite the uncertainties due to data limitation and lacking of literature presented.

2.3.1 Crop Losses in Postharvest Section

Crop postharvest stage in China contains major four segments including crop har-
vesting, crop transported from field to farmer household, crop drying and crop stor-
age, and each segment of crop postharvest exists food losses (Fig. 2.3). It was
estimated that each year there was a loss ratio of 7% to 11% in Chinese crop post-
harvest, and the figure was much higher than that of developed counties (below
3%), such as America and Europe (Godfray et al. 2010; Gustavsson et al. 2011).
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Fig. 2.3 Food losses along human food supply chain. (Note: the blue arrows mean food products
flow from production to consumption, and the red arrows show food losses and waste within each
section of food system, and the orange arrows indicate food losses in transportation. However,
food losses mainly happened in crop postharvest and food waste mainly in food consumption)

Besides climate factors, the mainly reasons were because of primitive storage
method, simple and crude facility, poor technology of grain crop (SAG 2011).

Losses in grain storage were serious in China, particularly in farmer storage.
Based on a report from China Administration of Grain, we can found that the per-
centage of grain loss in farmer storage has reached 8% during “the Eleventh Fifth-
Year” (the average value between the year of 2006 and 2010). However, because of
scientific methods of grain storage, there was a much lower loss ratio in intensive
grain storage including storages of governments and enterprises, and the losses ratio
was between 0.5% and 1.0% (SAG 2011).

Among Chinese major losses in grain storage at farmer level, the highest loss
value was maize, with an average of 11%. Paddy and wheat was about 6.5% and
4.7%, respectively. And the distributions of grain loss were, damage caused by rats
accounted for 49% of the total losses, fungi and insect pests accounted for 30% and
21%, respectively (SAG 2011). Compared with other countries, the loss values were
only slightly smaller than undeveloped countries (Gustavsson et al. 2011), such as
Nigeria (Thylmann et al. 2013) and Sri Lanka (NSC 1980), but that was much big-
ger than the developed countries (Gustavsson et al. 2011).

However, because almost half of grain was stored at farmer level (Fig. 2.4), so
grain losses in storage is still an inconvenient truth. And calculation based on 400
kilogram grain per capita per annum, if half of its losses were saved, nearly 25 mil-
lion people would be fed in China.

Following grain storage, crop harvesting had the second highest loss ratio in
China. Research showed that grain loss ratio varied in harvesting approaches (Gao
et al. 2016). There are two different approaches of crop harvesting in China, and one
is called combined harvesting using combine harvester to finish cutting, threshing
and cleaning of grain at one time, with the loss value between 0.2% and 6.0% (Chen
et al. 2011); while the other is called two-stage harvesting, with grain cutting,
threshing and cleaning by labor or machine, and the maximal value can achieve
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Fig. 2.4 Pyramid structure of grain storage and its associated loss rate in China. Note: losses rates
happened in different grain storage level, and modified after Liu 2014

more than 10% (Zhan 1995), and the minimum can also more than 1.0% (Song et al.
2015a, b). Therefore, enhancing the level of crop mechanical harvesting will be
beneficial to reduce loss from crop postharvest (Gao et al. 2016).

In addition to crop loss in storage and harvest, grain transport and drying also
had grain loss, although there was a small portion of grain loss. It was estimated that
grain transported loss in the packaging bags was on an average of 1.0%, and loading
in bulk about 0.3% (Gao et al. 2016). In grain drying, about 0.5% of losses occurred
by dehumidifying equipment and 1.5% by natural withering, however, the later had
still much great proportion, with a percentage of more than 50. Actually, in the last
few decades, grain often got poorly packaged for transport in Chinese countryside.
Some transporters use sacks, or polythene bags or simply load the “naked” products
directly onto the trucks, leading to compression damage during transport, adding
the poor state of roads, especially worsens during the rainy season when it was com-
mon to see trucks ferrying grain products breaking down or getting stuck in the
mud, which further aggravated the losses during transportation.

In summary, compared with Europe and the United States (with 5% to 6% of
grain postharvest loss) (Gustavsson et al. 2011), China still has a higher grain loss
ratio in postharvest, especially for the on-farmer stage of grain storage, which is far
from the level of 5% loss percentage, proposed by the United Nations food and agri-
culture organization (Gustavsson et al. 2011). Besides grain, perishable food also
has higher loss percentage in postharvest stage in China. It is estimated that posthar-
vest loss of vegetables and fruits are between 25% and 30%, which is 5-6 times as
high as western developed countries (Gustavsson et al. 2011). Meanwhile because
of China lacking of adequate cold storage facilities, meat and aquatic products can
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reach between 10% and 15% (Zhao 2008). Therefore, based on the discussion above,
the reduction potential of food postharvest loss was mainly in food storage, but we
also need to know that in the future with the increasingly rising of agricultural mech-
anization level and agriculture scientific and technological progress, percentage of
crop postharvest loss most likely could be reduced considerably.

2.3.2 Food Waste in Post-consumer Stage

Food waste from post-consumer was the second highest loss worldwide based on
previous studies (Cuéllar and Webber 2010; Liu et al. 2013a, b; Gao et al. 2015). In
China, food post-consumption includes food consumed home and away from home,
where food wastes happened. The following section will present food waste in
Chinese post-consumer stage with particular emphasis on food consumed home and
outside.

2.3.2.1 Food Waste at Home

With the increasing income level of Chinese residents, food-purchasing power
enhanced, and coupled with the food sales promotion in supermarket, all of which
intensified food surplus, so food wasted in home occurred and has been becoming
more and more serious, particularly in urban China. If nothing to do, the situation
would be towards to the extent of developed countries just as the America and
Europe (Cuéllar and Webber 2010; HLPE 2014).

Based on the China Health and Nutrition Survey data including nine provinces
from 1991 to 2009 in China, the ratio of food wasted in home was calculated by
Song et al. (2015a, b), and the results showed that the average ratio of total food
wasted per capita per year was on average of 3.8% in Chinese resident household
(Fig. 2.5), of which vegetables contributed 54% to the total food waste by weight,
followed by rice with 13%. And the overall of pork, legumes and fruits represented
15% of the total consumed but 13% of the total discarded, respectively. Moreover,
the results for the food items also presented a significant dependence of the genera-
tion of food waste on consumption, with a correlation coefficient of 0.87 (Song
et al. 2015a, b), implying that commonly consumed more foods generated more
waste.

And with the data, spatial variation of food wasted in different provincial fami-
lies was analyzed by Ding (2015), and the results indicated that an average of 16 kg
of food consumed per capita per year was wasted, and the most amount of food
wasted per capita was from Hubei province with an annual median value of 28.9 kg
in the 7 years, but the least was from Heilongjiang province with an median value
of 12.0 kg (Fig. 2.6).

In addition to regional household diet leading to food waste, the spatial diversity
of climate may be another more important factor effects food waste, and compared
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Fig. 2.5 Food waste in
Chinese resident
household. (Note: waste
rate per capita per year in
Chinese household by food
items, and modified after
Song et al. 2015a, b. The
numbers showed different
food items, and NO. 1-27
represented aquatic
products, beef, biscuits,
bread, butter, cheese, dried
fruit, eggs, fruits, lamb,
legumes, maize, milk,
pork, potatoes, poultry
meat, rice, snacks, sugar,
sweets, vegetables, wheat,
yogurt, other cereals, other
meats, others and the total
food products,
respectively)

Fig. 2.6 Food waste in
different provinces’
household in China. (Note:
box-plot for household
food waste per capita per
year by provinces in China,
and modified by Ding
2015)
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with North China, South China would be more likely to spoil food because of the
wet weather (Xu 2005; SAG 2011). Food culture could be another reason caused the

difference.

But there still existed large difference between researches. A wastage of 43 g
food per person per day was higher than a previous estimate of 11 g (Song et al.
2015a, b), but far less than the average of 490 g of food wasted in Beijing house-
holds (Zhang and Fu 2010). A person in China discards an average of 16 kg of food
per year according to Song et al. (2015a, b), slightly higher than their counterparts
in sub-Saharan Africa and regions of southern and Southeast Asia, which have
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annual per capita food wastages of 6-11 kg (Gustavsson et al. 2011), and far less
than the USA, the UK and Turkey, with annual per capita wastages of 124 kg
(Buzby and Hyman 2012), 138 kg (WRAP 2012) and 116 kg (FAO 2006), respec-
tively. Besides the spatial and temporal disparities, an inconsistent standard for
measuring food waste would be the main factor that led to the differences between
results (Gao et al. 2015).

2.3.2.2 Food Waste Away from Home

Consumer waste, which is mainly linked to restaurants and canteens, is increasing
driven by growing affluence, urbanization, and the growth of the restaurant and
catering sector in China (Liu 2014). It is estimated there are 3.5 million catering
enterprises in China including large, medium and small restaurants, snack and fast-
food outlets, and cafeterias. Food wasted away from home in Chengdu, Sichuan
province was investigated by Wang and Xu (2012), and results showed that 26.7%
of served food was wasted in 2011. In Beijing, compared with food wasted at home
(0.07 kg per capita per day), the magnitude of food wasted in restaurants was much
higher (0.3 kg per capita per day) (Zhang and Fu. 2010). Xu (2005) investigated
food waste of Beijing restaurants with different scales (large, medium and small),
and found that wasted food accounted for 11.1% of total food consumed, of which
animal-based food served was 14.7% and plant-based food was 15.6%.

Based on data collected from news and reports related to food waste by consum-
ers in Chinese catering services, Gao et al. (2013) estimated that food waste was
roughly 6 million tons in provincial capitals with the year of 2008 (Fig. 2.7).

Total food waste was mainly distributed in the economically developed eastern
regions of China. Based on city size, the amount of food wasted in cities was divided
into five levels: the largest level, e. g. Beijing and Shanghai, produced 1000—1600
tons of food waste per day; the second large level, e. g. Changsha, Nanjing, pro-
duced 600-1000 tons; the third level, e.g. Fuzhou and Taiyuan, produced 360-600
tons; the fourth level, e.g. Shenyang, produced 150-360 tons; and the lowest level
produced less than 100 tons (Fig. 2.7 left). Taking Hefei as an example, there are
3350 restaurants in this city, including hotels and collective canteens, and there was
a food waste amount of 500-700 tons each day.

Following the above, we also divided food waste per meal per capita into five
levels; and data was showed in Fig. 2.7 right. But different from data of total food
waste in food 7 left, data of food waste per meal per capita showed that most of food
waste produced in East China (Fig. 2.7 right), mainly distributed in cities with low
population density and non-tourist cities, which caused the higher food waste per
capita. But Lhasa in Tibet, as one of the famous tourist cities in China, also had the
most food waste, and that was mainly because food away from home was wasted
mostly by tourist, and the climate of hypoxia contributed to the most of food wast-
age (Gao et al. 2017).

Organic components embedded in food waste were high in catering services.
The proportion of fat and protein were between 16.9% to 38.9% and 6.6% to 15.9%,
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Fig. 2.7 Food waste per day (left) and per capita per meal (right) in restaurants in Chinese provin-
cial capitals. (Note: variations of food waste in Chinese restaurants, and calculated using news
reports and the population of provincial cities, and tourist populations considered in Beijing and
Lhasa, and modified by Gao et al. 2013)

respectively (Xu et al. 2011; Wu et al. 2006). Based on data from China Agriculture
University, protein and fat contained in catering food waste reached eight and
3 million tons per year, respectively, equivalent to the amount of nutrients con-
sumed by 200 million people a year, and when adding food wasted in food con-
sumed home, the total food waste can feed 200-300 million people each year (Xu
2007), which may be probably overestimated. Another study estimated that the
magnitude of wasted food was equal to 5 million tons of grain yield, nearly equal
to the amount of total grain imported by China (CNBS 2010). It was estimated that
based on a ratio of 10% food wasted away from home (the actual value is greater
than that), it was rough estimated that food wastage led to a financial loss of 150 bil-
lion yuan, accounting for 8.4% of the gross domestic product (1780 billion yuan)
of Beijing in 2012.

Now food waste has been becoming a pervasive problem, especially in urban
catering (Cheng et al. 2012). Research on catering food waste in Beijing indicated
that 81% of interviewed consumers ever had wasted food, and 28% of consumers
did not consider packing up leftovers when dining out, and 53% of consumers
would pack up leftovers only when too much food was wasted (Zhang and Fu 2010).
Official business, weddings, funerals and dinner parties are the major occasions
where food was wasted (Xu 2005), and these situations were even common in rural
regions of China few years ago.

In short, no matter how wasted food occurred in post-consumer stage, and it was
more on related to human customer behavior, but studies on behavioral interven-
tions for food consumption is seldom applied in reduction of food waste (Whitehair
et al. 2013), so it is very important to carry out researches around behavior from
food wasted by human.
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2.3.3 Food Loss and Waste in Other Stages

Now there are still many stages existing food loss and waste, including food indus-
try, cold-chain logistics, food distribution and so on, but the stages had still not been
given systemic analysis in China, because of limited data presented. However, doc-
uments were listed here as much as possible to reflect and reveal the seriousness of
the food loss in other stages in Chinese food supply chain.

Firstly, in grain primarily processing stage, residents in China excessively pursue
the heavily processed grain, not only reducing milling yield of paddy and wheat but
also resulting in great losses of vitamins and essential micronutrients of grains, and if
long-time exposure to this environment, human dietary nutritional balance could be
lost (Fan et al. 2015), which will probably bring another pressure on food security.
Currently, data showed that the edible portion of grain was only between 65% and
70% in China, which has a large gap between 20% and 30% compared with devel-
oped country. Data also showed that milled rice ratio of the third degree decreased by
2-4% compared with the second degree, but polished rice reduced by about 15% than
the third degree (Fan et al. 2015). Now, nearly half of the rice consumed is from inten-
sive processing. As for wheat, 50 kg wheat could produced wheat flour about 42.5 kg
twenty years ago, but now the data has changed already and decreased to 36.5 kg,
because of domestic market demand to the intensive wheat flour. And all the by-
product of grain processing is used for feed, which may be another kind of food waste.

Secondly, cold-chain logistics, important to keep perishable food fresh and avoid
food wastage, has been a booming area in developing countries like China. However,
compared with developed countries, the cold-chain logistics transportation of fresh
food has taken more than 50% in many developed countries, and the ratio even
reaches 80% in America and Japan, but in China the cold-chain logistics transporta-
tion of fresh food merely has taken 15% (Zhou and Sun 2015). Wang et al. (2013)
reported that as a result of inadequate refrigerated facilities and poor cold-chain
systems, up to 90% of meat products, 80% of aquatic products, and the majority of
dairy and bean products were transported and sold without using any refrigerated
equipment and outside the cold chain system, which has led up to 20% to 30% of
fruits and vegetables, 12% of meat, and 15% of aquatic products to be lost. But
losses in most developed countries were about 5% and in the USA, this figure was
even less than 2% (Bolton and Liu 2006).

Furthermore, lacking of cold-chain logistics was not only producing food loss
but also aggravating healthy potential. It was estimated that more than 94 million
people became ill due to bacterial food borne disease, which was attributed to the
lack of cold chain facilities and improper handling of food products in 2011 (Mao
et al. 2011), which has severely affected consumer confidence.

Thirdly, as one of the most important parts of food distribution, the retail sector
of the food supply chain is not the largest contributor to food waste, but the amounts
are still high and the share of unnecessary waste is also high (Eriksson 2015), which
has been considered as an important issue (Table 2.1), but in China, especially in
urban retail markets, food losses and waste has still not been investigated.
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Table 2.1 Studies quantifying losses and waste by food items in supermarkets in developed
countries

Data collection | Reference Relative

Reference Country method base Product group waste (%)
Buzby et al. USA Supplier records | Supplier Fruit 8.4-10.7
(2009) Shipment | Vegetables 8.4-10.3

data
Buzby and USA Analysis of Food Fresh fruit and 9
Hyman (2012) national statistics | supply vegetables

value
Buzby and USA Analysis of Food Dairy products 9
Hyman (2012) national statistics | supply

value
Gobel et al. Germany | Analysis of Delivered | Retail sector 1
(2012) national statistics | mass
Katajajuuri et al. | Finland Interviews Not Retail sector 1-2
(2014) specified
Stensgard and Norway Store records Sales value | Fruit 4.5
Hanssen (2015) Vegetables 4.3
Stensgard and Norway Store records Sales value | Milk products 0.8
Hanssen (2015) Cheese 0.9
Lebersorger and | Austria Store records Sales in Fresh fruit and 4.3
Schneider cost price | vegetables
(2014)
Lebersorger and | Austria Store records Sales in Dairy products 1.3
Schneider cost price
(2014)
Beretta et al. Switzerland | Estimate from Volumes of | Fresh fruit and 8-9
(2013) store records sales vegetables
Fehr et al. Brazil Quantification at | Delivered | Fresh fruit and 8.8
(2002) retailer mass vegetables
Mattsson and Sweden Store records Sold mass | Fresh fruit and 1.9
Williams (2015) vegetables (only

in-store waste)

Supermarkets, as a typical component of food retail, produce much food waste.
Food loss happened when food over shelf life (Kantor et al. 1997), when food
spoiled in storage (Buzby et al. 2014), even when food stolen (Bamfield 2011). Data
showed that considerable losses happened in food retail, although lacking data from
Chinese retail. Taking Netherlands for example, since 2011 the largest retailer-
Ahold, published data on food lost or waste in its Corporate Social Responsibility
report. In 2012, the volume of food loss and waste was between 1% and 2% of total
food sales, with fresh food loss and waste between 2% and 3% and dry food between
0% and 1% (HLPE 2014). High losses at the retail stage occurred in perishable
commodities such as fruits and vegetables, fish and seafood, meat, dairy products,
baked foods and cooked foods. In the United States of America alone, it was estimated
that the in-store food losses were 10% of the total food supply (Buzby et al. 2014).
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Supermarket giant Tesco had also revealed it generated 28,500 tons of food waste in
the first 6 months of 2013. Of the total waste, 21% was made up of fruit and vege-
tables and 41% of bakery items (Tesco 2014).

From all of the above, we can see that food loss and waste occurred at each stage
of food chain, each food department and each food item. Varieties of food loss and
waste along food supply chain we presented here is just to explain to what extent food
was lost or wasted at stages of food system. But we do not give the detail reasons for
each kind of food loss or waste, which is influenced by many factors, and even there
are many causes of food loss or waste that they are often linked and that they are also
often very specific to the nature of different products and to local conditions.

To be summarized, we can conclude, firstly, including demarcation, status, rea-
sons, and reduction potentials and so on, food losses and waste in food supply chain
still has not been systematically investigated and analyzed yet, particular in China.
Secondly, with the increasing investment of agricultural mechanization, food losses
in crop postharvest will be expected to be decreasing, but with rising incomes and
an anticipated shift towards more animal-product based diets, if nothing to do, the
balance of food losses will be most likely skewed towards to food consumption side,
and food waste levels may even reach those found in developed countries (Buzby
et al. 2009; Cuéllar and Webber 2010). Thirdly, the antiquated data discouraged
researches of food losses and waste, and except crop postharvest and post-consumer
stage, the data of other sections including food transportation, processing and retail
hardly was blank in Chinese food supply chain.

2.4 Reducing Food Losses Along Food Supply Chain

In the previous discourse, based on exiting researches about food losses and waste,
we had given a systematic review of the characteristics and some causes of food loss
or waste along food supply chain in China, and a wide range of causes, organized in
different levels, called for a wide range of solutions. But the knowledge of reduction
potential of food losses and waste, especially focus on crop postharvest and post-
consumers, still had not been given. Hence, the following will present some domes-
tic research cases about reducing food loss and waste in crop postharvest section
and food consumption, in order to reveal the potential of cutting food loss and waste
in China. And solutions used here contained approaches from technique, manage-
ment, policy and the compound.

2.4.1 Losses Reduction in Grain Post-harvest Section

From the above we can see that widely discussions and considerable researches has
been carried out around crop post-harvest loss and its reduction in China, but the
focus was mainly on grain storage due to its most serious losses, and the situation
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of Chinese crop postharvest loss has not been explored systematically yet, and in
addition, the reduction potential still has not been known. So, based on the deepen-
ing and development of China’s agricultural science and technology, a method of
calculating grain post-harvest loss was built and its reduction potential also was
indentified the following.

Here, a study was carried out to quantify the status of grain postharvest losses
and calculate the reduction potential in China. Here, based on agricultural products
flow footprint in China, losses of three major grains, including paddy, wheat and
maize, were analyzed in each segment of postharvest section, which was showed in
Fig. 2.8.

Grain postharvest segments were divided into four sections, including grain har-
vest, transport, drying and storage, and each was also divided into several different
loss ways related to technologies and agricultural machines. Grain harvest was
divided into combine harvesting and two-stage harvesting, and transport was divided
into package and bulk transporting, and drying was divided into air and mechanical
drying, and storage was divided into household and depot storage, based on which
the data of various documents were collected and classified (Fig. 2.8).

Based on above, loss partition coefficient of each crop in each segment of post-
harvest section was identified in the year of 2010 (Figs. 2.9, 2.10 and Table 2.2),
which was as the baseline of scenario analysis to explore the loss reduction potential
of crop postharvest. And scenarios setting based on changes and improvements of
different technical conditions in different phases were built, which was showed in
Fig. 2.11.

There was a greater loss in grain harvest section. Data showed that 31.4% of total
losses in grain postharvest were from the harvest in 2010 (Gao et al. 2016), and
major grains of paddy, wheat and maize had different loss ratios because of their
different harvesting approaches (Fig. 2.9). Two major grain harvesting approaches
were chosen and compared. The results in Fig. 2.9 showed that, compared with

Harvesting ]—[ Transport ]—[ Drying ]—-[ Storage
B—1  S— T —
Combined Package [ Air Depot
Harvesting Transporting Drying Storage
Two-stage Bulk Mechanical Household
Harvesting Transporting| |Drying Storage

Fig. 2.8 Postharvest losses of major grain in China. Note pathways of postharvest losses of major
grains including wheat, maize and paddy rice, and different pathways have different loss rate. In
harvest, combine harvesting means grain from reaping to threshing at one time, and two-stage
harvesting means first reaping with manpower or machinery, and then threshing with machinery.
In transport, grain loading after harvest from field to farmer household, package transporting
means grain transported in bags, and bulk transporting means by bulk-grain truck. In drying, air
drying means grain dried by nature wind roof or ground; in storage, depot storage indicates grain
stored by governments and enterprises while household storage by farmer households
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Fig. 2.9 Major grain losses of wheat, paddy and maize in different harvesting approaches in China
in 2010. (Note: box-plot for grain losses in harvest. CH, Combined Harvest, represented grains
harvested mainly with combine-harvester, and TH, Two-Stage Harvest, represented grains har-

vested firstly cut down by labor or machine, and then threshed by labor or machine. Modified after
Gao et al. 2016)
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Fig. 2.10 Major grain losses of maize, paddy and wheat in different storage patterns in China.
(Note: box-plot for grain losses in storage. FOS, FSS, GES are Famer Ordinary Storage, Farmer

Scientific Storage, Government and Enterprise Storage, respectively. Modified after Gao et al.
2016)

combined harvest, two-stage harvest had higher loss ratios between grains, so the
enhanced harvesting percentage with combine-harvester can considerably reduce
grain harvesting loss.

Storage may be the greatest loss in grain postharvest section. Data showed that
more than 40% of total losses happened in grain storage in 2010 (Gao et al. 2016).
Variations of the loss ratio differed by grain storage patterns. Famer ordinary stor-
age, farmer scientific storage and government and enterprise storage were the
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Table 2.2 Partition coefficient of each crop in each segment of postharvest section

Harvesting/% Transport/% Drying/% Storage/%
Farmer storage
Crop CH TH PT BT ED ND TS SS DS
Paddy 60.0 40.0 85.0 15.0 10.0 90.0 30.0 10.0  60.0
Wheat 86.0 14.0 85.0 15.0 10.0 90.0 50.0 10.0  40.0
Maize 27.5 72.5 85.0 15.0 10.0 90.0 50.0 10.0 40.0
Note: CH grain harvested by combine harvester, TH grain harvested by labor and machine, PT
grain transported in package, BT grain transported by closed bulk truck, ED dried by grain drying

equipment, ND grain dried naturally, 7S Traditional grain storage, SS Scientific grain storage, DS
grain stored in depot of government and enterprises

10.0 T

B Paddy HWheat B Maize

8.0

Grain postharvest losses (%)

Base line of  Scenario ]  Scenario I  ScenarioIIl Scenario][V  Optimal
2010 scenario

Fig. 2.11 Potentials of postharvest losses reduction for paddy, wheat and maize in different sce-
narios in China. (Note: Base line of 2010 means postharvest losses of paddy, wheat and maize in
the year of 2010; Scenario I, means based on base line of 2010, FOS was all replaced by FSS;
Scenario II means, based on scenario I, FSS all became GES; Scenario III means, based on sce-
nario I, percentage of TH decreased by fifty percent for paddy, wheat and maize, respectively;
Scenario IV means, based on scenario II, percentage of CH increased to one hundred. Optimal
scenario means, based on scenario IV, grain bulk transporting and mechanical drying for paddy,
wheat and maize achieved one hundred percentages, respectively; Modified after Gao et al. 2016)

mainly patterns in Chinese grain storage patterns (Fig. 2.10). And among all the
patterns, famer ordinary storage had the largest loss ratios between grains, and the
less was farmer scientific storage, and the least was the government and enterprise
storage. Therefore, the increasing grain intensive storage had a good beneficial to
the reduction of grain storage losses.

Based on the data collected above, the reducing potential of major crops loss was
identified and quantified (Fig. 2.11). The results showed that compared with the
baseline (the year of 2010), when all farmer traditional grain storage was replaced
by farmer scientific grain storage, there was a considerable loss decline in post har-
vest for the three crops, in which the ratio of maize post-harvest loss decreased the
most with a percentage of 3.5 (Scenario I).

Based on scenario I, when government and enterprise storage substituted all
farmer scientific grain storage, that means all grains stored in depots of government
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and enterprise. Because there was a similar losses ratio between farmer scientific
grain storage and government and enterprise storage, there produced a slightly
losses descent (Scenario II) compared with scenario 1.

Based on scenario I, when the percentage of the two-stage harvest of all the crops
decreased by 50%, and that means the percentage of combined harvesting of the
three crops increased to 80.0%, 93.0%, 63.8%, respectively. There were also a
slightly losses descent (Scenario III) compared with scenario I, because of a minor
discrepancies between two-stage harvest and combined harvesting.

Based on scenario II, when the percentage of combined harvesting of the three
crops all increased to 100%, and that means grain harvest and storage all achieved
mechanization and scientific management. Compared with scenario I ariolll, there
was also a slightly losses descent (scenario IV).

But based on scenario IV, when all of grain loaded with packaging was substi-
tuted by that loaded in bulk, and mechanical drying of grain was instead of all of
grain air dried, loss ratio of three crops above had a sharp drop, and decreased to
2.6%,2.7%, 3.6%, respectively, and with the amount of loss reduction were 8.3, 5.9
and 9.7 million tons, respectively, compared with the baseline of 2010 (optimal
scenario).

In summary, it can be seen that improving levels including mechanization and
scientific management all can drastically reduce postpartum grain loss. Under the
optimized measures, the total loss reduction of three crops can be achieved by
23.9 million tons, and the loss ratio decreased by 62.2% compared with present
level (year of 2010). In segments, on-farmer traditional storage and harvest had the
greatest reduction potential, and drying and transport had the second greater poten-
tial. Therefore, the formation of scientific management consciousness for farmers
may be one of the most important factors to crop loss reduction in China.

2.4.2 Influence of Policy on Catering Food Waste

China may be the first country in the world that the central government had imple-
mented the most drastic measures to crack down food waste in catering food ser-
vices. Facing that food waste from catering had become an important social and
political issue in China to both government officials and the public, in early 2013,
China’s Central government commented on an article titled “netizen’s call upon
restaurants to restrict food waste” and called for rigorous measures to stop the waste
of resources. All mainstream media in China immediately followed and reported on
the issue of food waste and the anti-waste campaigns have flourished.

The effect of the government’s and the public campaign against food waste has
been immediate and impressive, and the topic quickly became a priority for both
government and civil society. The authorities tried their best to put an end to extrav-
agant feasts and reduce expenses on receptions and banquets, because they have to
take the lead in saving food, especially when taxpayers’ money was used to create
waste. The campaign was initiated by nongovernmental organizations and activists,



2 Reducing Food Losses and Waste in the Food Supply Chain 39

which urged people to save food by not wasting anything on the dining table. The
campaign, launched on weibo, was soon joined by millions of netizens across China
in a bid to curb food wastage and appreciate the virtue of being thrifty even in times
of plenty.

Several years have been past already until the policy has been released, and the
continuing effects of policy on food wasted in restaurant have not been given an
evaluation. Here, with the survey data from different scales of restaurants in urban
China, intervention effects of policy released on restaurant food wasted were shown
in this section.

Based on 3 years’ survey data of food waste from catering between 2001 and
2015 in urban China (2011, 2013 and 2015), the characteristics of food waste per
meal per capital was analyzed. The results showed that policy, to a great extent,
curbing catering food waste, had occurred significantly intervening effect (Fig. 2.12
and Table 2.3).

Food waste per meal per capita decreased from 181.0 gram in 2010 to 88.7 gram
in 2013 and to 65.7 gram in 2015, in which the absolute decreased magnitude of
pant-based food wasted was higher than that of animal-based food wasted, but the
absolute magnitude of pant-based food wasted was still higher than that of animal-
based food wasted. In plant-based food wasted, the absolute magnitude of vegetable
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Fig. 2.12 Food waste in catering by different restaurant types in urban China. (Note: error bar of
catering food waste per meal per capita by food categories and years. 95% confidence interval for
food waste mean. RS, RM, RL mean food waste in Small Restaurants, Middle Restaurant, Large
Restaurant, respectively. Modified after Gao et al. 2017)
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Table 2.3 Impacts of policy on food waste (g meal~! cap™")

G. Liwei et al.

Foot Item Year 2013 2015 2013 vs. 2015
Pork 2011 1.85 +£2.20 2.84 +2.44 0.99 +1.92
Beef 2011 13.17 £ 1.44%* 14.66 £ 1.59%* 1.49 + 1.25a
Mutton 2011 5.39 + 0.88** 4.50 £ 0.98%%* —0.89 +£0.77a
Poetry 2011 8.38 + 1.16%** 8.07 £ 1.29%* —-0.32 £ 1.02
Aquatic product 2011 10.50 £ 1.46%** 13.82 + 1.62%* 332+ 1.27%*
Egg 2011 0.83 +1.25 —1.81+1.39 —2.63 £ 1.09%*
Vegetable 2011 35.33 £5.07** 51.65 £ 5.63%* 16.32 £ 4.43%*
Rice 2011 11.11 £2.65%* 16.52 + 2.94%%* 5.41 £2.31%*
Flour 2011 5.74 £ 2.55%%* 5.05+2.83 —0.69 +2.23
Animal-based food 2011 40.12 + 4.36%* 42.08 + 4.84%* 1.96 £ 3.81
Plant-based food 2011 52.18 £ 6.79%* 73.22 + 7.54%% 21.04 £ 5.94%*
Total waste 2011 92.30 £ 9.60** 115.30 = 10.67** 23.00 + 8.40%*

Note: Using the single factor analysis of variance (One Way ANOVA analysis) t test method
(LSD); ** means average difference between groups have significant difference at P < 0.05 level;
Average differences+SD, P < 0.05

wasted was the highest, however had significant reduction, but the total waste was
still the greatest among all food items.

With one-way analysis of variance (one-way ANOVA analysis) and t test (LSD),
significant analysis of food wasted was carried out during policy released before
(2011) and after (2013 and 2015). Table 2.3 showed that compared with the policy
approved before the year of 2011, except eggs and pork, the total amount of food
waste, animal-based food waste and plant-based food waste all had significantly
decreased in the year of 2013 and 2015 (P < 0.05) (Table 2.3), which indicated that the
policy intervention of reducing food wasted in restaurants had significant effects.
Moreover, compared with the year of 2013, the total amount of food waste and plant-
based food waste had significantly decreased, and animal-based food waste had not
significantly decreased, but still gave a downward trend in quantity (Table 2.3).

Food waste from different scales of restaurants was also analyzed, and the results
indicated that significantly intervening effect of policy on food waste mainly con-
centrated on large and medium-sized restaurants. The total amount of food waste,
animal-based food waste and plant-based food waste all had significantly declined
in large restaurants (P < 0.05), but for medium-sized restaurants, only total amount
of food waste and plant-based food waste occurred significantly declined (P < 0.05).
However, small restaurant had not significantly declined among all food in 2013 and
2015, compared with 2011, even increased which may be affected by other impor-
tant factors and should be given a further research in the future (Table 2.4).

From the above, the results indicated that food waste from large and medium-
sized restaurants still has the potential to be cut down, particularly for animal-based
food in medium-sized restaurants such as pork. And the researches to be carried out
in the future should be strengthened to focus on large and medium-sized restaurants,
and to explore the influence factors. Finally, inducting sustainable development of
catering industry should be the ultimate goal of reducing food waste in urban China.
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Table 2.4 Impacts of policy on food waste with different scales restaurants (g meal~! cap™')

Scales of restaurant | Food item Years | 2013 2015

Large Animal-based food | 2011 67.34 £21.14%%* 73.94 £ 28.75%*
Plant-based food 2011 36.45 + 10.44% 15.19 £ 14.20a
Animal-based food | 2011 30.89 + 13.92%% 58.74 £ 18.94%%*

Middle Animal-based food | 2011 40.34 £ 16.14%* 74.07 £ 17.91%*
Plant-based food 2011 9.95 +6.28a 9.51 £6.97a
Animal-based food | 2011 30.39 £ 12.41%%* 64.56 £ 13.77**

Small Animal-based food | 2011 —44.87 £ 19.59%* | -32.81 + 19.95a
Plant-based food 2011 —13.87 £8.18a —7.94 +8.33a
Animal-based food | 2011 —31.00 £ 15.50*%* | —24.86 + 15.79a

Note: Using the single factor analysis of variance (One Way ANOVA analysis) t test method
(LSD); ** means average difference between groups have significant difference at P < 0.05 level;
Average differences+SD, P < 0.05

2.5 Outlook

Producing enough food for the world’s population in 2050 will be easy. But doing it
at an acceptable cost to the planet will depend on research into everything from
high-tech seeds to low-tech farming practices (Nature 2010). This challenge requires
changes in the way food is produced, stored, processed, distributed and consumed.
Godfray et al. (2010) suggested five major strategies to meet these challenges: clos-
ing the yield gap, increasing production limits by genetic modification, expanding
aquaculture, dietary changes, and reducing waste. These all involve utilizing the full
potential of the production system so that more food can be consumed without
increased resource demand at the same rate.

Reducing waste is unique in this context, since it focuses on food that is already
produced, but not consumed for various reasons. However, reducing waste of edible
food is also one of the least controversial ways to make the food supply chain more
productive, it has the potential to be used immediately to decrease the competition
for natural resources that could be saved for future production to avoid a future food
crisis (Nellemann et al. 2009). So in this sense, reducing food losses and waste
towards sustainable food production and consumption appears to be particularly
important, particularly in China. However, it is still a hard work, and many works
need to be done.

2.5.1 Definition to Be Unified Urgently Worldwide

Although lots of researches have been done around food loss and waste along sup-
ply chain, the definition has not been clearly and explicitly formed, particularly for
food waste, which existed considerable difference between countries.
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Food and Agriculture Organization firstly gave the definition of food loss and
waste (Gustavsson et al. 2011), which believed that food loss and waste in food
system all can be called food waste. But the different was that food loss mainly
focus on early stage of food supply chain, including before food entering into termi-
nal products or food distributed, presenting food decreased in quantity or food
decline in quality, which caused the reduction of food supply. Food loss mainly
happened in undeveloped countries, e.g. South Africa and India, and regions because
of the lack of proper storage facilities, lagged agricultural technology and unsuit-
able climate factor, and food loss mainly occurred in stages including production,
harvest, postharvest and processing of early food supply chain, which caused edible
food to be lost in vain (Lundqvist et al. 2008). While food waste mainly referred to
foodstuff that should had been eaten or processed was wasted because of various
reasons, which happened in later supply chain including food consumption and
retail (e.g. supermarket, retail market, wholesale market, household, restaurant and
canteen) (Gustavsson et al. 2011).

Based on different purposes, the terms of food loss and waste were also given by
different scholars and research institutions, which mainly located in stages of food
distribution, consumption and post consumption. Waste and Resources Action
Programme, a non-governmental organization in Britain, divided kitchen waste into
unavoidable food waste, avoidable food waste and possibly avoidable food waste
(WRAP 2009, 2011a, b). Food wastage from supermarket was also investigated by
WARP (Lyndhurst and WRAP 2012). In addition, based on characteristics of food
waste generated, food waste was also called swill, waste cooking oil, food scrap,
food leftover and plate food waste (Hayes and Kendrick 1995; Wu and Xing 2003;
Zhang et al. 2012; Tai et al. 2011). And the different definitions led the different
estimations of food wasted, which are difficult to contrast and comparison, hence it
is very urgent to build a global unified estimate standard for food loss and waste
along supply chain.

It is important to note that food loss and waste referred to properties of food for
eating, that is to say food that should had been eaten was thrown away. But the deep
insight of different dimensions of food was also got worthy of attention. Firstly,
from the economic dimension, part of food produced cannot enter into market,
because of food harvested not match the market access standards or food laws and
regulations in quality, size and appearance, which caused lots of food loss, espe-
cially in developed countries (Lundqvist et al. 2008). Secondly, from the culture
dimension, regional disparity in life habits, food diet patterns and religions, all of
which caused the difference of food waste in statistics (Parfitt et al. 2010), for exam-
ple, most countries and regions worldwide do not take animal internal organs as
food but feed except in China, which needed to be additional consideration when
standard of food wasted in preparation. Thirdly, from the healthy dimension, energy
from food intake by quite a number of persons worldwide, particularly in developed
countries, has been far exceeded the demand standard recommended by interna-
tional organization, and excessive food intake led to increasingly overweight and
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obese population, which seriously affected country’s public health and safety. Data
showed that since 1980 the obesity rate in the United States has doubled, and two-
thirds of the population was overweight (Flegal et al. 2002, 2010), which seems to
be happening in China (Yu et al. 2012). Hence, reducing over consumed food may
be another way to cut food waste.

2.5.2 Several Issues to Be Studied Further

Globally, more than 20% of food loss and waste along supply chain was from con-
sumer stage, even in North America, European and industrialized Asian, which has
achieved 30% above (Gustavsson et al. 2011). It was also indicated that 24% of
energy embedded in food production was loss and waste in global food system, and
35% of the energy was from consumer level, in North America and European even
reaching more than 50% (Lipinski et al. 2013). Increasing researches should focus
on consumer food waste, understanding the pattern and scale of daily food waste is
thus vital for each consumer, especially in China, so that they can prioritize methods
of reducing their food waste and the embedded footprints; however, doing so is
hampered by fragmented and outdated data (Parfitt et al. 2010). The following tries
to introduce several issues need to be studied further around consumer food waste.

Section of food consumption contains chilling storage, ingredients processing,
cooking and post consumer at home and away from home, of which post-consumer
food waste has presented considerable researches, but other segments of food waste
was lack of systematic investigations (Dryerre and Andross 1946; Chappell 2007),
particularly in regions with rapidly increasing urbanization and emerging family
miniaturization trend.

Firstly, the magnitude of food loss in cold-storage equipments cannot be
neglected. WRAP (2009) estimated that 4.4 million tons of avoidable food was
thrown away from refrigerator in Britain households, of which more than 50% was
wasted because of food stored exceeding the shelf life, losing freshness and deterio-
ration, and unsuitable refrigerator temperatures. James et al. (2008) investigated
that compared with the optimal food cold storage temperature (5 °C), the temperature
of operating refrigerator was higher, with the average value of 7 °C, and further
studied by Brown et al. (2014) showed that by decreased the temperature to 4 °C, a
value of 160 million pounds of food could be saved but another 270 thousand tons
of emissions of greenhouse gases (CO, e) would be produced, and trade-off between
impacts of food wasted on environment and benefits of reducing food waste should
be given in order to achieve the optimal solution for resources and environment.

Secondly, in dietary nutrition investigation, the actual data of food nutrition
intake is difficult to access so that data of food consumed or bought was instead to
evaluate residents dietary nutrition, but this neglected food wastage in preparation
and plate (Chappell 2007), which is also an important factor and reference on
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adjusting and assessing residents dietary nutrition (Muth et al. 2011; Putnam et al.
2000). Waste and Resources Action Programme proposed unavoidable and avoid-
able food waste within Britain households, but food wastage in preparation was not
listed alone (WRAP 2009). And previous studies proved that food wastage in food
preparation cannot be looked down upon, variations of food wastage between dif-
ferent food ingredients was large from 1.2% to 80% (Chappell 2007), especially for
vegetable, which is influenced by many factors (e.g. storage time). Taking zucchini
(Cucurbita pepo L.) for example, fresh zucchini wastage in preparation can be reach
to 45.3%, but after a period of storage, it would decrease to 30% (Dryerre and
Andross 1946). In China, data from catering survey indicated that vegetables in
preparation contributed to the most part of wastage, and wastage ratio with same
kind of vegetable in different scales of restaurants (e.g. top-grade Chinese restaurant
compared with small cookshop) can be a differential of 60% to 70%, which is also
related to Chinese food culture.

Thirdly, quality and quantity of food in cooking changed in various degrees
(Garnett 2011; Stewart 1946), so the conversion ratio of raw material to food cooked
is another useful parameter for residential dietary nutrition and accounting of
resources and environmental cost (Dryerre and Andross 1946; Chappell 2007;
Matthews and Garrison 1975; Putnam et al. 2000). The evaluation of human body
nutrients intake was based on uncooked food consumed, but when cooking, the
quality and quantity of food changed, and some nutrients in food lost during cook-
ing, and the ratio can help to more accurately calculate human nutrients intake
(Putnam et al. 2000). Moreover, when cooked, plant-based food such as rice and
flour, the weight increased to more than twice, respectively, while for animal-based
food, such as pork and beef, the weight lost a little bit (Matthews and Garrison
1975), and when we calculate impacts of food waste on resources and environment,
the ratio would be even more critical (Zhang et al. 2016; Monier et al. 2011).

Finally, the relationship between food waste and customer behavior is vital for
reducing food wasted on consumer level (Harrison et al. 1975; Wechsler et al. 2000;
Baranowski et al. 2003). The behavior of plate food waste was analyzed between
elementary school students with the age of 6-9 by Baik and Lee (2009), and the
results showed that food waste had a lot to do with food preference, and students
with more serious food preference had more food wasted, but a further study of how
to reduce food wasted by changing of bad eating habits between students was not
carried out. By information intervention, Whitehair et al. (2013) conducted a com-
parison test of food waste among college students, and the intervening effects indi-
cated that compared with blank control (without any information presented when
the sampling student eating in dining hall), the total amount of food wasted by stu-
dents decreased by 15% in group with information intervention, but information
intervention between different forms had not been presented significant differences.
Moreover, besides food consumption, impacts of behavior on food waste also exists
many section of food supply chain (e.g. food distributed section) (WRAP 2013).
However, existing researches still has been few until now, and it is time to step up
research on food waste reduction.
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2.5.3 Systematic Engineering Need to Be Strengthen

It is estimated that there still had more than 70 countries around the world in a state
of severe food shortage, and nearly 800 million people are undernourished (FAO et al.
2015). Moreover, by the middle of the twenty-first century, the world’s population
will exceed 9 billion, more than one third higher than today, and nearly all population
increase will happen in developing countries (FAO 2009). Simultaneously, urbaniza-
tion will keep at an accelerated pace with about 70% of the world’s population to be
in city by 2050 (compared to 49% today) (United Nations et al. 2014). All of those
presented above would have been continuing to challenge global food system for a
long time. To resolve the challenge, global food production must increase by 60% at
least, but for the developing countries, food production must enhance by 80% to meet
growing food demand of a rapidly increasing population (FAO et al. 2015). Annual
cereal production will need to rise to about 3 billion tons compared to 2.1 billion
today and annual meat production will need to rise by over 200 million tons to reach
470 million tons (FAO 2009). However, with rising incomes and an anticipated shift
towards to more animal-based diets in developing countries and emerging countries,
food waste levels and its resources and environmental cost may even reach to the
extent presented in developed countries if nothing to do (Porter et al. 2016).

It is estimated that if 50% of food loss and waste happened in food system can be
saved presently (supposing that the total proportion of food waste is 30%), based on
the analysis above (global food production must increase by 60% in 2050), another
24% of food would be produced in 2050, that is to say meeting the food demand of
increasing population in 2050, global food production only increase by 36%, let
alone the embedded footprints.

But to achieve the goal needs system planning and design for food system. First,
on a global scale, establishing unified evaluation criteria of food loss and waste and
forming a complete set of theoretical method for enhancing efficiency of global
food system are urgent. Second, case studies need to be urgently carried out, par-
ticularly developing countries and emerging countries, so that deficiency of data of
food wastage can be resolved and influencing factors related to food wastage can be
understood, and effective measures can be worked out by policy makers in order to
increase food supply. Ultimately, integration of food system management must be
adopted to provide a sustainable solution to cutting down food losses and waste
along food supply chain. Governments, corporations, research institutions and indi-
viduals all must be involved towards to global sustainable food system.
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Chapter 3
Beneficial Microorganisms
for the Management of Soil Phosphorus

Ioannis Ipsilantis, Mina Karamesouti, and Dionisios Gasparatos

Abstract The dependence of all life on phosphorus (P) availability has revealed
serious P challenges such as the P deficiency in weathered and eroded soils, the high
cost of phosphate fertilizers, the scarcity and unequal global distribution of rock
phosphates, the regional over-accumulation of P and the agricultural non-point
source P pollution. In this context, microorganisms capable of mobilizing P in the
soil system may be applied as a low-cost technology to enhance plant growth and
crop yields. Here we review the beneficial role of microorganisms, namely arbuscu-
lar mycorrhizal fungi and P-mobilizing bacteria, to mediate P availability and trans-
form legacy P (insoluble, bound) into soluble forms.

We found that the arbuscular mycorrhizal symbiosis improves plant P nutrition,
however, high soil P concentration is also known to suppress it. The effectiveness of
the symbiosis depends on the richness of arbuscular mycorrhizal fungal species.
Most studies show that arbuscular mycorrhizal fungal diversity and effectiveness
are modified by soil management practices. Fertilization with slow-release inor-
ganic fertilizers, organic fertilizers and mycorrhizal symbiosis gives satisfactory
crop yields, but long-term studies are few. Bacteria are the predominant microor-
ganisms that mobilize native and applied P in soils, as compared to fungi or actino-
mycetes. Strains from the genera Pseudomonas, Bacillus and Rhizobium have so far
been recognized as the most powerful phosphate solubilizers. The principal mecha-
nism for mineral phosphate solubilization is the production of organic acids, e.g.
oxalic, citric, gluconic, tartaric, lactic, fumaric; and enzymes: phosphatases, phy-
tases, phosphonatases and C-P lyases.
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3.1 Introduction

3.1.1 Phosphorus Issues

Phosphorus (P) is a mineral nutrient with a key role in supporting global alimenta-
tion requirements. It is listed among the most essential elements for flora and fauna
growth and evolution (Elser 2012). It is naturally occurring mainly from apatite and
it is released through weathering processes (Lajtha and Schlesinger 1988). The
released P ions can be either absorbed by CaCOs;, Fe and Al oxides, or be incorpo-
rated into living organisms. Although P is usually abundant in soils, its availability
to plants is limited, due to low solubility and soil fixation phenomena, resulting in
plant growth restrictions (Gasparatos et al. 2006).

Although P fertilization is commonly used for achieving high agricultural pro-
ductivity, in some areas, P fertilizers are used to prevent further land degradation
and maintain even a basic level of productivity (Weikard and Seyhan 2009). The soil
status, and mainly the type of parent material and the organic matter content, in
combination with the climatic conditions, are important factors affecting the initial
soil P concentration and availability. Indicatively, in areas with tropical climates,
limited P concentration in soils suggests a significant issue for plant growth
(Solomon and Lehmann 2000). In arid regions, the organic P compounds are typi-
cally in low percentages, due to the low soil organic matter (SOM) and water con-
tents. Increases in temperature may also have a negative impact on the long-term
soil P availability (Yu et al. 2016). Concerning the soil characteristics, soil aeriation
and saturated hydraulic conductivity appear as positively correlated to the available
soil P, in contradiction to clay content and pH (Yu et al. 2016). In cases of com-
pacted soils, limitations in plant root penetration reduce plants’ capability to access
the available soil P (Barzegar et al. 2016).

In an attempt to improve plant intake performance, P application from external
sources was used as a common agricultural practice. Historically, soil fertilization
with P was initially based on guano, human excreta and manure, while since the
second half of the twentieth century, P fertilizers became the major source of this
nutrient (Fig. 3.1).

In many developed countries, food production processes are highly dependent on
phosphate fertilizers, with many reported cases of unsustainable over-fertilization
(Yan et al. 2013). The irresponsible use of P, mainly due to its outwardly abundance
and its low price, is lately attempted to be restricted (Sharpley et al. 2013). The cost
of P-related environmental problems rehabilitation can no longer be considered
insignificant. Governments are forced to increase investments, in an attempt to com-
bat eutrophication caused by high quantities of phosphates which end up in aquatic
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Fig. 3.1 Historical global sources of phosphorus (P) fertilizers (1800-2000). Increased food
demand during nineteenth century, was met using manure as a P source. After mid-twentieth cen-
tury, the Green Revolution was achieved through new agricultural practices including very high
quantities of P fertilizers from mined phosphate rock. (Modified after Cordell et al. 2009)

systems (Dodds et al. 2008). However, the initial concerns for environmental prob-
lems, such as water pollution at the beginning and soil over-accumulation later, are
lately evolved into Global awareness for potential socio-economic issues. Changes
in alimentation preferences leading to increasing P demand, the significantly uneven
spatial distribution of P on Earth and the uncertainty over the potential peak of
global P production, suggest a new threat on food security (FAO 2015; ECSCU
2013; Cordell et al. 2012). Heckenmiiller et al. (2014), discuss the unprecedented
increase, in 2007-2008, of more than 900% of the prices in the global P trade. The
export controls, such as those imposed by China in 2008, in order to protect its
domestic supplies, can cause technical shortages and broader socio-economic tur-
bulences. Under these circumstances countries with low or no P deposits are highly
vulnerable to potential fluctuations in fertilizer and mineral P prices.

These concerns have opened an extensive debate about the quest of alternative
sustainable use of P (Schroder et al. 2011; McLaughlin et al. 2011; Karamesouti and
Gasparatos 2017). Some of these are summarized in P recycling procedures, such as
P recovery from municipal and industrial wastewater, from other organic wastes, or
from the soil itself, and in improved agricultural practices, targeting losses reduc-
tion from livestock rearing, crop cultivation or from any other loses in any level in
the food chain (Rowe et al. 2016; Elser 2012).

Focusing on P recovery from soil, multiple approaches, providing economically
feasible and environmentally friendly solutions, are already being developed
(Table 3.1). The main common concept framing all these approaches is the revers-
ibility of P fixation and the efficient use of its residual form.
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Sattari et al. (2012) and Rowe et al. (2016) defined this residual P as the legacy
P (Pegacy), described as

legacy = Pinputs Poutpuls - Plosses

Where

Piegacy = Legacy phosphorus

Piwpuis = Phosphorus inputs to soils (fertilizers, manures)
Poupus = Phosphorus removed by crop production

Pjosses = Phosphorus losses (runoff and leaching)

and represents the P that has been accumulated in soils after continuous inputs of
fertilizers and manures. In many cases, legacy P was reported as pollutant and major
source of eutrophication of water bodies (Sharpley et al. 2013). However, efficient
management of this potential pollutant could support adequate agricultural produc-
tion without additional fertilization for many years (Rowe et al. 2016).

3.1.2 Beneficial Microorganisms and Soil Phosphorus

Among the strategies listed in Table 3.1, the use of microorganisms, such as fungi,
bacteria and endophytes, in mobilizing legacy soil P is considered particularly
environmental-friendly and of lower cost, compared to fertilization practices (Adhya
etal. 2015; Sharma et al. 2013). Their populations are highly variable among differ-
ent soil types, with the bacteria significantly predominating in proportion, compared
to fungi, while the former might incorporate approximately 10-15% of the soil
organic P (Richardson 2007; Khan et al. 2007). A plethora of microorganisms can
be usually identified in close distance from plant rooting system, with which reci-
procity relations are being established. The fundamental role of microorganisms is

Table 3.1 Strategies for improving the utilization of legacy soil P. Adapted from Rowe et al. 2016;
Bindraban et al. 2015; Whithers et al. 2014; Shen et al. 2011

Soil — crop
management Plant breeding Microorganisms
Depletion of readily Root genetic traits such as root elongation, | Bacillus, Pseudomonas
available P at critical | branching and development of root hairs, and Penicillium genera
levels and enhancement of early root growth
Maintain soil quality | Release of exudates, such as organic acids, | Arbuscular mycorrhizal
carbon substrates and enzymes fungi
Modification of soil Physiological alterations, i.e. low metabolic | Bio-inoculant products
pH P demand and low photosynthetic needs
Tillage practices Selecting crop varieties for high P — use
efficiency

Fertilizer inputs

Crop rotation




3 Beneficial Microorganisms for the Management of Soil Phosphorus 57

not restricted in making P accessible to plants, but they can also be used to improve
plant growth and agricultural productivity with no further need for additions of
chemicals (Sharma et al. 2013; Puente et al. 2009). Organic matter decomposition,
soil detoxification and critical nutrients’ assurance for the plants are some other
main functions conducted by microorganisms’ communities.

Since early twentieth century, the role of microorganisms in P mobilization pro-
cesses was already discussed (Khan et al. 2007), while in 1948, Gerretsen had men-
tioned the contribution of bacteria in P plant nutrition under controlled conditions. In
1988, McLaughlin et al. studied the incorporation of native soil P, accumulated due to
fertilization and plant residues, into the microbial biomass. However, the wide-scale
applicability in uncontrolled environment is still a particularly challenging task. The
microorganisms can be highly affected by inherent soil characteristics, such as soil
temperature, pH, soil moisture content etc., and also by interactions between different
species (Sharma et al. 2013; Richardson and Simpson 2011). In this regard, Richardson
(2007), suggested two main strategies focusing on (a) the management of existing
microbial populations in order to optimize their capacity to mobilize phosphorus, and
(b) the use of specific microbial inoculants that can increase phosphorus mobilization.

Arbuscular mycorrhizal fungi and P — mobilizing bacteria are two broad catego-
ries of microorganisms mobilizing inorganic P and converting it into readily avail-
able to plant forms (Fig. 3.2). In this review, the mechanisms and the effectiveness
of these microbes in P acquisition will be discussed.

The recognition of microbials’ role to the improvement of soil P availability,
highlights the need for detailed studies on the characteristics of the microbial com-
munities, the interactions within the various soil environments, the impact of land
management practices, as well as development of new technologies, in order to
reach for promising solutions for efficient soil P management.

Soil microorganisms

Soil P bacteria ‘Available’ P
archaea
fungi
Inorganic
(adsorbed, precipitated,
Organic

protozoa
nematode
macrofauna

Fig. 3.2 The critical role of soil microorganisms in the cycling of phosphorus (P), which is the
result of the biogeochemical processes of mobilization (solubilation/ mineralization) and immobi-
lization (adsorption/precipitation). Modified after Richardson and Simpson 2011
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3.2 Arbuscular Mycorrhizal Fungi

3.2.1 The Symbiosis and P Uptake

The arbuscular mycorrhizal fungi form symbiotic, mutually beneficial relations with
plants in their roots. The plant provides photosynthetic carbon to the fungus and the
fungus supplies nutrients with poor mobility in soil, particularly P (Smith and Read
2008). However, there is more to the symbiosis, as it is also known to suppresses
losses to pathogens (Pozo and Azcon-Aguilar 2007; Karagiannidis et al. 2002), pro-
vides drought (Augé 2001) and salt resistance (Evelin et al. 2009), may increase soil
aggregation (Rillig and Mummey 2006) and increase resistance to potentially toxic
elements (Burghelea et al. 2015; Hildebrandt et al. 2007). There is a complex inter-
action between the partners and both the plant and the fungus, as well as the soil
environment contribute to this complexity. As a result, although there are some well-
known paradigms about the symbiosis, there are many cases that do not seem fit to
the general dogma. For instance, a particular arbuscular mycorrhizal fungus-plant
relationship was reported as parasitic (Modjo and Hendrix 1986).

It is well established that arbuscular mycorrhizal fungi improve plant P nutrition
in soils with moderate or poor soluble P levels. At higher P levels the symbiosis is
suppressed, manifested through lower root length colonization (Jensen and Jakobsen
1980). There is a threshold value of available P above which the carbon cost of the
symbiosis is higher than the benefit of the arbuscular mycorrhizal pathway of P
uptake and the plant response to arbuscular mycorrhizae is negative (Kahiluoto
et al. 2000). This threshold may vary with the fungus, the plant and the environmen-
tal conditions, and may be determined by dose-response experiments showing how
much P fertilizer can be saved by arbuscular mycorrhizal fungi, or how much
P-fertilizer needs to be applied to achieve maximum yield with arbuscular mycor-
rhizal fungi (Ping et al. 2014; Medina et al. 1990; Elbon and Whalen 2015). At very
low P levels addition of P increases the arbuscular mycorrhizal fungal colonization
and the benefit of mycorrhiza to the plant, known as arbuscular mycorrhizae respon-
siveness (MR), calculated by: the ratio between the difference of arbuscular mycor-
rhizal fungal inoculated plant growth (DW,yr) and non-inoculated plant
growth (DW .q401) OVer the non-inoculated plant growth, MR = (DWxyr — DW oniol/
DW . ouwo) X 100. The symbiosis may decrease the critical soil P requirement below
which plants cannot grow (Ryan et al. 2016; Janos 2007).

The mechanisms with which mycorrhizae improve plant P nutrition are related
to an increase of the volume that is exploited by the mycorrhizosphere, compared to
the soil volume of the rhizosphere (Marschner 1995; Li et al. 1991), or by synergism
with P-solubilizing microorganism (Antunes et al. 2007). It seems that both the
plant and fungus exploit the same sources of P (Blal et al. 1990). However, the fun-
gus may have access to smaller soil pores, may produce more active phosphatases
and have higher affinity for P (Bolan 1991). Accessing P from rock phosphate or
other bedrock is more studied for ectomycorrhizae (van Scholl et al. 2008), while
Koele et al. (2014), have shown that this may equally well happen by arbuscular
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mycorrhizae. Increased nutrient uptake in arbuscular mycorrhizal plants has been
shown from basaltic and rhyolitic parent rocks, with P uptake improvement from
the latter (Burghelea et al. 2015). Use of rock phosphate in combination with arbus-
cular mycorrhizal fungi may be more beneficial in Oxisols where soluble chemical
fertilizer P is rapidly converted to insoluble forms (Lin and Fox 1992) and mycor-
rhizal plants may have access to the NaOH-P pools (Cardoso et al. 2006).

3.2.2 Conventional-High Input Agriculture and Arbuscular
Mycorrhizal Fungi

Mycorrhizae and conventional, well fertilized agriculture may seem incompatible.
However, there are reports where mycorrhizae were effective in spite of high P soil
concentrations. It is not high P in soil solution that reduces arbuscular mycorrhizal
fungal presence, but high P in the root tissues, as it has been shown by Menge et al.
(1978). On the other hand, plants with root systems like onion may depend on
arbuscular mycorrhizae for P even at high soil nutrient levels (Galvén et al. 2009).
Miller et al. (1995) summarizing the Guelf field experiments suggested that arbus-
cular mycorrhizal fungi may be important for well fertilized crops. They explain
that the inhibition of the symbiosis by high field P was not found to be that great,
also observed by others (Hayman et al. 1976; Gryndler et al. 1989), that mycorrhi-
zae may improve P nutrition at the early plant stages when P in plant tissues is not
high, but critical for high yields, and that localized fertilizer application may reduce
arbuscular mycorrhizal fungal colonization only at the part of the root system that is
exposed to it, and not in the whole root system. In strawberries produced in high P
compost substrate, a particular cultivar- arbuscular mycorrhizal fungal combination
produced ~50% more daughter plants than the non-mycorrhizal control, although
colonization never exceeded 12% but other inoculated cultivars had a reduced num-
ber of daughter plants (Stewart et al. 2005). Douds et al. (2016) found in soils with
available P at 214-258 mg/kg, that on the average of 7 years and different pre-
inoculated tomato cultivars, there was a 6% increase in yield, but for individual
years, arbuscular mycorrhizal plants had lower to much higher yield than the unin-
oculated control.

In high P soils arbuscular mycorrhizal fungi may be effective when plants are
under some stress (Douds et al. 2016). For example, well fertilized field maize
under water stress (reduced irrigation) was well colonized and benefited by arbus-
cular mycorrhizal fungi compared to the fumigated control and the fully irrigated
treatment (Sylvia et al. 1993). Mycorrhizal citrus plants grown in high P conditions
recovered faster from moisture stress and had higher leaf P concentration than non-
inoculated controls (Fidelibus et al. 2001). In sweat potato, low temperature sup-
pressed the plant P uptake leaving the fungal pathway as the sole source of P
showing increased yield with arbuscular mycorrhizal fungi in spite of the high P soil
(242-599 mg available P /kg soil) (Douds et al. 2015). The same may be the case
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for salinity/sodicity, a common problem of greenhouses, or other plant stresses that
need to be examined. Furthermore, under low N, high P did not seem to inhibit
arbuscular mycorrhizal fungi (Sylvia and Neal 1990) and at high P increasing intra-
specific density increased the growth benefit to arbuscular mycorrhizal fungi
(Hetrick et al. 1994), but this was not always the case (Schroeder and Janos 2005).

Under well fertilized conditions inoculation of plants with arbuscular mycorrhi-
zal fungi may be effective if the indigenous population is ineffective (Medina et al.
1990). Combined application of NPK chemical fertilizers with arbuscular mycor-
rhizal fungal inoculum may improve plant P acquisition efficiency in P deficient
soils than that with indigenous inoculum (Hu et al. 2010).

Soil management such as tillage and fertilization may impact arbuscular mycor-
rhizal fungal communities, changing species richness and evenness. In agricultural
soils there is selection of arbuscular mycorrhizal fungal species with the genus
Glomus being most prevalent, most likely based on its ability to sporulate relatively
faster than the other genera and survive tillage disturbance and perhaps short plant
cycles (Oehl et al. 2009; Vofiskova et al. 2016). Furthermore, pesticides used in
agriculture may affect the symbiosis (Trappe et al. 1984). There is evidence of
reduced spore numbers, species diversity and selection for less effective arbuscular
mycorrhizal fungi after long term fertilization using classic techniques based on
spore morphologies and enumeration (Johnson 1993; Ortas and Coskan 2016; Oehl
et al. 2004; Wang et al. 2011). These seem to be confirmed with molecular tech-
niques (van Geel et al. 2016; Lin et al. 2012; Chen et al. 2014). On the contrary,
species richness increased with fertilization in an alpine meadow (Liu et al. 2015)
or was not different between organically and conventionally managed forage fields
(Schneider et al. 2015). Cross inoculation experiments in soils with different histo-
ries of cumulative fertilization have shown that inorganic soluble P fertilization may
decrease the infectivity and effectiveness of field arbuscular mycorrhizal fungal
communities, with an indication of selection for arbuscular mycorrhizal fungi less
sensitive to P (Kahiluoto et al. 2000). Changes in the arbuscular mycorrhizal fungal
communities due to fertilization may take long time (Cheng et al. 2013), as the
effects of intensive agricultural management may also last for more than 20-25 years
(Votiskova et al. 2016; Schneider et al. 2015). Adoption of farm management prac-
tices that enhance the functioning of the arbuscular mycorrhizal fungal community
indigenous to the soil and on farm inoculum production are the primary options
available to row crop farmers for efficiently employing arbuscular mycorrhizal
fungi (Douds et al. 2016).

Fertilization with slow release fertilizers, or less soluble forms of P such as
organic amendments (manures, composts, biosolids, crop/legume residues) could
supply sufficient P for plant growth and satisfactory yields and allow the benefits of
mycorrhizae. Cavagnaro (2015) has recently reviewed the compatibility of com-
posts with arbuscular mycorrhizal fungi. Composts seem to have a positive or neu-
tral effect to arbuscular mycorrhizal fungal colonization and in most cases are
compatible with arbuscular mycorrhizal fungal inoculum application. The impact of
soil application of high rates of organic amendments may be negative and in any
case unpredictable (Gosling et al. 2006) but this has not been studied extensively
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(Cavagnaro 2015). A study from a long term (19 years) field inorganic fertilization
experiment showed that application of organic amendments alone or in combination
with inorganic fertilizers together with arbuscular mycorrhizal fungal inoculum had
lower levels of arbuscular mycorrhizal colonization, but higher yield and total P
acquisition than control and NK treatments and about the same levels as the NPK
treatment (Hu et al. 2010). Jensen and Jakobsen (1980) found that farmyard manure
and inorganic NPK fertilizer after 10 years of application both reduced colonization
at the same low levels. Others have found after 74 years of experimentation that
moderate quantities of farm yard manure may be less suppressive than equal
amounts of NPK fertilizer (Joner 2000). Legume residues decreased colonization
relative to the non-fertilized control, but some residues also decreased plant P
uptake and results varied with residue quality (Hasbullah et al. 2011). High organic
fertilizer rates may cause a temporary suppression of root colonization and an inhi-
bition of plant growth when combined with arbuscular mycorrhizal fungal inocu-
lum (Zhang et al. 2012). Use of slow instead of quick release fertilizers may increase
arbuscular mycorrhizal fungal richness (van Geel et al. 2016), but organic, low P
fertilizers seem to be more compatible with arbuscular mycorrhizal fungi than P
rich, slow release inorganic fertilizers (Linderman and Davis 2004).

3.2.3 Legacy P and Arbuscular Mycorrhizal Fungi

Given the ability of arbuscular mycorrhizal fungi to mobilize soil P one would
expect them to play a role in mobilizing legacy P, however, there is not a great vol-
ume of research targeting this. First we should identify the case scenario: A Legacy-P
based agriculture in order to achieve satisfactory yields should cover at least part of
the P needs by legacy P and for the rest it would either use chemical fertilizers, but
in lower quantities than those used today, or no chemical fertilizers, but composts,
manures or other organic P sources, or some combination of different forms of P. In
any case, we would not expect a change of land management, as from agriculture to
grassland.

The issue of legacy P may be examined in systems where soluble P fertilizer
application has seized, such as in organic agriculture or in biodynamic systems.
However, the potentially enhanced levels of arbuscular mycorrhizal fungi or other
organisms may not compensate for decreased yields due to lack of fertilization
(Ryan and Ash. 1999). The use of arbuscular mycorrhizal fungi in organic farming
has been reviewed by Gosling et al. (2006). Research on previously well fertilized
abandoned agricultural land is relevant, but not focused on the issue, since there is
a change in land use after abandonment. Spohn et al. (2016), studied changes in soil
P fractions and microbial community structure after abandonment of vineyeards in
Tokaj, Hungary using a chronosequence of fields covering 200 years of abandon-
ment. The concentration of labile P decreased during the first 50 years after aban-
donment and then stabilized at a low level and vegetation changed to grassland,
shrubby grassland, shrubland to forest, while arbuscular mycorrhizal fungi decreased
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due to establishment of trees that form ectomycorrhizae. In a study of P fractions in
arable or pasture soils not fertilized for at least 5 years, there was very low arbuscu-
lar mycorrhizal colonization in soils with the highest P, and this negatively affected
the relationship between plant P and soil P (Fransson et al. 2003). In low P Danish
soils, omitting P application for 10 years resulted in reduction of H,SO, soluble P
by 15-25% compared to the initial 812 ppm P levels and increased arbuscular
mycorrhizal fungal infection that seemed to compensate for P nutrition (Jensen and
Jakobsen 1980). In Bohemia, 25 years after abandonment of an intensively man-
aged land, grassland plant species did not spread in and the arbuscular mycorrhizal
fungal community was still different than that of the neighboring grasslands. In
addition, the abandoned field arbuscular mycorrhizal fungi were fast colonizers, and
had a lower number of propagules relative to that of grassland arbuscular mycor-
rhizal fungal communities, although operational taxonomic unit richness did not
differ (Votiskova et al. 2016).

3.2.4 Plant Breeding for More Efficient Mycorrhizal Response

There is generally a large variation in the extent of plant root colonization among
different plant species and within a plant species, among different landraces, lines,
cultivars and accessions. This has led to exploring the possibility of breeding for
better mycorrhizal response (van de Wiel et al. 2016). However, breeding plants for
conventional, high input agriculture could have already made selections on the
opposite direction, for plants dependent on fertilizers rather than on mycorrhizae.
Such evidence was found for wheat (Triticum aestivum) (Hetrick et al. 1992; Zhu
et al. 2001), with older landraces found to be more responsive to arbuscular mycor-
rhizal fungi than modern wheat cultivars. However, this was not the case for onion
(Galvén et al. 2009), durum wheat (Ellouze et al. 2016), sorghum (Leiser et al.
2016) and maize (Hao et al. 2008).

A strategy for breeding for more effective mycorrhizal symbiosis involves
screening for plant genotypes that support the greatest extent of arbuscular mycor-
rhizal fungal root colonization. However, the level of colonization is not necessarily
the best indicator of effectiveness of the symbiosis (Mensah et al. 2015) and very
often it does not correlate with extractable soil P (Ryan et al. 2016), shoot dry
weight (Baon et al. 1993), plant growth response (leaf tissue NPK) (Ellouse et al.
2016) and grain yield, while it may be highly variable and with low heritability
(Leiser et al. 2016). Highly colonized plants may allocate a lot of photosynthetic
carbon towards the fungus, and this cost may render the symbiosis ineffective,
depending on soil nutrient levels and their availability via the plant uptake pathway.
The N level in soil and the shoot N:P ratio should also be considered, since they may
affect colonization (Liu et al. 2000). Selection of cultivars and arbuscular mycor-
rhizal fungi that form mycorrhizae rapidly, so that it would cover early plant P needs
that are crucial for the final yield, has been proposed (Singh et al. 2012; Zhu et al.
2001), while high performance arbuscular mycorrhizal fungal isolates increase
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plant N content (Mensah et al. 2015). Another strategy involves selection of plants
that change root traits associated with P uptake upon formation of the symbiosis.
There was not much difference in clover (Ryan et al. 2016) and maize lines with
different root architecture did not seem to respond differently to arbuscular mycor-
rhizal fungal inoculation, but there were differences with arbuscular mycorrhizal
fungal species used as inoculum (Hao et al. 2008). Selection for better rooting sys-
tem did not lead to lower plant benefit by arbuscular mycorrhizal fungi in onion
(Galvan et al. 2009).

Breeding evaluations may involve indigenous arbuscular mycorrhizal fungal
communities which may be practical for experimentation and realistic for broad
scale application. However, results may vary with different arbuscular mycorrhizal
fungi and indigenous arbuscular mycorrhizal fungal communities may not be very
effective or at sufficient quantity, compared to applying arbuscular mycorrhizal fun-
gal inocula (Ryan et al. 2016). A rich indigenous arbuscular mycorrhizal fungal
community at the experimental area (Leiser et al. 2016) may not be as effective as
the best possible cultivar-arbuscular mycorrhizal fungus combination. However,
involvement of arbuscular mycorrhizal fungi may require a different kind of soil
management that maintains arbuscular mycorrhizal fungal soil inoculum and sup-
ports more effective arbuscular mycorrhizal fungal communities. Adoption of farm
management practices that enhance the functioning of the arbuscular mycorrhizal
fungal community indigenous to the soil and on farm inoculum production are the
primary options available to row crop farmers for efficiently employing arbuscular
mycorrhizal fungi (Douds et al. 2016). Such practices may be the answer to the
problem of lack of yield stability in breeding for more efficient symbiosis, since
breeders prefer cultivars that may still be highly productive with or without arbus-
cular mycorrhizal fungi (Galvan et al. 2009; Leiser et al. 2016; Singh et al. 2012).

3.3 Phosphorus Mobilizing Bacteria

3.3.1 Soil Bacteria Mediating Phosphorus Mobilization

Bacteria play a critical role in biogeochemical cycles and are the predominant
microorganisms that mobilize native and applied P in soils, as compared to fungi or
actinomycetes. Many bacteria genera such as Alcaligenes, Arthrobacter, Azotobacter,
Bradyrhizobium, Bacillus, Burkholderia, Chromobacterium, Enterobacter, Erwinia,
Escherichia, Flavobacterium, Micrococcus, Pantoea, Pseudomonas, Salmonella,
Serratia, Streptomyces, and Thiobacillus have been isolated and studied for their
ability to solubilize and mineralize inorganic and organic P respectively.

Among the soil bacterial communities the most important phosphate mobilizing
strains belong to genera Bacillus and Pseudomonas due to their superior capacity
and stability. Bacillus megaterium, B. firmus, B. circulans, B. coagulans, B.
licheniformis, B. subtilis, B. polymyxa, B. sircalmous, and Pseudomonas
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aeruginosa, P. chlororaphis, P. fluorescens, P. liquifaciens, P. pickettii, P. putida, P.
rathonis, P. savastanoi, P. striata, and P. stutzeri could be referred to as the most
important strains. In addition to Bacillus and Pseudomonas other P-solubilizing
bacteria include Nitrobacter, Nitrosomonas, Rhodococcus, Thiobacillus,
Arthrobacter; Serratia, Synechococcus, Chryseobacterium, Gordonia, Phyllobacterium,
Delftia, Micrococcus, Xanthomonas, Enterobacter, Pantoea, and Klebsiella. Many
studies have been published on plant growth promotion by inoculating P-solubilizing
bacteria. Pereira and Castro (2014) screened five bacterial strains for solubilization
of phosphate in order to enhance Zea mays growth in an agricultural P-deficient soil.
The best P-solubilizing strains were Pseudomonas sp. EAV and Arthrobacter nic-
otinovorans EAPAA, since both highly increased P availability in soils and pro-
moted maize growth. Recently, Panta et al. (2016) studied the native population of
phosphate solubilizing bacteria in the rhizospheres of maize, rice, ginger and large
cardamom grown in different regions of Sikkim (India). Among the 26 isolates,
Bacillus, Pseudomonas, Micrococcus, Staphylococcus, Microbacterium and Delftia
were the main bacteria found, with a phosphate solubilization capacity that varied
between 30.2 and 203.7 mg/L.

Numerous reports have shown that Ca;(PO,), is most easily solubilized followed
by FePO,, AIPO, and rock phosphate. According to Henri et al. (2008), Pseudomonas
fluorescens can solubilize 100 mg P/L containing Ca;(PO,), or 92 and 51 mg P/L
containing AIPO, and FePO,, respectively. Strains of Pseudomonas and of
Acetobacter diazotrophicus were found to release 160.5-162.5 and 142431 mg
P/L from tri-calcium phosphate, respectively. Sindhu et al. (2014) reported that
Pseudomonas striata is more efficient to solubilizing TCP (tri calcium phosphate)
than Bacillus spp. and Aspergillus awamorii. Recently, Ahmed et al. (2016) evalu-
ated the effects of six P mobilizing bacterial strains (Panfoea ananatis, Pantoea
agglomerans, Pantoea sp. Burkholderia sp.) and three P sources of tricalcium phos-
phate on yield and P uptake of wheat. They found that all the selected P-mobilizing
bacteria increased the grain yield of wheat significantly as these bacteria mobilized
insoluble mineral P. Sharon et al. (2016) reported the highest level of phosphate
solubilization from the insoluble tri-calcium complex by Pantoea sp. Potl, at a rate
of 956 mg/L. Figure 3.3 shows a schematic summary of phosphate solubilization
capacity of different bacteria genera.

3.3.2 Mechanisms of P Mobilization by Soil Bacteria

Bacteria are responsible for mobilizing the soil P through multiple mechanisms that
are expressed with direct and indirect effects. In direct processes, the solubilization
of inorganic and mineralization of organic P are the main mechanisms of P release.
The solubilization of inorganic P related to the production and the action of low
molecular weight organic acids such as acetic, lactic, oxalic, tartaric, malic, suc-
cinic, citric, formic, gluconic, ketogluconic, and glycolic acid (Table 3.2). These
acids help in lowering the pH through excretion of H* and at the same time, hydroxyl/
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Table 3.2 Production of organic acids by phosphate-solubilizing bacteria

Phosphate solubilizing bacteria | Organic acids References
Acetobacter sp Gluconic Galar and Bolardi (1995)
Arthrobacter sp. Oxalic, malonic Banik and Dey (1982)
Azotobacter Hy-510 Oxalic, gluconic, tartaric, lactic, | Yi et al. (2008)
succinic, fumaric
Bacillus polymyxa, B. Oxalic, citric Gupta et al. (1994)
licheniformis, Bacillus spp.
Bacillus amyloliquefaciens, B. Lactic, itaconic, isovaleric, Vazquez et al. (2000)
licheniformis, B. atrophaeus isobutyric, acetic
Bacillus megaterium (CC-BC10) | Citric, lactic, propionic Chen et al. (2006)
Enterobacter intermedium 2-ketogluconic Hwangbo et al. (2003)
Enterobacter sp. Malic, gluconic Shahid et al. (2012)
Enterobacter aerogenes, E. Lactic, itaconic, isovaleric, Vazquez et al. (2000)
taylorae, E. asburiae isobutyric, acetic
Delftia (CC-BC21) Succinic Chen et al. (2006)
Micrococcus spp Oxalic Banik and Dey (1982)
Pantoea eucalypti Cluconic Castagno et al. (2011)
Pseudomonas cepacia Gluconic, 2-ketogluconic Bar-Yosef et al. (1999)
Pseudomonas poae Gluconic, 2-ketogluconic, Vyas and Gulati (2009)
succinic, citric, malic
Pseudomonas fluorescens Gluconic acid, malic, succinic, | Henri et al. (2008)
lactic, fumaric, tartaric, and
transaconitic
Rhizobium leguminosarum 2-ketogluconic Halder et al. (1991)
Rhodococcus erythropolis Gluconic Chen et al. (2006)
(CC-BC11)
Sinorhizobium meliloti Malic, succinic, fumaric acid Bianco and Defez (2010)

carboxyl groups enhance chelation of the cations (Ca, Al and Fe) bound to phos-
phate, thereby converting it to soluble forms.

Moreover, as Zhang et al. (2014) reported, these anions are competing with P for
adsorption sites of soil by the process referred to as ligand exchange.

While soil bacteria vary considerably in their ability to secrete organic acids,
strains of Pseudomonas, Bacillus and Rhizobium have been identified as the most
powerful phosphate solubilizers. The amount of mobilized phosphate depends on
the strength and type rather than the total amount of acid produced, with gluconic
acid being reported as the most frequent efficient agent of inorganic phosphate solu-
bilization (Rodriguez and Fraga 1999; Rodriguez et al. 2006). Although, organic
acids have been suggested as the principal mechanism of P solubilization, the mobi-
lization of insoluble P by inorganic acids such as HCl, HNO; and H,SO, has also
been reported in some cases. Bacteria of the genera Nitrosomonas and Thiobacillus
that oxidize nitrogen and sulfur substances respectively, can dissolve phosphate
compounds by producing nitric and sulphuric acids. However, as Kim et al. (1997)
reported, inorganic acids (HCI) are less effective to solubilize P from hydroxyapa-
tite compared to organic acids (citric or oxalic) at the same pH.
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Organic P constitutes between 30 and 65% of the total P in soil and is an impor-
tant source of P for plants. Organic P in soil is largely in the form of phosphate
monoesters (inositol phosphate) accounting for up to 50% of the total organic P. To
make these organic P compounds available for plant nutrition they must undergo
mineralization (hydrolysis). The microbial mineralization of organic P is strongly
influenced by pedoenvironmental parameters and conditions favoring nitrogen min-
eralization also support the mineralization of organic P. In this process, P can be
mobilized by means of three groups of enzymes a) phosphatases (e.g. acid and
alkaline phosphatases) b) phytases, which cause P release from insoluble phytates
and c) phosphonatases and C-P lyases that are released by soil microorganisms
(Sindhu et al. 2014). Soil bacteria strains from the genera Pseudomonas, Bacillus,
Rhizobium, Enterobacter, Serratia, Citrobacter, Proteus and Klebsiela produce a
range of acid phosphatases that catalyzes the release of available P for plant nutri-
tion from organic P (Hayat et al. 2010). Nevertheless, bacteria with phytase activity
have been also isolated from rhizosphere belonging to genera Tetrathiobacter and
Bacillus which promoted the growth of Indian mustard and significantly increased
the P content (Kumar et al. 2013). About 30-50% of bacterial isolates from soil
synthesize phytase which causes release of P from phytic acid and species of
Arthrobacter, Streptomyces and Pseudomonas have been found capable to form this
enzyme.

Jorquera et al. (2008) have isolated bacteria with both activities, P solubilization
with production of organic acids and mineralization of organic P with production of
phytase, from the rhizospheres of wheat, oat, perennial ryegrass, yellow lupin and
white clover. According to Tao et al. (2008) the solubilization activity of soil bacte-
ria strains as Bacillus megaterium, Burkholderia caryophylli, Pseudomonas cicho-
rii, and Pseudomonas syringae ranges between 25.4-41.7 mg P/L while the
mineralization of organic P of bacteria strains as Bacillus cereus and Bacillus mega-
terium ranges between 8.2—17.8 mg P/L.

Besides the direct mobilization of inorganic (solubilization) and organic (miner-
alization) P, there are several ways through which indirect mobilization of P can
also occur, (Owen et al. 2015; Rashid et al. 2016) due to

(i) The formation of carbonic acid through the release of CO, as result of micro-

bial respiration.

(i1) The nitrogen assimilation, where bacteria release H* that cause decrease of soil
pH and solubilization of P.

(iii) The reduction of metals bound to phosphate as the result of the redox activity
of microorganisms and/or exudates.

(iv) The ability of P solubilizing bacteria to remove and assimilate P from the soil
and thus stimulate the indirect dissolution of Ca-phosphates in order to re-
establish the P-equilibrium (sink theory).

It is clear that P mobilizing bacteria have the capacity to convert insoluble forms of
P (legacy P) into soluble and available P for plants through complex and dynamic
mechanisms that must be well understood in order to predict how these bacteria
may respond when applied to field conditions.
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3.4 Conclusion

The strategy of employing microorganisms for mobilizing legacy soil P has a great
volume of research behind it. Microorganisms with such a potential have been iso-
lated and identified and the mechanisms with which they may mobilize legacy P
have been studied. In addition, there is an even greater volume of research regarding
microorganisms with other useful abilities (Plant Growth Promoting
Microorganisms) that may lead to multifunctional inocula (Richardson et al. 2011).
Nevertheless, the complexity of the subject is such that there is not much commer-
cialization of biofertilizers yet (Vessey 2003), or for arbuscular mycorrhizal fungi
the cost of production is still too high for broad scale agriculture, unless inoculum
production technology is improved or there is on farm inoculum production (Douds
etal. 2015, 2016). In addition, high variability with different host cultivars and field
sites may lead to inconsistent results (Vessey 2003), or positive results may be
attributed to random events (Karamanos et al. 2010). The further improvement of
our knowledge on the interactions between plants, soil, inocula and indigenous
microorganisms, the further exploration of the yet undiscovered wealth of the
microbial world and introduction of the concept of soil management with the aim of
enhancing effective microbial communities may eventually lead to success in
employing microorganisms for mobilizing legacy soil P.
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Chapter 4
New Insights into the Yields
of Underexploited Grain Legume Species

C. Cernay, D. Makowski, and E. Pelzer

Abstract Protein-rich grain legumes are grown for both human food and animal
feed, and their multiple benefits to the environment. Pea (Pisum sativum) is the most
widely cultivated grain legume in Europe. In the world, several field experiments
have compared the yields of a broad range of grain legumes in contrasting environ-
ments, but these experiments have never been synthesized. We address two ques-
tions: 1) What is the yield levels of pea compared to other grain legume species in
Europe? 2) Which grain legume species with good yield performances in North
America and Oceania are candidates for future European experiments? We con-
ducted a statistical analysis of five variables — grain yield, total aerial biomass, grain
crude protein, grain gross energy, grain nitrogen content — comparing 22 grain
legume species with pea, based on experimental data extracted from 61 peer-
reviewed articles and nutritional data. We identify soybean (Glycine max), nar-
rowleaf lupin (Lupinus angustifolius), and faba bean (Vicia faba), as alternative
grain legumes to pea in Europe. Grain legume species grown in North America do
not outperform pea for most of the criteria. In Oceania, faba bean has significantly
higher yield than pea, whereas several species do not differ significantly from pea.
Based on data collected in North America and Oceania, we suggest assessing the
relative productivities of several vetches and lupins (Lathyrus, Lupinus, and Vicia
species) in European experiments. Our findings reveal new insights into the yields
of as yet underexploited grain legume species for potential future use in Europe.
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4.1 Introduction

Legumes are often cultivated for the grains as a source of protein and energy for
human and animal consumption, and may indeed represent a nutritious complement
to cereal grains for human diet and animal feed (Duranti 2006; Vaz Patto et al. 2015;
Temba et al. 2016). It is assumed that legumes provide environmental benefits and
potential economic returns (Graham and Vance 2003; Sinclair and Vadez 2012;
Jensen et al. 2012; Reckling et al. 2016). Legume crops are able to fix atmospheric
nitrogen and generally require no nitrogen input (Graham and Vance 2003; Sinclair
and Vadez 2012). Grain legume cultivation may also enhance soil nitrogen supply
through mineralization (Chalk 1998; Evans et al. 2001; Peoples et al. 2009), and
increase the yields of subsequent cereals and oilseeds in the crop sequence (Jensen
et al. 2004; Williams et al. 2014; Preissel et al. 2015).

From 2004 to 2014, the area under grain legumes accounted for less than 2% of
the cultivated area in Europe (FAOSTAT 2016). Between 1961 and 2014, pea (Pisum
sativum; Fig. 4.1) was the most widely cultivated grain legume species in Europe
(FaosTAT 2016; Zander et al. 2016). More recently, there has been a substantial
increase in the cultivated area under soybean (Glycine max) in several European
countries (FAOSTAT 2016; Zander et al. 2016). In 2014, pea and soybean together
accounted for 76% of the area under grain legumes in Europe, whereas only 15% of
the area under grain legumes was covered by chickpea (Cicer arietinum), faba bean
(Vicia faba), garden vetch (Vicia sativa), kidney bean (Phaseolus vulgaris), lentil
(Lens culinaris), and lupins (Lupinus species) (FAOSTAT 2016).

This large imbalance in the areas under the different grain legume species is the
consequence of two concomitant phenomena in Europe. First, only a small number
of grain legume species, including pea, have been investigated as model species in

Fig. 4.1 Spring pea field in Burgundy, France
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research programs (e.g., Gepts et al. 2005; Murphy-Bokern et al. 2014; Foyer et al.
2016; Magrini et al. 2016). Second, the legume breeding sector is fragmented into a
small number of private companies, working on only a few species (Murphy-Bokern
et al. 2014; LMC International 2009; Wiggering et al. 2012), despite reports of
potential environmental and nutritional benefits associated with the cultivation of
alternative legumes species (Jensen et al. 2012; Lucas et al. 2015; Multari et al. 2015).

Europe could learn valuable lessons for the diversification of grain legume crops
from the expansion of legume production in North America and Oceania. Both
these regions have ranges of climatic conditions similar to those found in Europe
(Peel et al. 2007). However, North America and Oceania together exported 11 times
more legumes than Europe over a period extending from 2003 to 2013 (considering
that exports are linked to harvested areas) (FAOSTAT 2016). Soybean is the predomi-
nant grain legume in North American agriculture, but alternative grain legume spe-
cies have become more popular since the 1980s, for example in the northern Great
Plains as a means of diversifying cereal-fallow rotations (Miller et al. 2001; Zentner
etal. 2002; Angadi et al. 2008; Gan et al. 2015). In Australia, crop breeders, agrono-
mists, and industry, have been working closely together since the 1970s and 1980s,
to develop the commercial production of a broad range of grain legume species
(Siddique et al. 2013). This also relied on the establishment of experiments specifi-
cally carried out to compare the productivities of a large number of legume species
but for a few criteria at a time from a single data source (e.g., Laurence 1979;
Silsbury 1975; Gregory 1998; Siddique et al. 1999; Malik et al. 2015). Yet, to the
best of our knowledge, there is no multi-criteria comparison of a broad range of
grain legume species based on a quantitative synthesis of published experimental
data (Fig. 4.2).

In this study, we mainly focus on Europe, but we rely on data collected in both
North America and Oceania in order to identify grain legume species that could be
cultivated in Europe in the future. We address two key questions: (1) Which grain
legume species have productivities lower than, similar to, and higher than, that of

(a) Eurcpe (b) Morth America

Fig. 4.2 Experimental field sites included in the statistical analysis. The study regions are: Europe
(a), North America (b), and Oceania (c). Each red bullet point indicates the location of an experi-
mental field site. In Europe, field sites are located in Austria, Denmark, France, Germany, Italy, the
United Kingdom, and Romania. In North America, field sites are located in Canada, and the United
States of America. In Oceania, field sites are located in Australia, and New Zealand. Basemap from
Google Maps 2016
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pea in Europe? (2) Which grain legume species that have been directly compared
with pea in North America and Oceania but not in Europe may be considered as
potential candidates for inclusion in new field European experiments? We perform
a statistical analysis comparing 22 grain legume species with pea as a reference spe-
cies. All grain legumes considered in this study are compared on the basis of five
criteria related to different aspects of their productivity: (1) grain yield (hereafter
referred to as grain biomass), (2) total aerial biomass, (3) grain crude protein, (4)
grain gross energy, (5) grain nitrogen content.

4.2 Materials and Methods

4.2.1 Data

We used a subset of a global experimental dataset including 173 peer-reviewed
articles selected from a systematic literature review on grain legumes, described in
Cernay et al. (2016). The global dataset can be downloaded from http://datadryad.
org/resource/doi:10.5061/dryad.mf42f. The subset used for this study includes data
extracted from 61 peer-reviewed articles. Our dataset (Tables 4.1, 4.2 and 4.3)
includes results from field experiments carried out in Europe, North America or
Oceania (Fig. 4.2). Each experiment compares pea with at least one other grain
legume species and reports data for the following productivity variables; grain bio-
mass, total aerial biomass, grain nitrogen content, percentage of nitrogen in grains.
Over all experiments, 22 grain legume species are compared to pea. We choose
pea — the grain legume species most widely cultivated, on average, in Europe, over
the 1961-2014 period — as a reference species for all regions. Both grain crude pro-
tein and grain gross energy are calculated for each legume species from the nutri-
tional tables of the Animal Feed Resources Information System database (hereafter
referred to as FEEDIPEDIA database 2016) (Table 4.4).

4.2.2 Statistical Analysis for Estimating Mean Ratios

All grain legume species are directly compared with pea (i.e., the reference species)
by estimating mean log-transformed ratios for five productivity criteria: (1) grain
biomass, (2) total aerial biomass, (3) grain crude protein, (4) grain gross energy,
(5) grain nitrogen content. For each criterion XX, the log-transformed ratio, as in
Xijk . . . . . .
(1): L, =log| = |, iscalculated for each species i grown in each field site*growing
rjk
season k in each article j. )_(,.jk is the value of XX averaged over crop management
techniques (i.e., tillage, fertilization, pest control, and irrigation) for species i grown

in field site*growing season k ikn article j, and )?rjk is the value of XX averaged over
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Table 4.1 Scientific and common names for species by region, adapted from the United States
Department of Agriculture Plants database

Scientific name

Common name

Region

Cicer arietinum Chickpea Europe, North America, Oceania
Glycine max Soybean Europe, North America
Lathyrus aphaca Yellow pea Oceania

Lathyrus cicera Red pea Oceania

Lathyrus clymenum Cicercha purpurina Oceania

Lathyrus ochrus Cyprus vetch Oceania

Lathyrus sativus White pea North America, Oceania

Lens culinaris Lentil Europe, North America, Oceania
Lupinus albus White lupin Europe, Oceania

Lupinus angustifolius Narrowleaf lupin Europe, North America, Oceania
Lupinus atlanticus NA* Oceania

Lupinus luteus

Yellow lupin

Europe, Oceania

Lupinus pilosus Blue lupin Oceania
Phaseolus vulgaris Kidney bean North America
Pisum sativum Pea Europe, North America, Oceania

Vicia articulata

Oneflower vetch

Oceania

Vicia benghalensis Purple vetch Oceania
Vicia ervilia Blister vetch Oceania
Vicia faba Faba bean Europe, North America, Oceania
Vicia hybrida Hairy yellow vetch Oceania
Vicia narbonensis Purple broad vetch Oceania
Vicia sativa Garden vetch Oceania
Vicia villosa Winter vetch Oceania

Available from: http://plants.usda.gov/java/. Accessed 29 Mar 2016. All species are ranked alpha-
betically according to scientific names

2Not Available

Table 4.2 Number of available experimental data for productivity variables by region

Total Grain Percentage of Grain water

Grain aerial Harvest | nitrogen nitrogen in Water |use
Region |biomass |biomass |index content grains use efficiency
Europe 265 82 21 41 0 0 0
North 917 176 7 22 46 89 113
America
Oceania | 1014 215 121 - 0 0 0
Total 2196 473 149 63 46 89 113

the same crop management techniques for pea (the subscript r refers to the reference
species, i.e., pea) grown in the same field site*growing season in the same article.
The effect size L is equivalent to the log response ratio defined by Hedges et al.
(1999), and compares control groups (corresponding here to pea crops) and experi-
mental groups (corresponding here to non-pea legume species) over a set of studies.
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Table 4.3 Name and definition for variables included in the data set

Name

Definition

Article_Index

Index of each article.

Article_Author_First

Name of the first author.

Article_Title

Atrticle title.

Article_Year_Publication

Publication year or “NA™.

Article_Journal

Journal name or “NA”.

Site_Index

Index of each site from each article.

Site_Name

Site name.

Site_Country

Site country.

Crop_Index

Index of each crop.

Crop_Site_Growing_Season_
Index

Index for each crop grown at the same field site during the
same growing seasons.

Crop_Growing_Season_Year_
First

First calendar year at which the crop is seeded and/or the
growing season starts or “NA”. When values are averaged
over more than one growing season, only the calendar year
of the first growing season is reported.

Crop_Growing_Season_Year_
Last

Last calendar year at which the crop is harvested and/or the
growing season ends or “NA”. When values are averaged
over more than one growing season, only the calendar year
of the last growing season is reported.

Crop_Growing_Season_Number

Number of growing seasons. When values are averaged over
more than one growing season, the number of growing
seasons is reported.

Crop_Species_Scientific_Name

Species scientific name.

Crop_Replicate_Number

Number of replicates or “NA”.

Crop_Biomass_Grain

Grain biomass or “NA”.

Crop_Biomass_Grain_Unit

Unit of grain biomass or “NA”.

Crop_Biomass_Grain_DM_
Percentage

Dry matter (DM) percentage of grain biomass or “NA”.

Crop_Biomass_Aerial

Aerial biomass or “NA”.

Crop_Biomass_Aerial_Unit

Unit of aerial biomass or “NA”.

Crop_Biomass_Aerial_DM_
Percentage

Dry matter (DM) percentage of aerial biomass or “NA”.

Crop_Biomass_Aerial_Definition

Definition of components included in aerial biomass or
“NA”

Crop_Biomass_Aerial_Stage_
Detailed

Detailed phenology stage (i.e., originally reported in the
selected article) at which aerial biomass is measured or
“NA”.

Crop_Biomass_Aerial_Stage_
Simplified

Simplified phenology stage (i.e., either “Before physiological
maturity” or “Physiological maturity”) at which aerial
biomass is measured or “NA”.

Crop_Harvest_Index

Harvest index or “NA”.

Crop_N_Content_Grain

Grain nitrogen (N) content or “NA”.

Crop_N_Content_Grain_Unit

Unit of grain nitrogen (N) content or “NA”.

Crop_N_Percentage_Grain

Percentage of nitrogen (N) in grains or “NA”.

(continued)
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Table 4.3 (continued)

Name

Definition

Crop_Water_Use_Balance

‘Water use or water balance or “NA”.

Crop_Water_Use_Balance_Unit

Unit of water use or water balance or “NA”.

Crop_Water_Use_Balance_
Equation

Equation of water use or water balance or “NA”.

Crop_Water_Use_Balance_
Efficiency_Grain

Grain water use efficiency or grain water balance efficiency
or “NA”

Crop_Water_Use_Balance_
Efficiency_Grain_Unit

Unit of grain water use efficiency or grain water balance
efficiency or “NA”.

The global dataset can be downloaded from http://datadryad.org/resource/doi:10.5061/dryad.

mf42f
2Not Available

Table 4.4 Mean grain crude protein (unit) and mean grain gross energy (unit) according to the

FEEDIPEDIA database

Mean grain crude | Mean grain gross

Scientific name protein (%)* energy (10°J t™")* | FEEDIPEDIA database item

Cicer arietinum® 22.20 19.60 Chickpea seeds, desi type
Chickpea seeds, kabuli type

Glycine max 39.60 23.60 Soybean seeds

Lathyrus aphaca NA® NA NA

Lathyrus cicera 23.80 18.80 Chick vetch (Lathyrus
cicera), seeds

Lathyrus clymenum | NA NA NA

Lathyrus ochrus 26.10 18.90 Ocbhre vetch (Lathyrus
ochrus), seeds

Lathyrus sativus 30.00 19.10 Grass pea (Lathyrus sativus),
seeds

Lens culinaris 26.90 18.50 Lentil seeds

Lupinus albus NA NA NA

Lupinus angustifolius | 33.80 20.30 Lupin (Lupinus
angustifolius), blue, seeds

Lupinus atlanticus NA NA NA

Lupinus luteus 43.00 20.90 Lupin (Lupinus luteus),
yellow, seeds

Lupinus pilosus NA NA NA

Phaseolus vulgaris 24.80 18.60 Common bean seeds

Pisum sativum 23.90 18.30 Pea seeds

Vicia articulata NA NA NA

Vicia benghalensis NA NA NA

Vicia ervilia NA NA NA

Vicia faba® 29.00 18.70 Faba bean (Vicia faba), all
cultivars

Vicia hybrida NA NA NA

Vicia narbonensis 27.20 19.00 NA

(continued)
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Table 4.4 (continued)

Mean grain crude | Mean grain gross
Scientific name protein (%)* energy (10°Jt™')* | FEEDIPEDIA database item
Vicia sativa 28.40 18.90 Common vetch (Vicia
sativa), seeds
Vicia villosa 29.30 NA Hairy vetch (Vicia villosa),
seeds

Available from: http://www.feedipedia.org/. Accessed 15 Mar 2016. All species are ranked alpha-
betically according to scientific names. The scientific names of the species correspond to the com-
mon names between parentheses: Cicer arietinum (chickpea), Glycine max (soybean), Lathyrus
aphaca (yellow pea), Lathyrus cicera (red pea), Lathyrus clymenum (cicercha purpurina), Lathyrus
ochrus (cyprus vetch), Lathyrus sativus (white pea), Lens culinaris (lentil), Lupinus albus (white
lupin), Lupinus angustifolius (narrowleaf lupin), Lupinus atlanticus (Not Available), Lupinus
luteus (yellow lupin), Lupinus pilosus (blue lupin), Phaseolus vulgaris (kidney bean), Pisum sati-
vum (pea), Vicia articulata (oneflower vetch), Vicia benghalensis (purple vetch), Vicia ervilia
(blister vetch), Vicia faba (faba bean), Vicia hybrida (hairy yellow vetch), Vicia narbonensis (pur-
ple broad vetch), Vicia sativa (garden vetch), and Vicia villosa (winter vetch)

aMean grain crude protein and mean grain gross energy are expressed on a dry matter basis
"Mean grain crude protein and mean grain gross energy are determined from the FEEDIPEDIA data-
base items "“Chickpea seeds, "desi type” and “Chickpea seeds, kabuli type”

‘Not Available

dCrude protein and gross energy are for the grains

This effect size is frequently used in meta-analysis (Hedges et al. 1999). The mean
log-transformed ratio is estimated here for each criterion X and each species i across
all field site*growing season combinations and selected articles, with linear random-
effects models (Mengersen et al. 2013). Random-effect models are commonly used
for meta-analysis in agronomy (Philibert et al. 2012) and in ecology (Mengersen
et al. 2013) to encompass both the variance between studies (due to differences of
the true effect size between studies) as well as the variance of estimates within stud-
ies (due to sampling and estimation error) (Mengersen et al. 2013). Here, we use
random-effects models to account for the variability of the mean ratio between arti-
cles, sites, and growing seasons. Model variants including one random “field
site*growing season’ effect or two random “article” and “field site*growing sea-
son” effects are fitted in turn.

Random-effects models are fitted using the “Ime” (linear mixed-effect) function
of the “nlme” package (version 3.1.111) (Pinheiro et al. 2013) of the R software
(version 3.0.2, 2013). The “Ime” function fits random-effects models and allows for
nested random effects and data weighting. The best model variant is selected on the
basis of the Akaike Information Criterion (hereafter referred to as AIC) (Akaike
1974). In order to justify the use of a random-effects model, the AIC criterion is also
computed for a fixed-effect model that assumes that all studies share the same true
mean log ratio. Mean ratios R; Riand 95% confidence intervals are then calculated
from the exponential of the estimated mean log-transformed ratios for each criterion
X and each species 7, as in (2): Ri = eXiXr. Estimated mean ratios are considered to
be significantly different from one (i.e., the species show significant higher or lower
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performance levels compared with that of pea for a given criterion) if their 95%
confidence intervals do not include one. This analysis is then repeated, weighting
the log-transformed ratios Ly Lijkby their precisions. As the variances of X s and
X . Xrjkare available for only a small number of the original measurements, the
log -transformed ratios L;; Lijkare weighted on the basis of the number of replicates

n and n,;, nrjkused to calculate X, s and X, respectively. In situations in which a
given criterion X Xis averaged over more than one growing season, the number of
replicates is considered to be the sum of the number of replicates over all growing
seasons. The weight w;; wijkof each log-transformed ratio Ly Lijkis calculated, as
in (3): wijk = nijknrjkXijk2Xrjk2nijkXijk2 + nrkXrjk2. This weight is a generaliza-
tion of the sample size weight described by Wiebe et al. (2006). Species comparison
obtained with and without data weighting are compared.

A lower AIC indicates a better model but, when the AIC differences are small, it
is useful to assess the sensitivity of the results to the model assumptions. We use
weighted values to assess sensitivity to model assumptions for the two model vari-
ants, separately: (1) inclusion of one random “field site*growing season” effect
(Table 4.6), and (2) inclusion of two random “article” and “field site*growing sea-
son” effects (Table 4.7). We also use weighted values to analyse whether raw residu-
als by species, standardized residuals by species, and standardized residuals versus
fitted values across all field site*growing season combinations and selected articles
are symmetrically distributed in shape for each criterion in each region. Mean ratios
are estimated independently for Europe, North America and Oceania.

4.3 Results

We focus below on the results obtained weighting log-transformed ratios.
Very similar results are obtained unweighting log-transformed ratios (Fig. 4.3a—e,
Fig. 4.4a—e, and Fig. 4.5a-d).

4.3.1 Good Performances of Soybean, Narrowleaf Lupin,
and Faba Bean in Europe

The mean grain biomass ratios estimated for soybean (R = 1.37), faba bean
(R =0.90) and yellow lupin (R = 0.67) in Europe are not significantly different from
one another (Fig. 4.3a and Table 4.5); their 95% confidence intervals include one.
The grain biomasses of these three species are, therefore, on average, not signifi-
cantly different from that of pea for the same field sites during the same growing
seasons with the same crop management techniques. The grain biomass data are
extracted from 12 articles for faba bean, but from only three articles for soybean,
and one article for yellow lupin. These differences in sample size result in soybean
having a larger 95% confidence interval, and yellow lupin having a much larger



C. Cernay et al.

(b) Total aerial biomass

6

10 10
6

1

6 6 4 4 2 2 9 9 1
1 4 4

3 3 2 2

El)
En
m
m
Uy
Uy
A
w1
no1
no1
Vo

1

12 12

(d) Grain gross energy

4.0
35

EUROPE

4.0
35

no1
no1
WD
WD
v
Vo

(a) Grain biomass

11212

1

ET
E
7
m
uyl
Uy
w1
A
nol
nol
Wo
)
v

(c) Grain crude protein

nol
nol
no
no

Yo

(e) Grain nitrogen content

4.0
35

86

4.0
35

4.0
35
30
25
0.0

El)
El)
1
m
uyi
uyl
nol
nol
YO



4 New Insights into the Yields of Underexploited Grain Legume Species 87

confidence interval than that of faba bean. Thus, the results obtained for faba bean
are more robust than those obtained for the other two species. The estimated mean
grain biomasses of chickpea, narrowleaf lupin, and white lupin are significantly
lower than that of pea, by —28%, —29%, and — 65%, respectively. Lentil also has a
significant lower grain biomass than that of pea (R = 0.32), but only two articles are
available for this species in Europe. The mean total aerial biomass ratios estimated
for chickpea, narrowleaf lupin, and faba bean, are not significantly different from
one (Fig. 4.3b and Table 4.5).

Results for the grain crude protein and grain gross energy are presented in
Fig. 4.3c, d, and Table 4.5. The mean grain crude protein and mean grain gross
energy ratios estimated for soybean are 2.13 and 1.66, respectively. The mean grain
crude protein and mean grain gross energy ratios estimated for narrowleaf lupin and
faba bean are not significantly different from one. The mean grain crude protein
ratio estimated for chickpea is significantly lower than one, indicating a mean grain
crude protein level — 26% lower than that of pea. The differences between species
obtained for grain nitrogen content are similar to those obtained for grain crude
protein (Fig. 4.3c, e, and Table 4.5), except chickpea.

4.3.2 Most of Grain Legume Species Considered Do Not
Outperform Pea in North America

The other grain legume species grown in North America perform less well than pea
for most of the criteria, with few exceptions. Estimated mean grain biomass is sig-
nificantly lower than that of pea (Pisum sativum) for all species, except white pea
(Lathyrus sativus) (Fig. 4.4a and Table 4.5). The uncertainty on the estimated mean
grain biomass ratio for this species is very high, due to the small number of articles
on white pea. All the other species have significantly lower mean grain biomasses
than that of pea. The mean grain biomasses estimated for faba bean and lentil are
—31% and — 40% lower than that of pea, respectively. Mean grain biomass is —45%
lower for chickpea, —53% lower for soybean, —64% lower for narrowleaf lupin, and
— 70% lower for kidney bean. These lower mean grain biomasses probably reflect

<
<

Fig. 4.3 Ratios of grain biomass (a), total aerial biomass (b), grain crude protein (c), grain gross
energy (d), grain nitrogen content (e) estimated for seven grain legume species, relative to those
estimated for pea (Pisum sativum) in Europe. The scientific names of the species concerned are
abbreviated here as follows: Cicer arietinum (chickpea, CA), Glycine max (soybean, GM), Lens
culinaris (lentil, LCu), Lupinus albus (white lupin, LAl), Lupinus angustifolius (narrowleaf lupin,
LAn), Lupinus luteus (yellow lupin, LL), Lupinus species (lupins, LU), and Vicia faba (faba bean,
VF). All species are presented alphabetically according to scientific names. Bullet points indicate
mean ratios estimated unweighted (black rounds) or weighted (gray diamonds) values for each
criterion. Error bars indicate 95% confidence intervals. Within the bottom box (gray), the lower
and upper rows indicate the number of selected articles and the number of log-transformed ratios,
respectively
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the location of most of the experiments in the northern Great Plains, where the grain
biomass of pea tends to be higher than those of other grain legume species (Miller
et al. 2002). The mean total aerial biomass ratios estimated for lentil and chickpea
are significantly lower than one (Fig. 4.4b and Table 4.5). The differences in this
ratio are not significant for soybean, white pea, and faba bean, but few data are
available for these three species.

The mean grain crude protein ratios estimated for soybean and faba bean are 0.78
and 0.83 (Fig. 4.4c and Table 4.5), respectively. Both these species have perfor-
mances similar to that of pea for this criterion. For the other species, the estimated
mean grain crude protein ratios are either significantly lower than one (i.e., chick-
pea, lentil, narrowleaf lupin, and kidney bean) or very uncertain (i.e., white pea).
The mean grain gross energy estimated for all species is significantly lower than that
of a reference species (Fig. 4.4d and Table 4.5), except white pea, but with more
uncertainty. The estimated mean grain nitrogen content ratios (Fig. 4.4e and
Table 4.5) are significantly lower than one for all species, with two exceptions:
white pea and faba bean.

4.3.3 Several Vetches and Lupins Tend to Outperform Pea
in Oceania

Faba bean has significantly higher mean grain biomass than that of pea, with esti-
mated ratio of R = 1.71 (Fig. 4.5a and Table 4.5). Several species do not differ sig-
nificantly from pea in terms of grain biomass: red pea (Lathyrus cicera), cicercha
purpurina (Lathyrus clymenum), cyprus vetch (Lathyrus ochrus), white pea, nar-
rowleaf lupin, Lupinus atlanticus (no common name), blue lupin (Lupinus pilosus),
oneflower vetch (Vicia articulata), purple broad vetch (Vicia narbonensis), and gar-
den vetch. The remaining nine grain legume species have significantly lower grain
biomasses than that of pea. The mean total aerial biomasses of chickpea, lentil, and
white lupin are significantly lower than that of pea.

The mean grain crude protein estimated for faba bean is significantly higher than
for pea, by +104% (Fig. 4.5c and Table 4.5). Estimated mean grain crude protein
ratio is not significantly different from one in red pea, cyprus vetch, white pea,

<
<

Fig. 4.4 Ratios of grain biomass (a), total aerial biomass (b), grain crude protein (c), grain gross
energy (d), grain nitrogen content (e) estimated for seven grain legume species, relative to those
estimated for pea (Pisum sativum) in North America. The scientific names of the species concerned
are abbreviated here as follows: Cicer arietinum (chickpea, CA), Glycine max (soybean, GM),
Lathyrus sativus (white pea, LS), Lens culinaris (lentil, LCu), Lupinus angustifolius (narrowleaf
lupin, LAn), Phaseolus vulgaris (kidney bean, PV), Phaseolus and Vigna species (beans, PVi), and
Vicia faba (faba bean, VF). All species are presented alphabetically according to scientific names.
Bullet points indicate mean ratios estimated unweighted (blackrounds) or weighted (gray dia-
monds) values for each criterion. Error bars indicate 95% confidence intervals. Within the bottom
box (gray), the lower and upper rows indicate the number of selected articles and the number of
log-transformed ratios, respectively
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narrowleaf lupin, purple broad vetch, and garden vetch (i.e., their 95% confidence
intervals include one). Estimated mean grain crude protein for chickpea, lentil, yel-
low lupin, and winter vetch, is significantly lower than for pea. Only faba bean
performs significantly better than pea for grain gross energy (Fig. 4.5d and
Table 4.5).

4.4 Discussion

Our analysis provides European farmers, plant breeders, agricultural companies and
policy makers with new comprehensive insights into grain legume productivity. In
particular, our results identify the grain legumes with the greatest productivity
potential for expansion in Europe. We have mainly focused on the yield potential
and protein production of different crops compared to pea. To the best of our knowl-
edge, our study presents the first multi-criteria comparison of a broad range of grain
legume species based on a quantitative synthesis of published experimental data.
However, the choice of a species by growers is not only guided by the productivity.
The length of the growing season, the effect of a given crop species in the succeed-
ing crops (diseases, weeds, N availability, etc.), the pedoclimatic conditions (for
instance, soybean require a close to neutral or a basic soil pH, whereas lupins require
slightly acidic, non-calcareous soils), the agricultural practices (e.g., irrigation of
soybean), the market conditions, the availability of technical advice and outlet are
other elements accounted for. Extension services and regional experts could provide
farmers with useful information to adjust their choice of species to local character-
istics (e.g., soil and weather conditions). Many grain legumes are well valued and
recognized in many European countries for human food, most of them related to
Mediterranean diets. In this case, the “production” point of view should not be used
as a unique indicator of holistic performance of a crop within a cropping system.

<
<

Fig. 4.5 Ratios of grain biomass (a), total aerial biomass (b), grain crude protein (c¢), grain gross
energy (d), estimated for twenty grain legume species, relative to those estimated for pea (Pisum
sativum) in Oceania. The scientific names of the species concerned are abbreviated here as follows:
Cicer arietinum (chickpea, CA), Lathyrus aphaca (yellow pea, LAp), Lathyrus cicera (red pea,
LCi), Lathyrus clymenum (cicercha purpurina, LCl), Lathyrus ochrus (cyprus vetch, LO), Lathyrus
sativus (white pea, LS), Lens culinaris (lentil, LCu), Lupinus albus (white lupin, LAl), Lupinus
angustifolius (narrowleaf lupin, LAn), Lupinus atlanticus (no common name, LAt), Lupinus luteus
(yellow lupin, LL), Lupinus pilosus (blue lupin, LP), Vicia articulata (oneflower vetch, VA), Vicia
benghalensis (purple vetch, VB), Vicia ervilia (blister vetch, VE), Vicia faba (faba bean, VF), Vicia
hybrida (hairy yellow vetch, VH), Vicia narbonensis (purple broad vetch, VN), Vicia sativa (gar-
den vetch, VS), and Vicia villosa (winter vetch, VV). All species are presented alphabetically
according to scientific names. Bullet points indicate mean ratios estimated unweighted (black
rounds) or weighted (gray diamonds) values for each criterion. Error bars indicate 95% confidence
intervals. Within the bottom box (gray), the lower and upper rows indicate the number of selected
articles and the number of log-transformed ratios, respectively
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Some of our results are based on a small sample size. Here, only studies includ-
ing at least two grain legume species were selected in order to limit the risk of
confounding effect between species and site-year characteristics. Thus, our dataset
does not include all published available data on productivity of grain legume spe-
cies. Moreover, grey literature may be a source of additional data but is not easy to
get. The main conclusions of our statistical analysis are not particularly sensitive to
model assumptions (Tables 4.6 and 4.7). Model variants based on weighted values
tend to produce narrower confidence intervals, and more accurate results.
Distributions of residuals are symmetric in shape for all species and criteria in all
regions and do not show any evidence of heterogeneous residual variance.

We use experimental data collected in agronomic experiments where several
grain legume species are directly compared at the same field sites during the same
growing seasons with the same crop management techniques (i.e., tillage, fertiliza-
tion, pest control, and irrigation). Based on this data source, we are able to compare
the yield levels of grain legume species cultivated in the same agronomic and envi-
ronmental conditions. Nutritional data extracted from feed and food composition
tables enables us to compare grain legume species according to their grain crude
protein and gross grain energy. Grain composition depends on the grain legume spe-
cies (FEEDIPEDIA database), but also on cultivars, and on soil and climatic condi-
tions (Duc et al. 2011; Vadez et al. 2012). The grain quality of grain legume species
was collected and included in our dataset when available (Cernay et al. 2016), but
quality criteria were not reported in many of the selected articles. Finally, based on
these data sources, we are able to perform a multi-criteria analysis of the yield per-
formances of a broad range of grain legume species.

Faba bean has performances similar to those of pea for all criteria in Europe.
Faba bean may, therefore, be considered an interesting alternative to pea in this
world region. This species is well adapted to the diverse climate conditions and soil
types of Europe (Flores et al. 2013). It is recognized as a valuable source of protein
for the human diet and animal feed (Crépon et al. 2010; Multari et al. 2015; Koivunen
et al. 2016). Soybean and narrowleaf lupin also perform well relative to pea,
especially for grain crude protein and grain gross energy. However, only a small
number of field experiments have directly compared these species in Europe. New
experiments are thus warranted to identify the geographical areas where both these
species perform best under European conditions. Measurements of total aerial bio-
mass (or harvest index), grain nitrogen content (or percentage of nitrogen into
grains), as well as grain quality would also be useful to further refine our estimates,
and decrease the uncertainty levels associated with the yield performances of soy-
bean and lupins in Europe.

Narrowleaf and yellow lupins display good relative performances for most crite-
ria in Europe. Lucas et al. (2015) stressed the importance of advanced breeding and
processing operations to turn European-grown lupins into attractive marketable
ingredients for human food and animal feed. Chickpea and lentil have lower overall
performances than pea for most criteria. Both chickpea and lentil are suitable for
incorporation into animal feed, but both are widely used for human consumption
(e.g., Boye et al. 2010; Jukanti et al. 2012). Hence, these grain legume species
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would provide farmers with high added value market opportunities, which might
offset their low productivities (Voisin et al. 2014; Magrini et al. 2016). The replace-
ment of pea with other legume species, displaying higher levels of grain crude pro-
tein, could substantially increase overall crude protein production in European
countries. An alternative scenario is to increase the proportion of cultivated land
cropped with grain legumes species compared to cereal and oilseed crops, even if
this scenario could lead to a reduction of cereal and oilseed productions.

The overall species comparisons obtained in North America and Oceania con-
firm the key findings for Europe. In North America, Miller et al. (2002) reported that
the mean grain biomass of soybean was —47% lower than that of pea. This lower
grain biomass is consistent with our results. In North America, soybean has a mean
grain biomass —41% (unweighted values) or — 53% (weighted values) lower than
that of pea (Fig. 4.4a and Table 4.5). However, soybean performs well for most of
the other criteria, and, in addition, presents lower interannual variability in grain
biomass than that of pea (Cernay et al. 2015).

The results obtained in North America and Oceania also confirm relatively good
yield levels of faba bean in North America, and its interesting performances in
Oceania. Siddique et al. (2013) reported that faba bean could be grown across a
broad spectrum of contrasting environments in Australia. White pea has yield levels
similar to those of pea for most of the criteria considered in both North America and
Oceania, but with high levels of uncertainty due to the small number of experiments
carried out. Calderdn et al. (2012), and Vaz Patto and Rubiales (2014) argued that
further research efforts are required to assess the agronomic potential of white pea.
The grains of this legume species harbor several undesirable nutritional and neuro-
toxic factors, decreasing its likely suitability as a food and feed substitute for pea
(Hanbury et al. 2000; Yan et al. 2006; Vaz Patto and Rubiales 2014).

The number of species directly compared with pea is about three times higher in
Oceania (20 species) than in North America (7 species) and Europe (7 species).
Several of the species that have been tested in Oceania but not in Europe perform
well with respect to pea in terms of productivity, especially for red pea, Cicercha
purpurina, cyprus vetch, white pea, Lupinus atlanticus (no common name), blue
lupin, oneflower vetch, purple broad vetch, and garden vetch. It will be useful to
include these grain legume species in future field experiments with the prospect of
assessing their relative productive performances across European conditions.
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Chapter 5
Grain Legumes for the Sustainability
of European Farming Systems
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Abstract Grain legumes offer many agronomic, environmental and socio-
economic benefits when grown in succession with cereals. They can increase the
yields of following crops in the rotation. They fix indirectly atmospheric nitrogen,
which makes them economical and environmentally friendly. Globally grain
legumes are cultivated on an area of 201,728 thousand ha with a total production of
383,728 thousand tones. In Europe, grain legumes are cultivated on an area of 5726
thousand ha, which represents only 1.8% of total arable lands in Europe. Cultivated
area of grain legumes is very low as compared to other words countries and, conse-
quently, Europe imports yearly 20 million tons of soybean meals and 12 million
tons of soybean grain. Farmers show lack of interest in cultivating grain legumes
due to many climatic, soils, technical, agronomic and economic constraints. These
constraints can be removed by technological innovations, provision of more premi-
ums, increasing the sale price and grain yield, and reduction in yield variability of
grain legumes.
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5.1 Introduction

The reconciliation of economy and environment is a key factor in achieving sustain-
ability. The European Union (EU) wishes to achieve the sustainability of its agricul-
ture in order to produce high quality food materials and to manage energy crisis and
the risks related to climate and market fluctuations. These risks can be reduced by
enforcing a reduction in the possible negative impacts of agricultural activities on the
environment such as water quality, biodiversity, greenhouse gas emissions and public
health (MP3-Grain Legumes 2010). Grain legumes are generally considered as key
crops for sustainable agriculture (AEP 2004; Wani et al. 2003) due to their unique
characteristic of nitrogen-fixing plants. This makes them economical and environ-
mentally friendly crops compared to other arable crops (Reckling et al. 2016).

Synthetic nitrogen (N) fertilizers are considered as one of the most expensive
input in modern agriculture, which account for 40-65% of on-farm commercial
energy use, respectively for developed and less developed countries (Mudahar and
Hignett 1987). Cereals are considered as the major N fertilizer user crops and it is
estimated that approximately 50% of the world N fertilizers have been used only by
cereal crops every year (Roberts 2009). Smil (2001) reported that worldwide about
1.3% of all the energy produced is used by various types of fertilizers and the cost
of fertilizers is expected to increase due to increasing use of non-renewable energy
resources for other purposes.

In this context, the crops which used very small or no N fertilizer should be pro-
moted to limit mineral nitrogen and energy used in agriculture (Magrini et al. 2016).
Cultivation of grain legumes in the EU could be one of the best alternative choices.
Currently grain legumes are grown on only 1.8% of arable lands in the European
Union (EU), which was 4.7% in 1961. Moreover, there is a substantial deficiency of
vegetable proteins in Europe and every year this deficiency is compensated by
importing 20 million tons of soybean meals and 12 million tons of soybean grain
from America, which cause a heavy load on import budget (Roman et al. 2016;
Magrini et al. 2016). Deficiency of grain legumes production in Europe was due to
the General Agreement on Tarif and Trade in 1947 followed by Blair House
Agreement in 1992. According to these agreements, the EU was allowed to import
protein from America without any tax on import, which discouraged the farmers to
grow grain legumes on their farms because these crops were less competitive to the
cereals (Cernay et al. 2015). Moreover, different institutional, agronomic (Preissel
et al. 2015), technical, climatic and economic constraints also discouraged the farm-
ers to grow grain legumes on their farms (Von Richthofen et al. 2006).

The most frequent problems cited for legumes are: provision of less subsidies
compared to other cereal crops, higher susceptibility to pest and diseases (Gueguen
et al. 2008; Wery and Ahlawat 2007), need of greater technicality for their produc-
tion (Carrouee et al. 2003) and low or fluctuating prices and crop yield (Jeuffroy
2006), inducing an overall low competitiveness with cereal crops in farming sys-
tems. Due to these constraints, the EU grain legumes sector has strongly declined
over the last decade. In France, their area has now reached its lowest level
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(165,000 ha) since the 80s with 63% decrease observed only between 2004 and
2008 (Magrini et al. 2016). It is challenging to propose and evaluate strategies that
would allow in increasing grain legumes area in Europe by considering all above
mentioned constraints. This should be addressed in a variety of contents by keeping
in mind the institutional, socioeconomic and environmental factors (Reckling et al.
2016). In this chapter, the author has tried to compile all that data and analysis that
can help for promoting grain legumes area in Europe.

5.1.1 Growing of Grain Legumes in World and in Europe

Globally grain legumes are cultivated on an area of 201,728 thousand hectares (thou
ha) with a total production of 383,728 thousand tones (thou tones). Soybean is the
most dominant crop cultivated on an area of 111,272 thou tons (72.1% of global
area under grain legumes) with a production of 276,405 thou tones. It is mainly
cultivated in South and Central America with an area of 52,106 thou ha and yield of
146,149 thou tons in Brazil and Argentina and North America (32,523 thou ha and
94,681 thou tons) mainly in USA and Asia(20,629 thou ha and 27,294 thou tons)
mainly in China (Roman et al. 2016).

Except oceanic countries, area under grain legumes is much lower in Europe as
compared to other regions of the world. In Europe, grain legumes are cultivated
only on an area of 5726 thou ha which is only 2.8% of the total global area, with a
total production of 10,575 thou tones in 2015. Soybean is the most dominant crop
cultivated in the EU, with total area of 3176 thou ha and total production 5943 thou
tons, followed by field bean and broad beans (Tables 5.1 and 5.2). The area dedi-
cated to grain legumes in the EU represents between 1% and 7% of the arable crop
area sown with grain legumes in European countries (Von Richthofen and GL-Pro
partners 2006). This is very low compared to Brazil (44%), USA (32%), India

Table 5.1 Grain legumes growing area in the world (thousand ha)

North South and
Species America | Central America | Europe | Africa | Asia Oceania | Total
Pea 1634 152 1723 812 1875 181 6377
Field beans | 616 5957 260 5695 14,237 |62 26,827
Soybean 32,523 52,106 3176 1797 20,629 |41 111,272
Lentils 1095 20 84 178 2820 146 4343
Chick pea 158 161 74 483 12,079 |574 13,529
Broad bean |0 163 238 570 964 112 2047
Lupine 0 34 153 14 0 450 651
Peanuts 421 686 11 12,405 | 11,871 |14 25,408
Cow pea 16 16 7 11,075 | 160 0 11,274
TOTAL 36,463 60,295 5726 33,029 | 64,635 | 1580 201,728

Roman et al. (2016)
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Table 5.2 Grain legumes total production in the world (thousand tons)

F. Mahmood et al.

North South and Central
Species America | America Europe | Africa | Asia Oceania | Total
Pea 4558 188 3021 720 2229 263 10,979
Field beans | 1317 5590 500 4860 10,635 |53 22,855
Soybean 94,681 146,149 5943 2246 27,294 |92 276,405
Lentils 2108 12 71 186 2246 327 4950
Chick pea | 327 270 94 531 11,068 | 813 13,103
Broad bean |0 192 663 738 1494 297 3381
Lupine 0 55 251 21 1 459 787
Peanuts 1893 1759 8 11,547 129,951 |28 45,160
Cow pea 29 19 24 5422 193 0 5687
TOTAL 104,913 | 154,134 10,575 26,271 |85,108 |2306 383,307

Roman et al. (2016)

(18%), Canada (13%) and Australia (9%) (Schneider 2008). Whereas the potential
of these crops is estimated to be 15-25% like other countries of the world (GL-Pro
partners 2007).

5.2 Benefits of Growing Grain Legumes

5.2.1 Nutritional Value

Primarily, grain legumes are grown for their grains, which are used either for human
consumption as a food or for animal as a feed (Singh et al. 2007). They are the
cheapest sources of supplementary proteins for humans compared to meat. For
example, the cost of a unit of legume protein is 50% lower than a unit of meat pro-
tein in Brazil, 70% in Egypt, 75% in Rwanda and 60% in India (Graham and Vance
2003; Joshi et al. 2002; Byerlee and White 2000). They occupy an important place
in human nutrition, especially in low-income groups of people in developing coun-
tries, which is why they are often called poor man‘s meat. They are generally good
sources of slow-release carbohydrates and are rich in proteins i.e. ~18-25% by
weight, which is twice the protein contents of wheat and three times that of rice.
Soybean is unique in this family, containing about 35-43% protein in addition to oil
(Tharanathan and Mahadevamma 2003). They also contain high levels of macro-
and micro-nutrients (Ca, P, K, Fe, and Zn), vitamins, fiber and complex carbohy-
drates all of which contribute to balanced nutrition. Moreover, they complement the
consumption of cereals since they provide an amino acid balance and better protein
utilization. An optimum nutritional balance diet is composed of cereals and legumes
in an approximate ratio of 2 to 1 (MP3-Grain Legumes 2010). Legume consumption
has also been shown to lower cholesterol levels and to reduce the risk of diabetes,
breast and colon cancer and heart attacks. Kabagambe et al. (2005) reported that
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legumes may protect against myocardial in fraction by 38% with the use of one third
cup of cooked beans on a daily basis. Soybean and lupins are useful to reduce blood
cholesterol and thus can protect from hypercholesterolemia and atherosclerosis
(Harland and Haffner 2008; Marchesi et al. 2008; Sirtori et al. 2012). Lupins are
also considered to have potential for antidiabetic effect (Bertoglio et al. 2011).
Phytoestrogens which is obtained from legumes is considered to have positive
effects on reducing the risk of cancer and harmful effect on the uterus, thyroid gland
and mammary gland (Gierus et al. 2012).

5.2.2 Biological N Fixation

The key strength of grain legumes is their specific characteristic as nitrogen-fixing
plants, which fulfil their N requirement from the fixation process (Graham and
Vance 2003). From an agro-economic point of view, it is considered as an additional
output from the grain legume which is cost-saving in terms of mineral or organic
fertilizer purchases and application. This ability of grain legumes makes them spe-
cial in reducing the need for synthetic N fertilizers to almost zero in the legume crop
(Zander et al. 2016).

Biological N fixation by grain legumes is carried out by a symbiotic association
with the Rhizobium or Bradyrhizobium bacteria within the root nodules of legumes.
This process is made possible by an enzyme complex, the nitrogenase, which sup-
ports the organic N production process from gaseous N, (Crew and Peoples 2004;
Salisbury and Ross 1978). It is estimated that during the growing season, legumes
fix N at the rate of 1-2 kg N ha=! day~! (Giller 2001; Unkovich and Pate 2000; Van
Kessel and Hartley 2000). Smil (1999) reported that legumes annually fix about 40
to 60 million metric tons of N in agricultural contexts and 3 to 5 million metric tons
N in natural ecosystems. It is estimated that legumes grown for grain, hay, pasture
and other agricultural purposes account for almost half of the annual quantity of the
N fixed by biological system (Anonymous 1984). Burris and Roberts (1993)
reported that biological processes contribute to 65% of the N used in agriculture.
Through biological N fixation process, grain legumes can accumulate N in their
above as well as belowground biomass. Fababean and field pea are the most widely
grown grain legumes in Europe which can accumulate on average 130 and
153 kg N ha™! in their aboveground biomass and large quantities in their below-
ground biomass accounting 30-60% of the total N accumulated by legumes (Peoples
et al. 2009). Figure 5.1 shows the total amount of N fixed in the EU27 by grain
legume crops in 2009. Pea, fababean and soybean were the main grain legumes that
fixed the maximum amount of N,. A large amount was also fixed by pulses.
Remaining legumes fixed the small amount of N,.

In combination with plant photosynthesis and potential growth (Wery 1987), the
availability of Phosphorus (P) is considered as a major driving force behind N,
fixation for signal transduction and membrane biosynthesis and also for ATP
requirements for nodule development and function (Ribet and Drevon 1996).
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Fig. 5.1 Calculated :
quantities of total N fixed Lentil, 2
in Europe (EU27) by grain Chickpea, 1.6
legume crops in 2009 (Gg)
as reported by Baddeley

et al. (2014)

Vetches, 4.6 Beans, 3.9

l.upinls ,7.8

About 33% of the world ‘s arable land is deficient in P (Sanchez and Euhara 1980),
while maximum benefits from N, fixation depend on the availability of P in the soil
(Kennedy and Cocking 1997). The other limitations to N, fixation are drought,
salinity, N fertilization, and nutrient limitations (Graham and Vance 2003) through
their direct effects on nodules or indirect effect on potential growth and N requirements
(Wery 1987). There is also a genetic variability in N, fixation (Sinclair et al. 1987).

Biological nitrogen fixation by grain legumes is considered a very good alterna-
tive of synthetic fertilizer application and its efficiency can be enhanced by inte-
grated nutrient management by adding manure fertilizer, biosoilds and recycling of
crop residues (Lal 2004). Direct benefits of grain legumes in term of nitrogen fixa-
tion are well documented as compared to their effect on following crops, for exam-
ple cereals. Peoples et al. (2015) reported that inclusion of grain legumes in rotations
of cereals can provide an additional 40 to 90 kg N ha~! in the first year and 20-35 kg
of N ha~! in second year of crop rotations.

5.3 Advantages of Growing Grain Legumes
Within Cereal-Based Rotations

Grain legumes offer many agronomic, environmental and socio-economic benefits
when grown in succession with cereals. Most of the work on grain legumes is done
at field scale by comparing their strengths and weaknesses with those of other crops
(mainly cereals) (Wery and Ahlawat 2007). But to quantify the benefits of grain
legumes and to improve their production and their contribution to sustainable farm-
ing systems, the entire crop rotation must be considered. Only the analysis of whole
rotation allows a correct and adequate evaluation of grain legume cropping systems
(Von Richthofen et al. 2006). As compared to cereals, grain legumes are considered
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as substitute of N fertilizers and enhancers of soil organic matter content due to the
N, fixation process. Due to this unique characteristic of grain legumes, crop rotation
with grain legumes improves soil health, diversifies cropping systems and maintains
soil fertility resulting in many economic, agronomic and environmental advantages
(Preissel et al. 2015).

These advantages can be classified into specific and non-specific advantages
(Preissel et al. 2015). The production of grains without any fertilization within a
rotation is a specific advantage of grain legumes provided by the symbiotic fixation
process. The other advantages are non-specific because they are shared with some
non legume crops i.e. reduction in amount of N fertilizer for the following crop in
the rotation, increase in soil organic matter and hence soil fertility, suppression of
weeds, insects and diseases due to break cycle (Stevenson and van Kessel 1997),
which results in decreasing the negative environmental impacts of insecticides and
pesticides applications (Reckling et al. 2014). Some of these specific and non-
specific agronomic, environmental and socio-economic benefits are discussed in the
following sections.

5.3.1 Agronomic Benefits

Grain legumes are known to increase the yields for the following crops in the rota-
tion (Rochester et al. 1998). Legumes often increase the yield of the subsequent
crops in the rotations as compared to cereals grown after a non-legume crop (Rao
et al. 1996; Peoples and Crasswell 1992). It is common in Europe to find cereals’
rotation with grain legumes cultivation within the rotations which could lead to
increased crop yield of subsequent cereal crops in the rotation. European experi-
ments show that in temperate and in Mediterranean conditions, grain yield of cere-
als following grain legumes were increased by 0.5-1.6 t ha~'and 0.2-1.0 t ha™!
respectively (Preissel et al. 2015). The yield of the second or even the third crop in
the rotation after legume may also increase. Moreover, the increase in yield follow-
ing legumes in a rotation is not limited in European cropping systems (Evans et al.
2003). An increase of 25-40% in yield has been observed in maize cultivated after
soybeans and common beans in the eastern region of Central Africa (MP3-Grain
Legumes 2010). Dakora et al. (1987) reported that in African savanna, the rotations
cowpea-maize and groundnut-maize have increased the maize yields by 95% and
89% respectively. Introduction of cowpea as cropping preceded to sorghum in sor-
ghum rotations increased the sorghum yield by 65% (Salez and Martin 1992). A
survey in Europe showed that when farmers were asked about the impact of grain
legumes in crop rotations, they referred to them as good crops for improving soil
fertility and leading to high additional grain yields for the following crops (Von
Richthofen et al. (2006). On average they found that wheat after grain legumes pro-
duces 0.6-0.9 t ha™! more yield as compared to wheat after cereals. Haque et al.
(1995) explained this yield increase by the positive effect of legume on soil ‘s chem-
ical, physical and biological properties. However, positive effect on yield of
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subsequent crop in the cereal based grain legumes rotations will depend on the
species, amounts of N fixed and environmental conditions (Zander et al. 2016). It is
reported that on different soil types in Denmark, N uptake in subsequent crops
increased by 23-59% after field pea and narrow-leafed lupin (Jensen et al. 2004).
Howevr, the increase in yield of durum wheat following vetch in a semi-arid
Mediterranean environment was only 14—15% (Giambalvo et al. 2004). Low fertil-
ity situation is also one of the important factors in N related yield effects on the
subsequent crop (Preissel et al. 2015). Fertile soils with adequate N supply can lead
to increased yield of the crop following a legume in a rotation (Bachinger and
Zander 2007; Kirkegaard et al. 2008). Yield increased by 0.5 and 1 t ha~! was found
in wheat and barley grown after grain legumes in a farmer survey in Germany
(Alpmann et al. 2013). However, in semi-arid conditions of central Spain yield
increases was only by 0.2 t ha™! for barley following vetch (Lépez-Fando and
Almendros 1995).

Application of plant nutrient loaded (Paustian et al. 1997¢; Glendining and
Powlson 1995) organic amendments and inclusion of legume in continuous cereals
rotations help in improving the soil quality and building up the soil carbon pool that
consequently increases the crop yields and amount of crop residues returned to the
soil (Wani et al. 1994, 2003; Paustian et al. 1997b). Mvondo et al. (2007) and
Peoples et al. (1995) stated that legumes rotations with other crops also increase the
biological activity of soil by enhancing the presence of fine roots, millipedes, earth-
worms and ants. This ultimately may result in improving the soil fertility and crop
yield of the following crops in the rotations. It is difficult to evaluate the role of
grain legumes in changing the total soil N pool, because total soil N pool is very
large and annual changes are small (Van Kessel and Hartley 2000). Therefore, long
term rotational studies are necessary to quantify such changes. Although such stud-
ies are limited, Campbell et al. (2000) evaluated the impact of legume-based crop-
ping systems on total soil N, C and net mineralization over a period of 14 years.
They showed an increase of total soil N from 3.26 to 3.58 t ha™! for wheat-lentil
rotation as compared to wheat monocrop. Similarly, total soil C was increased from
34.6 to 36.6 t ha™! for the same rotations but with fertilized wheat. They also
observed that net mineralization was higher for wheat lentil rotation as compared
to wheat monocrop. Despite a reduction of 13 kg N ha™! per year in wheat-lentil
compared to wheat monocrop, the total soil N pool increased at a higher rate of
23 kg N ha™! per year compared to 8 kg N ha~! per year for fertilized wheat. Another
study with cowpea, pigeon pea and chickpea rotated with sorghum and sunflower
showed that total soil N contents were increased after 10 years (Rego and Seeling
1996; Wani et al. 1996). Belowground plant residues are also very crucial for total
soil N pool and grain legumes are also very important for that belowground total N
pool (Rego and Seeling 1996; Wani et al. 1996) which depends on N, fixation by
grain legumes (Van Kessel and Hartley 2000). From the above discussion, it can be
concluded that grain legumes can increase the total soil N pool. However, this
effect is more obvious on poor soils due to increased N, fixation (Van Kessel and
Hartley 2000).
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5.3.2 Socio-economic Benefits

The maximum economic benefits from grain legumes are obtained with long-term
rotations because their beneficial effects become apparent only over long periods
(Chalk 1998). The reasoning of the rotation is too often based on “the most profit-
able crops” without considering the entire rotation of which they form a part. The
profitability of a crop is considered independently of the succession of different
crops that make up the rotation. The isolated comparison of a crop’s gross margin
does not reveal the monetary value of grain legumes for the following crop (Von
Richthofen et al. 2006). The calculation of rotation gross margin demonstrates that
inclusion of grain legumes in intensive cereal rotations does not cause a drop in
farmers ‘income. On the contrary, in most cases grain legumes rotations offers
slightly higher gross margins than intensive rotations with 75% or more cereals, as
shown in Fig. 5.2 for different rotations in Europe (Von Richthofen et al. 2006). In
Saxony-Anhalt (Germany), inclusion of peas in five-year rotations with 80% cereals
increased the gross margin by 29 €/ha (11%). Similarly, for four-year rotations this
advantage was still 11 €/ha (4%) higher (Von Richthofen et al. 2006). Rao and
Mathuva (1999) and Von Richthofen et al. (2006) also found that crop rotations
including grain legumes (cowpeas and pigeon pea) have gross margins equal to/or
greater than cereals rotations without grain legumes. Carrouée et al. (2002)

Barrois(F)

Colza-Blé-Blé-Orge hiver/ Fyn (DK)
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Fig. 5.2 Increase in gross margin of rotations after introduction of grain legumes in different
regions of Europe (Von Richthofen et al. 2006) Fig. 5.1. Calculated quantities of total N fixed in
the EU27 by grain legume crops in 2009 (Gg) as reported by Baddeley et al. (2014)
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compiled different available sources, and discussed the benefits and impacts of
introducing grain legumes into crop rotations. They came to a generally positive
assessment. Rao and Mathuva (1999) found that cropping systems based on annual
grain legumes were 32-49% more profitable than continuous maize cropping. Von
Richthofen and GL-Pro partners (2006) found that pesticide and soil tillage costs
can be reduced by 20-30% and 25-30% respectively by including the legumes as
preceding crop in cereals rotations. They also found that total cost can be reduced
by 50 €/ha for pea-cereal rotations as compared to 5 year cereals rotations. Another
study conducted by UNIP (2008) in Indre-and-Loire region of France showed that
overall peas-wheat rotation can save 60—150 €/ha as compared to continuous cereal
rotatio.

5.3.3 Environmental Benefits

Legumes can play a critical role in natural ecosystems, agriculture, and agro-forestry
due to their ability to fix atmospheric N,, which makes them economical and envi-
ronmentally friendly crops (Graham and Vance 2003). The ability of grain legumes
to fix atmospheric nitrogen saves non-renewable energy resources used for synthe-
sis of N fertilizers, as manufacturing nitrogen fertilizer is a high energy-consuming
process (Nemecek and Erzinger 2005). Nemecek et al. (2008) stated that introduc-
ing grain legumes into European crop rotations offers interesting options for reduc-
ing environmental burdens, especially in a context of depleted fossil energy
resources and climate change. They found that the introduction of peas in cereal-
based rotations induced a significant reduction in; (i) consumption of fossil fuels
(14%) as compared to continuous cereal-based crop rotations and (ii) nitrogenous
emissions by decreasing the losses of ammonia (—=26%), nitrous oxide (—10%) and
nitrogen oxides (—11%). The reasons are the lower quantity of N-fertilizers and also
the reduced use of machinery. Bouwman (1996) found on 87 plots, N,O emissions
fluxes ranging between 0 and 30 kg N N,O ha™! per year for fertilized plots, in com-
parison with 0 to 4 kg N ha™! per year in unfertilized plots. It is estimated that fields
planted with legumes can maintain N,O fluxes as low as 0-0.07 kg N ha™! per year
(Conrad et al. 1983). A study in Germany, France, Switzerland and Spain concluded
that the introduction of grain legumes in intensive cereal rotations is likely to reduce
energy use, global warming potential, ozone formation and acidification as well as
eco- and human toxicity per unit of cultivated area (Nemecek et al. 2008).
Considering that it takes about 1.5 litres of fuel oil equivalent to produce 1 kg of
mineral nitrogen, and that cereal crops receive 180 kg nitrogen per hectare, thus
growing legumes can save 270 litres/ha of oil equivalent (UNIP 2008). Ncube et al.
(2009) found that when cowpea, pigeonpea or groundnuts were introduced before
sorghum, nitrogen fertilization was reduced on average by 130 kg of N ha™! in the
following season for the production of sorghum. Nemecek et al. (2008) noted that
for the same yield, the amount of nitrogen applied to the wheat crop after pea was
14% lower than the single wheat rotation. He also found that the amount of nitrogen
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applied to wheat following pea was reduced from 180 kg N ha=! to 157 kg N ha™".
This is confirmed in a study by UNIP (2008) which showed that pea rotated with
wheat can save between 20-50 Kg N ha~! as compared to wheat-wheat rotation.
Wery and Ahlawat (2007) stated that grain legumes can save 20-60 kg/ha of N for
the following cereal with a supplemental yield of 1 t ha='. Jensen (1997) also found
an average N benefit of about 20 kg N ha~! from peas in a crop rotation. He also
found that after a pea harvest, greater quantities of mineral N are found in the soil
than after a cereal harvest, which can be used by the following crop. Food legumes
such as cowpea, mung bean, moth bean, pigeon pea, groundnut and fodder legumes
such as berseem were found to increase yields of subsequent cereal crops in semi-
arid India by an equivalent effect of 30—40 kgN ha~!' (Lal et al. 1978; Rao et al.
1983). It is assumed that in intensive cropping systems the introduction of grain
legumes could help in reducing the weeds, insects and diseases, due to breaks in the
cycle of these agents (Mwanamwenge et al. 1998; Peoples et al. 1995). Bulson et al.
(1997) and Liebman and Dyck (1993) also stated that crop rotations with legumes
could provide successful strategies for weed, insects and diseases suppression due
to disruption of conditions suitable for their development and may lead to reduce
the applications of pesticides and fungicides as compared to continuous cereal rota-
tions (MP3-Grain legumes 2010). Nemecek et al. (2008) showed that inclusion of
peas in cereal-based rotations of wheat canola-wheat-wheat-winter barley in
Saxony-Anhalt (Germany) has reduced the use of pesticides by 10%. This reduced
use of pesticides resulted in significant environmental benefits because it reduced
terrestrial eco-toxicity by 7%. The introduction of legumes in continuous cereal-
based cropping systems can also improve biodiversity, although as stated by Munier-
Jolain and Collard (2006) this effect is not specific to grain legumes. In regions
where crop rotations are fairly diverse, as in Switzerland, no additional break-crop
effect can be found after the introduction of grain legumes. But in regions where
crop rotations are not very diverse, legumes can help in introducing biological
diversity. Nemecek et al. (2008) stated that legumes can contribute to the conserva-
tion of biological diversity by promoting diversity of crops. The biodiversity points
given by the SALCA assessment method (Jeanneret et al. 2006) were higher (7.3)
for rotations with grain legumes as compared to rotation without grain legumes
(7.1). Grain legumes are also considered valuable crops in reducing the soil eosion
by improving soil structure, improved water infiltration, and water holding capacity
(Bruce et al. 1987; Jensen and Hauggaard-Nielsen 2003; Peoples et al. 2009; Jensen
et al. 2011).

5.4 Disadvantages of Grain Legumes

Although legumes have many advantages, they also have some disadvantages when
sown within cereals rotations. Some of these disadvantages are detailed in following
sections.
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5.4.1 Nitrate Leaching

It is generally considered that the reduction in number of N fertilizer applications
and total amount of N fertilizer over the legume-based rotation reduces the risk of
nitrate leaching (Drinkwater et al. 1998). But this is not always true. N leaching
occurs on both legume and cereal-based cropping systems (Dinnes et al. 2002;
Fillery 2001; Poss and Saragoni 1992; White 1988). However, this can differ with
soil type, climate and growing season. Crew and Peoples (2004) found that N leach-
ing was higher for soils with high hydraulic conductivity, drained soil exposed to
flood irrigation or high rainfall. Fillery (2001) stated that there is a higher chance of
N leaching during summer or winter fallow in legume-based systems. Moreover, N
leaching risks are higher in first growing phase of subsequent crop after the harvest
of legume crop due to lower demand of N for the subsequent crop (Fillery 2001;
Peoples et al. 2009). Nemecek et al. (2008) showed that crop rotations with peas
caused a 4% higher nitrate leaching. They gave several reasons for this behaviour:
longer period of bare soil, higher amount of mineral nitrogen in soil after the pea
crop, shallow root system of pea crop, more N content of pea straw than wheat straw
that leads to higher N mineralization. Von Richthofen et al. (2006) also found that
the risk of nitrate leaching is often increased by the inclusion of a grain legume crop
in cereal rotations. However, where possible it can be reduced by efficient catch crop
or cover crop management, cereal legumes intercropping (Pappa et al. 2012; Jensen
and Hauggaard-Nielsen 2003) or early sowing of winter crops (Rapeseed) just after
the harvest of grain legumes. Drinkwater et al. (1998) found the reverse results, with
cereal-based systems giving an average N leached 7% higher that of legume-based
systems. The situation is different with perennial forage legumes, which are growing
for a longer period during the year and therefore extract nitrate from soil. For exam-
ple, Owens et al. (1994) showed a 48—76% reduction of nitrate leaching by including
alfalfa in the rotation of cereal crops. One should not draw definite conclusions from
such studies because of the use of the best management practices in most of such
studies and the use of different rates of N fertilizer (Sinclair and Cassman 1999).
Some researchers argue that N derived from legumes has the same negative effects
as N derived from chemical fertilizers, and the increased production obtained from
N fixed by legumes seems to be insufficient to match the requirement of increasing
population (Cassman et al. 2002; Smil 2001; Sinclair and Cassman 1999). However,
Crew and Peoples (2004) compared the sustainability of both sources of N in terms
of ecological integrity, energy balance and food security and found that N derived
from legumes is potentially more sustainable than chemical sources of N.

5.4.2 Labour Requirements

Rao and Mathuva (1999) reported that maize rotated with cowpea required similar
labour as a maize monocrop rotation. He also found that maize rotated with differ-
ent legumes as intercrop resulted in change in labour use. For example, maize crops
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rotated with cowpea and pigeon pea required respectively 15% and 32% less labour
as compared to continuous maize rotation. Wery and Ahlawat (2007), on the other
hand, arrived at the opposite conclusion, that labour requirements are higher for
legume-based systems than cereal-based systems due to the fact that legumes are
less mechanized and more labour is needed for weeding, as no effective post-
emergence herbicide is available. They also show that sowing date has a strong
effect on the efficiency of labour, for example spring-sown peas and chickpea may
improve the efficiency of labour, by reducing the period of high requirement of
labour as compared to cereals, which are mostly winter sown. This statement is sup-
ported by Nemecek and GL-Pro partners (2006), who found that in Saxony-Anhalt
region (Germany), the cultivation of only winter rapeseed and winter cereals
required a high number of labour in autumn for all agricultural operations such as
tillage, seedbed preparation and sowing, which requires powerful and expensive
mechanization. However, they found that it could be managed by integrating grain
legumes into the rotation. For example, when a 500-ha farm introduces spring peas
into a five-year rotation of rapeseed—wheat—wheat—wheat—barley more than 300
tractor hours/ha was saved between August and October. On the other hand, they
found that only about 80 additional hours were required in spring. This indicates
that machines and manpower were used more efficiently and the grain legume rota-
tion allowed a larger cropped area to be managed.

5.4.3 Susceptibility to Pests and Diseases

There are two viewpoints. According to some researchers, inclusion of grain
legumes with in continuous cereals rotation is helpful in reducing the pest and dis-
eases due to ‘break crop effect’ (Robson et al. 2002; Prew and Dyke 1979; McEwen
et al. 1989; Stevenson and van Kessel 1997). In addition, diversification of cereals
rotation with grain legumes also reduced the application of pesticides and fungi-
cides and hence protection of environment (von Richthofen et al. 2006). On the
other hand, some scientists argue that the cost of protecting legumes against pest
increases with the number of legumes in the system. It is considered that legumes
are more susceptible to pests and diseases than cereals, especially in the tropics and
sub- tropics (Beaver et al. 2003; Coyne et al. 2003).

5.5 Constraints for Grain Legumes Cultivation in Europe

Previous studies, surveys, farmer’s interviews and special reports reported many
constraints for the cultivation of grain legumes in Europe (Table 5.3). Some of these
constraints are explained here.
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Table 5.3 Major constraints identified by experts for grain legumes production in Europe

Main constraints Adaptability and tolerance Peas | Fababean | Lupins | Soyabean
Soil Calcareous soils with ++ ++ - ++
CaCO; > 2%
Shallow soils susceptible to | + - ++ -
drought
Tolerance to waterlogged soil | + ++ + ++
Climate Tolerance to high temperature | + - + +++
Tolerance to drought stress + - ++ -
Frost resistance ++to |+to++ |Nd -
+++
Technical and agronomic | Lodging problem + ++ ++ +
Problem during sowing and | Nd - Nd Nd
harvesting (large seed size)
Tolerance diseases - - - -
Economic (as compared | Premium N N N N
(0 non-legume crops) Yield and sale price N N N N
Price and yield variability 7 7 b b
Total cost 7 d d d

Mahmood (2011)
Tolerance sensitivity: +++ (perfect tolerant), ++ (good tolerant), + (moderate tolerant), — (low
tolerant), — — (avoid), nd (not determind), /* or % (high or low)

5.5.1 Climate Constraints

Regarding climate constraints, here is an example of pea and fababean. Pea is the
main grain legume cultivated in the EU (GL-Pro partners 2007). One can find two
types of peas according to their plantation timing, winter pea sown in October—
November and spring pea sown in January—February. According to experts, peas are
good cool-season alternative for regions not suited for growing soybeans, because
they are comparatively less frost sensitive and may tolerate low temperatures during
germination and growth. This is also confirmed by Miller et al. (2002). Experts
further reported that most suitable planting period for peas is December and January.
This is because of the chances of heavy frost in October and November. It also helps
to reduce disease pressure and lodging problem, compared to October sowing and
risk of yield loss due to high temperatures and drought during the grain formation
stage compared to February sowing. Based on the plantation timing, fababean can
also be classified into two types, spring fababean and winter fababean. According to
experts, winter and spring fababean cannot tolerate the severe cold and frequent
heat and drought conditions respectively. Thus the most suitable sowing period is
December or January. This finding was also confirmed by Carrouée et al. (2003) and
GL-Pro partners (2007), who suggested planting of fababean in mid December.
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5.5.2  Soil Constraints

Pea and fababean are tolerant to calcareous soils with CaCO; > 2%, whereas lupin
is not suitable for such soils. They should not be grown on clay and limestone pla-
teau regions with more than 2.5% limestone in the topsoil. In shallow soils, pea and
lupin are more sensitive to drought as compared to fababean. Fababean is also more
tolerant to waterlogged soils in winter, compared to pea and lupin.

5.5.3 Technical and Agronomic Constraints

A farmer survey in Belgium, Germany, Spain and Switzerland showed that the lack
of competitiveness with cereals and alternative break crops (e.g. rapeseed) is the
major obstacles for grain legume production (Von Richthofen and GL-Pro partners
2006). More technical skill and expertise are required for sowing and harvesting
legumes, compared to cereals. For example, pea is characterized by a high tendency
to lodging, so for sowing, it requires perfectly leveled soil with special equipment,
which makes it costlier than other crops. Similarly, fababean seeds size is 2-3 times
greater than peas seeds. This causes problems during drilling and harvesting making
it difficult to adapt drills and combines. Carrouée et al. (2003) also reported the
same technical problem faced by farmers during the drilling and harvesting of faba-
bean due to the large seed size. Framers also mentioned the threshing problem of
grain legumes especially the farmers of Barrrois in France (Von Richthofen and
GL-Pro partners 2006). They also reported diseases as one of the major reasons, for
the farmers’ lack of interest in growing grain legumes in the region e.g. Anthracnose
(lupin), Botrytis fabae and Ascochyta (winter fababean), rust (spring fababean) and
root disease of Aphanomyces (pea) (Gueguen et al. 2008).

5.5.4 Economic Constraints

Market price, grain yield and the risk of yield fluctuations are also the major obsta-
cles for cultivation of grain legumes in Europe. Farmers’ survey in France also
showed seed cost as an important constraint (Von Richthofen and GL-Pro partners
2006). The changes in agricultural policies (common agricultural policy — CAP
— reforms) are one of the major factors for farmers ‘lack of interest in cultivating
grain legumes in Europe. According to a report of UNIP (2009), the impact of CAP
reforms on the evolution of grain legume area and production can be analysed in
two main phases of agricultural policy changes (UNIP 2009).

Developmental Phase Between 1981 and 1993 During this phase, the area under
legumes grew very rapidly (Fig. 5.3 an example of France). The main driving force
behind this growth was the establishment of an aid plan for the production of
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Fig. 5.3 Evolution of area and production of grain legumes in France between 1981 and 2008.
(Source: UNIP 2009)

proteins intended to limit Europe’s dependence on the major producers of soybean.
The area of grain legumes peaked during this period at around 754,000 ha in 1993
(UNIP 2009). The main measures of this aid plan included the pro-active EU policy
for protein and market standardization, i.e. (i) Provision of minimum price to farm-
ers for growing peas, fababeans and lupins, and a subsidy for first users of these
crop products in the animal feed supply chain. (ii) Provision of compensatory aid to
adjust farmers’ income, in case of fluctuating price of protein in the market.

Declining Phase Between 1993 and 2008 During this phase legume area began
to decline slowly due to a price ratio, especially for compensatory payments.
Although in 1998, a Maximum Guaranteed Quantity (MGQ) was fixed at 3.5 Mt.
for grain legumes, the common agricultural policy (CAP) reform applied from 1st
January 1993 (CAP reform 1992 called —Mac Sharry) changed the context. The
guaranteed prices were reduced to bring them closer to market prices, especially for
arable crops, and direct subsidies were applied with mandatory set-aside. Despite
the aid, farmers ‘interest in growing grain legumes and income related to grain
legumes decreased strongly in this context. After the 2003 CAP reform, aid to pro-
tein crops was aligned with grain production rather than area, changing from 72.5 €/
ha in 2000 to 63 €/t in 2004. In addition, grain legumes also got a standard decou-
pled aid of 55.57 €/ha (Table 5.4). For this reason, a slight recovery in legume crop-
ping area was observed in 2001. However, this recovery was short-lived and
cultivated area reached, in 2008, its lowest level since the 1980s with a 63% decrease
between 2004 and 2008 (UNIP 2009).

In addition to policy changes of lower aid after CAP reforms, the experts identi-
fied lower yield and sale price, risk of fluctuating yield and prices and higher cost of
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Table 5.4 Impact of evolution of the common agricultural policy (CAP) reforms on surface area
of grain legumes in France

Evolution of grain
Evolution of CAP reforms Year legumes area (1000 ha)
Granted prices + aide for produers 1978 101
Direct aid for farmers (78.45 €/T) 1993 754
Direct aid for farmers (72.5 €/T) 2000 461
Direct aid (63 €/T) + specific aid (55.57 €/T) 2004 445
Direct aid (63 €/T) + specific aid (205.57 €/T) 2010 165

Source: UNIP (2009)

Table 5.5 Comparison of wheat and pea crops for different variables observed at farm

Crops
Variables Wheat Peas
Premium (€/ha) 300 356
Sale price (€/t) 180 140
Yield (t/ha) 5 2.5
Total cost (€/ha) 459 481
Gross margin (price * yield) (€/ha) 900 350
Gross product (premium + gross margin) (€/ha) 1200 706
Total income (gross product — costs) (€/ha) 741 225

Chamber of Agriculture Ariege (2009)

seeds as main constraints for grain legumes production, especially in the presence
of other more profitable crops such as wheat. Von Richthofen et al. (2006) after a
survey of 533 farmers in Europe and France, reported that lower market price, grain
yield and the risk of yield fluctuations is also one of the major obstacle of legume
cultivation. According to Jeuffroy and Ney (1997), wheat (Triticum aestivum) yields
increased by 120 kg ha™! per year from 1981 to 1996, while for peas it increased by
only 75 kg ha™! per year over the same period. Schneider (2008) also reported the
same trend of increasing yield gaps for wheat and pea crops in France for the same
period. This fact can also be explained by an example of a farmer in the Ariege
department of Midi-Pyrénées region (Chamber of Agriculture Ariege 2009). In
2009, that farmer received 300 €/ha of aid (CAP reforms 2003) for growing rainfed
wheat and 356 €/ha for rainfed grain legumes (Chamber of Agriculture Ariege
2009). At harvest, he obtained yields of these crops as 5 and 2.5 t/ha for wheat and
peas respectively. He sold the product (grains) at market price of 180 €/t for wheat
and 140 €/t for peas. For growing these crops, he spent 459 and 481 €/ha for wheat
and peas respectively (Table 5.5). At the end, he observed that wheat is more profit-
able than peas, with a difference in income of 516 €/ha (= 741-225). To make pea
competitive with wheat, this 516 €/ha can be compensated by increasing the pre-
mium, sale price or crop yield of peas crop. It is estimated that peas can be competi-
tive only, (i) if it receives a premium of 872 €/ha instead of 356 €/ha, (ii) market sale
price must be increased from 140 to 346.5 €/t, (iii) peas yield should be 6.19 t ha™!
instead of 2.5 t ha™'. Any of them could make the peas competitive with wheat but
are not happening in the in any region of the Europe.
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5.6 Strategies to Overcome Constraints

5.6.1 Technological Innovations

Introduction of new crop rotations with more proportion of grain legumes could be
one of the solutions to increase the area of grain legumes in European Union.
Generally, farmers show lack of interest in growing grain legumes due to many
reasons as explained earlier. Biophysically suitable new rotations with more pro-
portion of grain legumes can be introduced with the help of local experts through-
out the Europe. However, it is always not true those rotations with grain legumes
results in higher gross margin. Preissel et al. (2015) reported that out of 53 tested
rotations only 27-grain legumes rotations showed the higher gross margin annually
with 8 rotations where minor deficit in gross margin was observed. Therefore,
overall 35 rotations showed competitiveness. Similarly, Von Richthofen et al.
(2006) observed the higher gross margin for legumes based rotations as explained
in Sect. 5.3.2. Table 5.6 showed the lower yield and gross margin of rotation includ-
ing grain legumes as compared to rotation without grain legumes in some regions
of the Europe. In some cases this difference is more than 50%. However, same
table shows that some rotations also have grosser margin when grain legumes are
included in main crop rotations (Legume Futures 2014). Mahmood (2011) also
tested nine new rotations in rainfed and irrigated conditions for Midi-Pyrénées
region of France. He observed no change in legumes area and gross margin of rota-
tions with and without including grain legumes in cereal based rotations. So it can
be concluded that depending on the biophysical conditions inclusion of grain
legumes in main cereal rotations, sometimes resulted in profitability in term of
gross margin and vice versa.

5.6.2 Provision of More Premiums to Grain Legumes

During the CAP reforms of 1992 and 2003, the potential of grain legumes was
ignored leading to more premiums provided to non N-fixing crops (UNIP 2009; Von
Richthofen et al. 2006). As a consequence, the area under legumes decreased drasti-
cally (Schneider 2008; UNIP 2009). It is assumed that provision of higher premiums
for grain legumes would be the primary incentive for the adoption of these crops by
farmers. In agreement with this argument, the EU commission projected a total of
40 million Euros per year between 2010 and 2012 to rapidly achieve a legume area
of at least 400,000 ha in EU (Le syndicat Agricole 2009). This gives a premium per
ha of legumes of: 150 €/ha in 2010 to achieve an area of 267,000 ha, 125 €/ha in
2011 to achieve an area of 320,000 ha, 100 €/ha in 2012 to achieve an area of
400,000 ha. Currently, experts from the Europe claimed that these amounts of pre-
miums are insufficient for increasing significantly the grain legumes area in Europe.
With their experience they acknowledged that peas can be more profitable than
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wheat, only if it receives a higher premium. It is debatable that how much amount of
premium should be given to increase an area of grain legumes so that Europe could
fulfill their food and feed requirements rather importing soybean from USA. A study
conducted by Mahmood (2011) showed that pea area and farm income in three
farms types of Midi-Pyrénées region can be increased from 4 to 18 ha and 1-4% per
farm by providing a premium of 400 €/ha. This was consistent with the finding of
UNIP (2009) that provision of more premium to grain legumes could be one of the
driving force for increasing grain legumes area and hence the farm income in Europe
in order to make grain legumes more competitive than cereals.

5.6.3 Increase in Sale Price and Crop Yield

Farmers in EU believe that lower sale price and grain yields are two of the major
obstacles for legume production (Von Richthofen et al. (2006). For example, Chamber
of Agriculture Ariege (2009) reported that in rainfed conditions, average yields of
wheat and peas are respectively 5 and 2.5 t ha™!. On average, farmers sell the product
(grains) at market price of 180 €/t for wheat and 140 €/t for peas. They spend almost
the same amount of money to grow both crops: 460 and 480 €/ha respectively for
wheat and peas. Obviously, this makes wheat more profitable than pea in these condi-
tions, with a difference of gross margin of 516 €/ha (741-225). It is, therefore,
assumed that an increase in sale price and/or crop yield would make grain legumes
competitive compared to cereal. Similar findings were also reported by Mahmood
(2011), 50% increase in sale price and crop yield did not significantly increased the
pea area in 2 farms types of Midi- Pyrenees region. However, one 1-farm type it
increases the pea area only by 2 ha with 2% increase in farm income. Schreuder and
Visser (2014) also indicated that more than 50% increase in pea yield could only
make it competitive to wheat and maize in Europe.

5.6.4 Decrease in Yield Variability

Farmers in Europe turn to cultivation of non-legumes crops like cereals, oilseeds
and tubers. It is assumed that high inter-annual yield variability is one of the driving
forces behind this diversion (Cernay et al. 2015). Von Richthofen et al. (2006) also
reported the similar reason of yield instability for lower cultivation of grain legumes
on European farms. Cernay et al. (2015) estimated the yield variability of major
grain legume and non-legume crops in four European regions during the years
1961-2013. Overall, the results showed greater yield variability in grain legumes as
compared to cereals across the four regions (Fig. 5.4).

It is assumed that a reduction in yield variability would make grain legumes
more attractive to farmers of Europe. But how much amount of decrease in yield
variability would be sufficient to make grain legumes more competitive? This
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a WE b EE
Lupin Lupin
Soybean Bean
Pea Vetch
Maize Pea
Bean Soybean
Rye Barley
Fababean Wheat
Rapeseed Qat
Barley Prpolynomial = 0.028 Rye Ppolynomial = 0.004
Wheat . PLoess = 0.048 Potato Ploess = 0.004
000 010 020 030  0.40 000 010 020 030  0.40
Standard deviation of yield anomalies Standard deviation of yield anomalies
¢ NE d SE
Lupin Bean
Bean Soybean
Vetch Chickpea
Fababean Vetch
Pea Barley
Rapeseed Sunflower
Potato Qat
Oat Fababean
Barley Ppolynomial = 0.004 Maize Protynomial = 0.028
Wheat Ploess'=0.004 Wheat Ploess=0.155
000 020 040 060  0.80 000 010 020 030 040
Standard deviation of vield anomalies Standard deviation of vield anomalies

Fig. 5.4 Standard deviation of yield anomalies for 10 crops in Europe over 1961-2013. Standard
deviation of yield anomalies for 10 crops in four European regions, i.e., Western Europe (WE),
Eastern Europe (EE), Northern Europe (NE) and Southern Europe (SE). Figure is taken from
Cernay et al. 2015

hypothesis was tested by Mahmood (2011) for three farms types of Midi-Pyrénées
region of France. Results shows even with 50% decrease in yield variability could
not make grain legumes more profitable than cereals.

5.6.5 Use of Nutrient Policies e.g. Tax on Inorganic Fertilizers

The EU directly or indirectly introduced several policies concerning the use of
nutrients in agriculture e.g. Nitrate directives, Water Framework Directive and
national regulations governing the use of nutrients. Such policies showed posi-
tive results e.g. Nitrate directive has increased the economic performance of
white clover.

As we know, a huge amount of inorganic fertilizers are applied in agriculture
annually as explained earlier, which resulted in negative environmental effects.
Therefore, a tax on the use of mineral nitrogen can be applied as was applied in
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Netherlands (Ondersteijn et al. 2002. Similarly, Sweden had also applied tax on
mineral nitrogen from 1984 to 2010, but abolished it due to unsatisfactory competi-
tive position of Swedish farm business as compared to other European countries.
Such policies could be helpful in increasing the area of grain legumes in European
farming systems due to N fixation ability of grain legumes (Bues et al. 2013).

5.7 Conclusion

Overall, it is concluded that the promotion of grain legumes in a context like Europe
cannot be achieved in a realistic way by implementing individual above-mentioned
strategies. These findings can explain the current low share of grain legume crops in
the EU agricultural regions. It also explains why in some regions the implementa-
tion of only specific premium to promote grain legumes is insufficient (Schneider
2008). Most effective and realistic way to promote grain legumes on European
farming systems is to implement combined agronomic and socio-economic strate-
gies, like the ones used by Mahmood (2011). Results showed that by combining all
these strategies grain legumes area can be increased significantly by 6% (of the total
area of 111 ha), 32% (of the total of 107 ha) and 29% (of the total area of 110)
respectively for cereal, cereals/follow and mixed farm types. Moreover, some more
studies in order to confirm the findings of Mahmood (2011) should also be con-
ducted throughout the Europe and then findings of all those studies should be com-
municated with researchers, farmers, stakeholders, agriculture research institutes
and agricultural policy makers.
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Abstract Nitrogen fertilization is one of the important agricultural practices for
increasing crops production in modern farming. Excessive nitrogen fertilization
without scientific guidance can also cause serious environmental problems.
Therefore, the improvement of nitrogen management is critical for further sustain-
able agricultural development. In most areas of China and South Asia, the rice-
wheat system is widely spread due to high precipitation. Since there are various
lengths of rice flooding stages, nitrogen management is different compared with
upland cultivation systems.

We review the characteristics of the general rice—wheat system, nitrogen transfor-
mation and existing techniques for nitrogen management. Less than 40% of the
nitrogen applied is used by crops, with the other 60% being lost via denitrification
(15-42% of total nitrogen application), ammonia volatilization (1-47%), runoff
(5%) and leaching (2%). Thus, nitrogen transformations under actual soil condi-
tions must be studied to improve nitrogen use efficiency and reduce losses.
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6.1 Introduction

Rice and wheat are the dominant cereal crops in the world. They provide 45% of the
energy and 30% of the protein in people’s diets (Evans 1993). Additionally, among
cereals, rice and wheat are the highest in terms of yield and calories provided per
hectare. Both crops have been cultivated for thousands of years. As of 2014, rice is
grown in 150 countries and wheat in 128 (FAOSTAT 2016). Yields from 1 ha of rice
and wheat could support 5.7 and 4.1 people for 1 year, respectively (Mahajan and
Mabhajan 2009).

In many countries, rice or wheat are grown for one season lasting 4—10 months
per year (Fig. 6.1). However, they are widely and extensively grown in rotation in
Asia, with China and South Asia employing a rice-wheat system in over 26.5 mil-
lion ha. The nutrient environment for the growth and development of rice and wheat
are quite different, and sophisticated technology is needed to construct rice and
wheat in sequence in a double-cropping system. Therefore, the rice—wheat system
has unique characteristics in its nutrient balance.

In recent years, crop production has had to keep increasing to cope with the food
demand of the population. Unfortunately, land for agricultural cultivation is lost due
to urbanization and soil degradation. Thus, the matter flows in the rice-wheat sys-
tem have progressively increased and the system is now more fragile than ever
before. Additionally, yields in the rice—wheat system have been difficult to increase
or maintain (Timsina and Connor 2001) and inappropriate nutrient input has con-
tributed to severe environmental degradation of soil (Zhu and Chen 2002), which
seriously threatens food security. Nitrogen as an indispensable element for crop
growth is also the vital crux of both grain production and soil sustainable develop-
ment; however, many traditional practices of nitrogen application are not applicable
to current soil conditions. Collecting and analyzing results from previous studies

Fig. 6.1 Farmers harvest
rice at the end of October
and then they sow wheat
seeds as winter crop in the
south-eastern of China
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will help to understand nitrogen transformations under the frequent alternation
between flooding and draining in the rice-wheat rotations and identify any problem
of nitrogen cycling. A summary of the existing techniques provides new approaches
and suggestions for optimizing nitrogen management based on nitrogen balance in
a rice—wheat system.

6.2 Origin of the Rice-Wheat System

Rice is believed to have originated from China and India. Carbonized rice found in
Yu Chanyan ruins in Hunan Province, China, is assumed to indicate rice cultivation
12,000 years ago. In comparison, wheat originated in West Asia and has fed more
people over the last 8000 years (the Jordan Rift Valley) than any other crop. Wheat
was introduced to China and the Indo-Gangetic Plains about 5000 years ago, but the
two crops were cultivated and developed in different areas due to the contrasting
environmental requirements.

The emergency of the rice-wheat system is a great innovation. The dominant fac-
tors in the expansion and development of the rotation system were (1) meeting the
demand of human population growth and (2) identifying wheat varieties suited to
growth in cold and short seasons.

Although a multi-cropping system began 1800 years ago, the earliest written
record of the rice—wheat system is from only 1000 years ago in China (Zhou 2000).
The Tang Dynasty, the ancient Chinese regime that developed trade from north to
south, brought wheat to the south. Rice was preferred to wheat on dietary grounds
and had become culturally significant in Chinese southern areas, while wheat was
an addition to the cropping complex. Society was stable and rich that time.
Agriculture technology allowed development of this unique double-cropping sys-
tem to meet tremendous increases in food needs due to population growth (Li 1982).
Since then, areas with the rice-wheat system have been considered as China’s
breadbasket. Rice and wheat together contribute 71-100% of the total cereal pro-
duction in South and East Asia (Timsina and Connor 2001). Additionally, extension
of the rice-wheat system is considered to show agricultural intensification. However,
rice—wheat in South Asia is less historical and began with the introduction of rice
into traditional wheat areas in India and Pakistan and wheat into traditional rice
areas. It substantially increased in the twentieth century with the International
Maize and Wheat Improvement Center introducing wheat varieties that could ger-
minate at low temperature.
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6.3 Distribution of the Rice—Wheat System

The rice—wheat system is located in subtropical to warm-temperate areas with
appropriate air, moisture and thermal conditions for both crops during the annual
cycle. It now spreads over 13 million ha in China (Zheng 2000) and another 13.5
million ha in South Asia (Yadav et al. 1998; Mahajan and Mahajan 2009) (Fig. 6.2).
Other countries such as Bhutan, Iran, Japan, Korea, Mexico and Egypt also use this
system. Most rice—wheat fields are converted from a traditional rice or wheat single-
cropping system. The climate in winter and spring determines whether wheat can be
grown; accumulated temperature, precipitation, frost-free days and sunshine hours
are essential factors for wheat growth. In recent years, the rice-wheat system was
introduced to Vietnam, the Philippines and Indonesia with a new wheat variety that
can resist higher temperatures.
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Fig. 6.2 The rice—wheat system mainly distributes between 20°N to 40°N latitude in India, China
Bangladesh, Pakistan and Nepal. The rice-wheat fields distribute densely in Yangtze River Basin
of China and in the northern of India. Proper precipitation in these areas is the predominant factor
for the rice cultivation and low temperature determines the wheat cultivation
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In China, the rice—wheat system is practiced in plains below 40°N latitude and in
highlands below 28°N and is concentrated in the Yangtze River Basin including
Jiangsu, Zhejiang and Anhui Provinces. This system accounts for 41.5% of the total
rice area and 35% of total wheat area in China (calculated with data in National
Bureau of Statistics 2012) and supplies a staple food for nearly 400 million people.
Accumulated temperature and precipitation are the major restrictions for distribu-
tion of rice—wheat in China. In the north of the Yangtze River Basin, accumulated
temperature is relatively low and the rice growing period is prolonged. Therefore,
there is generally insufficient temperature and time for wheat growth. In the south
of the basin, winter temperatures and water are sufficient to grow rice but the humid
climate is unsuited to wheat. For these reasons, rice—rice is preferred to rice—wheat
in the south.

In South Asia, the rice—wheat system occupies an area of 13.5 million ha: ten
million ha in India, 2.2 million ha in Pakistan, 0.8 million ha in Bangladesh and 0.5
million ha in Nepal (Ladha et al. 2003). This represents about 33% of the total rice
area and 42% of the total wheat area, and feeds more than 400 million people (Ladha
et al. 2003). Rice—wheat is the most extensive cropping system in India and its pro-
duction meets the cereal demand of more than 70% of Indian people (Minhas and
Bajwa 2001). Additionally, the requirement of staple food from this system is still
increasing due to population growth. However, some parts of these four countries
are covered by mountains that can affect rainfall such that it can be inadequate for
the water requirements of rice—wheat. In addition to precipitation rates, the topog-
raphy controls water flow making it difficult to maintain flooding in some locations
and in other places the soil drainage is too poor for wheat (Aslam and Prathapar
2001).

Since the 1960s, population growth has increased food demand, and the rice—
wheat area was keeping growing until 1970s (Timsina and Connor 2001). However,
most suitable land has already been used for multi-cropping systems. Increasing
crop intensity alone is not a valid approach for increasing production and has raised
concerns on how to improve soil fertility and promote cereal yield.

6.4 Characteristics of the Rice—Wheat System

6.4.1 Cultivation Characteristics

The rice—wheat system is one multi-cropping system that exploits differences in
precipitation and temperature between summer and winter. As the world’s primary
cereal, rice has a unique ability to adapt and its efficiency of agricultural soil utiliza-
tion has been greatly increased.

Generally, rice is grown during the rainy and warm season and wheat is then
grown during the dry and cool season. The crop calendars for this system can differ
greatly according to the various climates and agricultural and cultural requirements.
The major rice-wheat sequences in China and South Asia are shown in Fig. 6.3.
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Region calendar Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

YRB' Double

China double
South area

triple

double (1)’

Most parts
double(11)’

South

; triple (I)°
Asia Northern and

eastern IGP? ) )
triple (II)

(1) YRB: Yangtze River Basin ~ Rice wheat

(2 IGP: Indo-Gangetic Plain ! legume, green manure, maize or jute potato, oilseeds or cowpea

3)(I) and (IT) : When there are more than one kind of cropping pattern or calendar of rice-wheat systems in same area, roman
numbers are used to distinguish

Fig. 6.3 There are double or triple growing seasons per year in rice-wheat systems. However, the
cropping calendars are various due to the different climates such as temperature and rainfall in the
area of rice-wheat systems distributing. In the Indo-Gangetic Plain, farmers usually plant other
crops between rice and wheat seasons

In China, there are three main crop calendars (Zheng 2000). In the Yangtze River
Basin, japonica rice and winter wheat are included: rice is transplanted in mid-June
and harvested in late October; and wheat is grown from early November to late
May. In subtropical areas, such as south, southeast and southwest China, where
temperatures are higher, the system includes japonica/indica rice and winter/spring
wheat (Crawford 2008). Both double- and triple-cropping systems are practiced.
Rice is grown during July—October and wheat during November—April in double-
cropping. Sometimes there is enough time and temperature for an additional crop
after wheat and before rice, and for agricultural reasons another rice crop is a com-
mon option. Thus, rice is grown twice from mid-March to June and from July to
November, respectively.

In most parts of South Asia (Timsina and Connor 2001), wheat cropping com-
mences in October—November and is harvested in March of warmer areas, and in
May of cooler parts in Pakistan. Basmati rice and Indica rice are grown to fill the
time after wheat, and there is usually no time to include another crop. In the north-
ern, northeastern and eastern Gangetic Plain, the wheat season is short. Thus,
legumes, green manures, maize and jute are grown as an additional crop after wheat
but before rice, when wheat is harvested in March and rice is transplanted in July.
Less frequently, the rice harvest is advanced to September with potato, oilseeds and
cowpea grown in October before the sowing of wheat. The sequences of the rice—
wheat system are changed though the breeding and introduction of new crop variet-
ies for higher productivity and economic income.
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Fig. 6.4 Fields keep flooded in most time of rice season, while they keep drained in wheat season.
The field ridges serve as levees once water flows into rice fields, while farmers break some ridges
and ditch to ensure the drainage unhindered. The two pictures show different scenes of a rice—
wheat system in the Yangtze River Basin, China

6.4.2 Environmental Characteristics

The predominant feature of the rice—wheat system is the annual conversion of soil
water conditions (Fig. 6.4). Most of the time, rice grows in puddled and flooded soil
conditions. Constant flooding at 3-8 cm depth is usually maintained by rainfall or
irrigated water during the important rice growing periods. Furthermore, alternate
wetting and drying is recommended at the rice tillering period. However, wheat is a
crop suited to the lower temperature and precipitation in winter and following rice
it is necessary to drain soil before wheat sowing to reduce the soil moisture. Good
aeration is vital for maintaining the balance among air, moisture and thermal condi-
tions. The water required for 1 kg of grain for wheat is only one-fifth of that for rice
(IRRI 1995). Consequently, soil in a rice—wheat system is converted between aero-
bic and anaerobic conditions at least twice per year. This conversion has significant
effects on the physical, chemical and biological properties of soil, which influences
nutrient availability and transformation.

6.4.2.1 Physical Properties:

Advantages:

1. Soil conditions are beneficial for root growth under rice—wheat. Rice fields with-
out rotation could lead to lower soil redox potential (usually reflect by soil Eh
value) Eh during long-term flooding and could cause soil gleization, both of
which have negative effects on rice root growth. In rice—-wheat, the wheat rota-
tion can alter soil granular structure, increase soil Eh and eliminate soil gleiza-
tion (Xu et al. 1998; Ma 1999).
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2. Pans prevent soil water loss and improve water and nutrient availability. Before
the rice season begins, the field needs to be puddled, which breaks soil aggregates
and reduces the void ratio, and these practices can reduce soil water leaching.
After repetitive puddling, a pan is formed by clay particles settling at the base of
the tilled layer. This enhances water and nutrient use efficiency through reduced
water permeability and nutrient losses from leaching (Sharma and Datta 1986;
Aggarwal et al. 1995; Singh et al. 2008).

Disadvantages:

1. Tillage before wheat sowing induces mass of clod in obtaining seedbed with tilth
and could affect seed germination (Beyrouty et al. 1987).

2. Pans form physical resistance to wheat root penetration and nutrient uptake.
With the commencing of the wheat season, the drying condition strengthens the
puddled layer to a compacted pan, which is a dense zone at 20 cm deep that
limits wheat root penetration (Gajri et al. 1999), although soil drainage may help
roots extend. Destruction of soil structure is a major impediment to wheat growth
(Oussible et al. 1992; Aggarwal et al. 1995).

6.4.2.2 Chemical Properties

Soil processes of oxidation and reduction are affected by aerobic and anaerobic
conditions. They also affect nutrient availability and transformation. Moreover,
nutrient availability and transformation are key factors for plant growth.

Advantages:

1. Flooding in the rice season weakens nitrogen nitrification, so ammonium nitro-
gen content is chemically increased (Swarup and Singh 1989; Dobermann et al.
2003). Rice growth is favored by ammonium compared with nitrate nitrogen.

2. Availability of phosphorus and potassium is increased by anaerobic conditions
(Kirk et al. 1990).

3. Anaerobic conditions prevent the destruction of organic matter and so increase
accumulation of soil organic matter (Mikha et al. 2005).

4. Good ventilation increases the soil content of nitrate nitrogen (Dobermann et al.
2003), which is the major nitrogen form for wheat absorption.

Disadvantages:

1. Manganese element changes from +4 valence to +2 under flooding conditions in
the rice season. The +2 form is more easily lost with water leaching. In the wheat
season, manganese is transformed to insoluble compounds, resulting in manga-
nese deficiency in wheat (Lv and Zhang 1997).
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2. Soil pH is changed by the carbon dioxide content in floodwater, which induces
changes in valences of other nutrient elements.

6.4.2.3 Biological Properties

Advantages:

1. The conversion from anaerobic to aerobic conditions stimulates activity of soil
micro community, increasing soil microbial biomass and the mineral carbon
content. Mikha et al. (2005) confirmed that soil mineral nitrogen accumulation
was significantly higher in rice—wheat growing system than in upland-upland.

2. Rice—wheat rotation can reduce pests and diseases in the wheat season. The
flooding process for rice can reduce pathogens. The pathogen causing cerco-
spora spot of wheat was found to die after several months of flooding (Fujisaka
et al. 1994).

Disadvantages:

The alternate wetting—drying of soil enhances the activity of both soil nitrobacteria
and denitrifying bacteria. Nitrous oxide (N,0) emission under Eh value (indicating
soil redox potential) +400 and O was induced by nitrification and denitrification
processes, respectively, and resulted in substantial production and release of nitrous
oxide (Aulakh et al., 2001).

Most physical changes are difficult to alter without special technology, while
chemical changes are reversible through drainage. Biological changes can be regu-
lated and exploited with significant nutrient management for the rice-wheat
system.

6.5 Nitrogen Input, Transformation and Balance
in the Rice-Wheat System

Nitrogen is an indispensable nutrient in the rice—wheat system and is the most active
element in the soil system. Crops can use the available nitrogen in soil; therefore,
there is a significant relationship between the mineral nitrogen content and produc-
tivity. However, nitrogen in the rice—wheat system is profoundly influenced by
human activities, especially nitrogen fertilization, crop residue return and irrigation
(Singh and Singh 2001). The nitrogen cycling in an agro-ecosystem reflects
exchanges of the biosphere with the pedosphere, hydrosphere and atmosphere
(Fig. 6.5). The complex system of nitrogen cycling in rice-wheat has significant
implications for nitrogen management.
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Fig. 6.5 Nitrogen is an active element. The nitrogen processes in agro-ecosystem reflect nitrogen
exchanges of the pedosphere with biosphere, hydrosphere and atmosphere. Biosphere, hydro-
sphere and atmosphere input nitrogen to pedosphere and at the same time nitrogen in pedosphere
is assimilated by plant or lost into hydrosphere and atmosphere

6.5.1 Input
6.5.1.1 Nitrogen Fertilization
Nitrogen Fertilizer Application

During 1960-2014, the amount of global nitrogen application increased from
11.6 x 10° t to 108.9 x 109 t, an average increase of up to 9.4 times (FAOSTAT
2016). However, in China, the nitrogen application amount increased by 45.9 times.
About 20% of the world’s rice fields are in China, and the annual consumption of
nitrogen fertilizer in rice fields accounts for 37% of global consumption (Zhu 2000).
Most of the rice—wheat area in China is in economically developed regions and this
increases the amount of nitrogen application. In the city of Changshu, one of the
main food production areas in the Yangtze River Basin, nitrogen application rates
exceeded 100 kg nitrogen ha! in 1975 and increased by three times in the following
10 years (Fig. 6.6).

Although the nitrogen application rate is higher in the rice season, a survey
showed that rice production was 50% more profitable with only 20% more fertilizer
cost compared with wheat (Hofmeier et al. 2015). In 2009, nitrogen application rate
in the rice season exceeded 300 kg nitrogen ha~! in the Yangtze River Basin, and
was nearly 250 kg nitrogen ha™' in the wheat season (Wang et al. 2009).

In South Asia, nitrogen application rates are significantly lower than in China. A
study on 30 long-term rice—wheat experiment sites showed that the nitrogen fertil-
izer application was in the range of 90-150 (average 115) kg nitrogen ha™! in the
rice season and 100-180 (average 123) kg nitrogen ha~! in the wheat season (Ladha
etal. 2003). The recommended nitrogen fertilization rates are 50—150 and 80—-150 kg
nitrogen ha! for rice and wheat seasons, respectively, depending on soil type and
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Fig. 6.6 Annual nitrogen application rates for 1960-2010 in the county of Changshu, Yangtze
River Basin, China. The rate of annual nitrogen application has increased by 5 times during past
50 years

other characteristics in India and Bangladesh (Timsina et al. 2006; Bhaduri and
Purakayastha 2014). The application of 120 kg nitrogen ha~! has significant and
economical responses in consideration of fertilizer cost and production value for
most rice—wheat areas. However, farmers seldom adopt recommendations and much
more nitrogen fertilizer has been applied to avoid yield decline with the spread of
intensive rice—wheat in India (Singh et al. 2005).

Pattern of Nitrogen Fertilizer Use

The splitting of nitrogen fertilizer application is beneficial for plant growth. Rice
takes up nearly half of its nitrogen during ear initiation, while wheat needs less
nitrogen before the jointing stage and maintains high nitrogen absorption from
jointing to grain filling. In most parts of South Asia, nearly 60% of nitrogen is
applied as a mixture of diammonium phosphate and urea, and the other is top
dressed in 2-3 applications (Singh and Singh 2001). In China, three applications of
nitrogen are recommended for one growing season and in practice the nitrogen used
is commonly 30:30:40 or 40:30:30 in the rice season and 50:25:25 in the wheat
season for basal, tillering and panicle period fertilizer. Unfortunately, under the
common split ratios of nitrogen, the utilization efficiency is less than 30% in the
basal and tillering fertilizer periods. Xue et al. (2016) proposed that the split ratios
of nitrogen fertilizer at different growth stages should be optimized according to
soil fertility and found in a field study that nitrogen application ratios of 18:42:40 in
medium and high soil fertility conditions and 25:25:50 in low soil fertility condition
could result in the highest production. Usman et al. (2014) conducted a 2-year field
experiment and showed that 200 kg nitrogen ha=' in four equal splits enhanced
wheat yield and nitrogen efficiency in a rice—wheat system.
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Fig. 6.7 Wet deposits and rainfall from June 2001 to May 2004 in the Yangtze River Basin, China.
Wet deposits have a close relationship with rainfall. The period from June to September every year
is the rainy season and rainfall takes 6-14 kg N ha'! back to field in that period

6.5.1.2 Wet and Dry Deposition

Deposition is one stable nitrogen source in the rice—wheat system, and can offset
nitrogen loss. Ammonium, nitrate and small amounts of soluble organic nitrogen
are the major forms of wet deposition, while dry deposition consists of nitric oxide,
ammonia and gaseous nitric acid. Regional wet and dry deposition has been deter-
mined by nitrogen emission rates in different areas. The deposition rates are strongly
correlated with regional nitrogen application rates and precipitation rates. A 3-year
field study in the Yangtze River Basin showed that rainfall could bring 17-26 kg
nitrogen ha — 1 of wet deposition (from June 2001 to May 2004) (Fig. 6.7), with
peak values in June—July for the rice season and November—December for the wheat
season.

6.5.2 Nitrogen Used by Rice and Wheat
6.5.2.1 Yield

Crop production is the reason that people cultivate rice and wheat, and nitrogen
fertilizer is applied for higher production. Nitrogen uptake by the crop is the propor-
tion of nitrogen fertilizer called “effective”, and crop yield is dependent on this.
The yields of rice and wheat in China and South Asia gradually increased during
1961-2014 (Fig. 6.8). The increases in China were large and indicated more inten-
sive agricultural management. Interestingly, wheat yield increased rapidly resulting
in higher yields compared with rice during 1986-2009 in China. However, the
South Asia countries showed higher rice yield than wheat. The average yield data



6 Nitrogen Management in the Rice—Wheat System of China and South Asia 147

Average Yield (tha!) Average Yield (tha')

10 10

Rice Wheat

9 9

8 8

6 6

China ——»
5 5
Bangladesh — >
4 4 Pakistan
3 3
i ade:

2 Pakistan —3 | 2 DaRglacen —2

1 ep 1

0 0

1961 1971 1981 1991 2001 2011 1961 1971 1981 1991 2001 2011
Year Year

Fig. 6.8 National yield trends of rice and wheat in China, India, Bangladesh, Pakistan and Nepal
(1961-2014). The increases in yields of rice and wheat in China were larger than those in other
countries

included not only areas of rice—wheat but also all farmland for rice or wheat cultiva-
tion (FAOSTAT 2016). A long-term rice—wheat experiment in Asia showed that
22% and 6% of the sites had significant declining trends in rice and wheat yields,
respectively (Ladha et al. 2003). In addition, rice yields have declined more rapidly
than wheat. Timsina and Connor (2001) attributed the gap between actual and
potential yield to severe biological or technological limitations. However, when the
yield gap is narrow, crop yields will no longer rise with further increases in fertilizer
application alone. Maintaining higher yield by greater fertilizer inputs may result in
serious environmental degradation, which has been a major issue in China.

6.5.2.2 Nitrogen Taken Up by Crops

There are significant differences in crop nitrogen uptake in rice-wheat systems due
to the variations in climate, nutrient management, soil and crop type between South
Asia and China (Table 6.1). The rice yield and nitrogen uptake still have a good
positive relationship with the amount of nitrogen applied, and China obtains high
rice yields by high use of fertilizer (Xue et al. 2014a, b). Additionally, compared
with South Asia, more rice is harvested per 100 kg of nitrogen fertilizer applied in
China. This may be a consequence of higher ratios of nitrogen in grain to straw,
indicating intensive and efficient agricultural cultivation in China.

However, the conditions for wheat are quite different. Nitrogen application rates
show non-significant differences among different regions in South Asia, but wheat
production is in the range of 1.88-4.8 Mg ha~! (Aslam and Prathapar 2001; Ladha
et al. 2003; Usman et al. 2013). Data from a long-term experiment showed higher
production in the Indo-Gangetic Plain than other areas in India (Ladha et al. 2003).
Wheat production varied in different areas of Pakistan, with low yield in Sindh
attributed to inadequate levels of nutrient input and poor cultural practices, especial
water management (Aslam and Prathapar 2001).
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6.5.3 Transformations and Losses

Nitrogen in soil is mainly in organic form from which it is continuously mineralized
by microbial action. In addition, fertilizer is the dominant mineral nitrogen input as
substrate for other nitrogen transformations in the rice—wheat system (Fig. 6.9).
Nitrogen availability for crop growth depends on the form and amount in soil.
Therefore, nitrogen transformations are the key to controlling nitrogen utilization
efficiency by crops and nitrogen losses from the system.

6.5.3.1 Nitrification

Nitrification is the primary determinant of nitrogen loss into aquatic environments
in the rice—wheat system. Urea, by far the most widely used nitrogen source, is first
hydrolyzed to ammonia by the enzyme urease and then converted to ammonium.
Hence, ammonium is the original ionic form of fertilizer. Ammonium nitrogen,
which is positively charged, is not easily transported in water due to soil colloid
absorption. However, once nitrification has transformed ammonium into nitrate, the
nitrate can be carried away by water flow resulting in increasing losses via leaching
and runoff. When nitrification rates are low, the retention period is lengthened as a
consequence of lower leaching and runoff losses, but there is increased risk of
ammonia volatilization in the rice season. Soil pH and aeration conditions are major
factors determining nitrification. Evidence for the influence of soil pH on nitrifica-
tion was presented by Nicol et al. (2008), who demonstrated a positive correlation
between nitrobacteria abundance and soil pH. Nitrobacteria are the dominant
ammonia oxidizers among soil microorganisms (Jia and Conrad 2009; Zhang et al.

Gaseous losses
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Fig. 6.9 Nitrogen in soil includes the processes of input and output. Nitrogen fertilizer is regarded
as major nitrogen input from human being. Beside fertilizer input, soil mineral nitrogen is from the
mineralization of organic nitrogen. The mineral nitrogen forms are changed by the processes of
nitrification and denitrification. The major loss pathways in agricultural system are ammonia vola-
tilization, denitrification, runoff and leaching
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2012a). The lowest limits for nitrification are considered to be within pH 4.0—4.7 in
soils (Persson and Wirén 1995; Hanan et al. 2016). However, soil nitrification occurs
even under very acid conditions if ammonium content is sufficiently high as nitrifi-
ers can adapt to these soil conditions (De Boer and Kowalchuk 2001). Nitrification
as an aerobic process mainly occurs in oxidized or aerobic conditions and the rice—
wheat system experiences conversions between aerobic and anaerobic seasons.
Flooding in the rice season profoundly affects the nitrification rate; however, flood-
ing is not maintained for the whole season. Nitrification occurs when flooding is
removed, oxygen is introduced and thus nitrate is produced.

6.5.3.2 Runoff

Runoff formed by rainfall or excessive irrigation washes the soil surface and trans-
ports nitrogen into surface water. It is usually assumed that runoff is frequent in the
rice season due to the rainy season and flooded conditions. However, runoff is more
frequent during the wheat than the rice season; for example, during the 2009 rice
season, there were three runoff events but seven events during the 2009-2010 wheat
season (Fig. 6.10). This was attributed to the ridge of the rice field helping to prevent
water overflow. Usually, the rand of a paddy field maintains the water table at around
10-15 cm, and this is raised over the rand only with heavy natural precipitation or
irregular artificial draining. In contrast, considerable nitrogen runoff mainly occurs
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Fig. 6.10 Nitrogen loss via runoff (content and amount) from June 2009 to May 2010 (Modified
after Xue et al. 2014b). The nitrogen content in runoff is determined by the timing of runoff. If
runoff occurs during the week following fertilization, the nitrogen content in runoff could reach
30 mg L"'. Compared to rice season, wheat season may loss more nitrogen via runoff. 'NO: zero-
nitrogen application. ’FN: farmers’ nitrogen application rate
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with moderately heavy rainfall and accelerated water flow in existing drainage
ditches in the wheat season. The nitrogen content of runoff water is determined by
mineral nitrogen content in shallow soil layers. In Fig. 6.10 the nitrogen loss for FN
treatment (farmers’ nitrogen application rate) is much higher than that for the NO
treatment (zero-nitrogen application). Thus, if there is runoff during the week fol-
lowing fertilization, it will have very high nitrogen content. A 3-year field experi-
ment in the Yangtze River Basin monitored the total nitrogen loss of rice-wheat into
water systems and showed 82-93% was from runoff (Zhao et al. 2012). Zhu and
Chen (2002) estimated that the average runoff loss of nitrogen represented 5% of
nitrogen fertilizer application.

6.5.3.3 Leaching

It is generally though that nitrate is the main mineral nitrogen form lost via leaching
and contributed to 64.5-82.9% to total nitrogen loss in the wheat season (Cao et al.
2014). However, nitrate and dissolved organic nitrogen were the predominant forms
of nitrogen in leachate in the rice season, and contributed over 25% and 59% to total
nitrogen for this season, respectively. During the flooding period, nitrification is
very slow, leading to small amounts of nitrate produced, but downward percolation
is constant due to concentrated flood irrigation and rainfall in summer. Fig. 6.11
shows that at 2 months after panicle fertilizer application for transplanted rice, the
highest nitrogen content in leachate was at a depth of 40-60 cm, indicating a
percolation rate of nitrogen of 6-10 mm d~' (Yu et al. 2011). For the wheat season,

Depth(cm) Contentsofnitrogen inleachate(mg LY Depth(cm) Contents ofnitrogen in leachate(mg L")
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Fig. 6.11 Nitrogen content (mg L") in leachate at different depths (Modified after Yu et al. 2011).
The highest nitrogen content in leachate was at a depth of 40 cm- 60cm in rice season, while the
highest nitrogen content at a depth of 20cm- 40cm in wheat season. The leaching is driven by
rainfall in wheat season and thereby the nitrogen contents in leachate sometimes are not consecu-
tive due to the interval of rainfall. ' TN: Total nitrogen content. > MN: Mineral nitrogen content
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leachate was collected 1 week after rainfall. The interval of rainfall is demonstrated
by the higher nitrogen content in leachate at a depth of 60—80 cm than at 40—60 cm.
According to previous data, the nitrogen loss via leaching was 6.75-27 kg nitrogen
ha™! y~' (Xing and Zhu 2000) accounting for 2% of nitrogen fertilizer application
rates (Zhu and Chen 2002).

6.5.3.4 Ammonia Volatilization

The amount of nitrogen loss via ammonia volatilization is substantial when urea is
top dressed in alkaline soil, and this process occurs mainly at the water—air inter-
face. Hence, ammonia is most likely to volatilize in the rice season with flooding.
Ammonia volatilization is controlled by the ammonium phosphate slurry and wind
speed at the water surface (Fillery and De Datta 1986). Soil characteristics, climatic
conditions and agricultural practice all influence the kinetic processes of ammonia
volatilization. Soil pH can affect the relative content of ammonia. When soil pH
increased from 6 to 7, 8 and 9, the relative contents of ammonia increased from
0.1% to 1%, 10% and 50%, respectively (Tian et al. 2001). Other research also
showed that soil ammonia volatilization rates in basic soil (pH > 8.5) were 39%
higher than in neutral soil (5.5 < pH < 7.3) and 55% higher than in acid soil
(pH < 5.5) (Cao 2006). Ammonia volatilization can cause nitrogen losses represent-
ing 1-47% of nitrogen fertilizer application (Tian and Cao 1998). Furthermore,
along with the increased nitrogen input in agriculture, the proportion of nitrogen
loss via ammonia volatilization is still increasing Zheng et al. (2002). Song et al.
(2004) found that ammonia volatilization losses were mainly during the week fol-
lowing fertilization. Especially in the basal and tillering period, the amount nitrogen
of ammonia volatilization accounted for 70% of the nitrogen losses in the rice sea-
son (Table 6.2).

Figure 6.12 (Modified after Yu et al. 2013) showed that the changes in ammonia
volatilization rates were not related to the ammonium content of flooded water,
indicating that ammonia volatilization was also affected by other climatic factors

6.5.3.5 Denitrification

Nitrate is the substrate of denitrification, and is converted from ammonium in both
drained and flooded conditions and then reduced to nitrous acid, nitric oxide and
nitrous oxide. With flooding in the rice season, denitrification is the main path of
nitrate loss but is relatively weak in the wheat season. Alternating soil ventilation
under rice can result in high nitrogen losses compared with maintaining continuous
anaerobic conditions (Xu et al. 1998; Aulakh et al. 2001). Direct measurements are
lacking for calculating gaseous nitrogen loss via denitrification. Zhu and Chen
(2002) estimated that nitrogen denitrification loss via difference values accounted
for 15-42% of the nitrogen fertilization rates. The denitrification process in rice—
wheat has received much attention in recent years due to the considerable release of
nitrous oxide, an important greenhouse gas.
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Table 6.2 Volumes and ratios of cumulative ammonia volatilization in different fertilization
periods of the rice season

Ammonia volatilization | Nitrogen fertilizer application | Ratios
Period (kg nitrogen ha™") (kg nitrogen ha™") (%)
Basal fertilizer period 28.0 81 34.6
Tillering fertilizer period 26.9 81 33.2
Panicle fertilizer period 20.9 108 19.4
Sum 75.9 270 28.1

Modified after Yu et al. (2013)

Compared to panicle fertilization period, more nitrogen lost via ammonia volatilization in basal
and tillering fertilization period of rice season. The total nitrogen loss via ammonia volatilization
could be over 25% of the nitrogen applied
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Fig. 6.12 Ammonia volatilization fluxes (kg nitrogen m=2 d-'), ammonium content (mg L") and
water table (mm) in flooded water. The peak of ammonia volatilization flux appeared in the 2™ day
after fertilizer application; however, no linear relation was found between ammonia volatilization
flux and ammonium content in flooded water. Ammonia volatilization could still happen even there
was no flooded water in field

6.5.4 Nitrogen Balance in the Rice-Wheat System

The annual nitrogen balance for each crop or the total system can be calculated from
the difference between nitrogen input and the sum of nitrogen by crop removal and
losses (Table 6.3). Timsina et al. (2006) noted that the nitrogen balance sheet will
improve little with biological nitrogen fixation due to the dominant role of fertilizer,
based on field experiments with different fertilizer rates that showed 30% losses in
Bangladesh. Ju et al. (2009) computed an annual nitrogen surplus of 87 kg nitrogen
ha~! for current practices with large denitrification losses in the Yangtze River Basin.
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Table 6.3 Nitrogen balance in the rice-wheat system (kg N ha™')

Input Removal
Biological

Area Period | Fertilizer | Irrigation | fixation Crop Loss Balance®
Bangladesh” 120-380 |- 40-79 134-213 | 57-114 | -37 to 64
Yangtze River | Rice 300 - - 88 174 87
basin, China! | season

Wheat | 250 - - 46 155

season

The rate of nitrogen fertilizer application in China was 1.3—4 times higher than that in Bangladesh,
which resulting in lower nitrogen uptake by crop and higher nitrogen loss

“Balance is calculated by the difference between input and removal. The positive data indicates
more nitrogen input than removal, while the negative data means less nitrogen input than removal
"Timsina et al. (2006)

°—: data missing

4Ju et al. (2009)

The positive balance in most rice—wheat results in a large proportion of nitrogen as
surplus nitrate in the soil after harvest. Appropriate residuals could help maintain
soil nitrogen supply capacity; however, large residuals lead to high nitrate leaching
risks. Therefore, nitrogen management with reduced fertilizer application should be
used to establish a temporary negative balance in consideration of the residual nitro-
gen in soil.

6.6 Nitrogen Management in the Rice-Wheat System

For most rice—wheat systems, less than 40% of nitrogen is used by crops, indicating
that the remaining part (nearly 60%) is residual in soil or lost into the environment
in different ways (Raun and Johnson 1999; Zhu and Chen 2002; Imran and Zed
2013). Accordingly, approaches to nitrogen management are needed to seek com-
mon goals that improve nitrogen utilization efficiency and reduce nitrogen losses.

6.6.1 Nitrogen Fertilizer Application

Fertilization is a direct way for humans to regulate soil mineral nitrogen content in
rice-wheat, although a portion can be produced by mineralization of soil organic
matter or acquired through irrigation and deposition.

1. Nitrogen fertilizer application rates should match crop demands. The over-use of
nitrogen may decrease food production (Fig. 6.13) (Qiao et al. 2012). The theo-
retical nitrogen rate should be calculated based on the target yield and nitrogen
requirement per unit grain (Ju et al. 2009). For fields in the Yangtze River Basin,
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Fig. 6.13 Yields under different nitrogen rates in 2008. The rate of nitrogen application was
reduced by 10%, 20%, 30% and 50% of farmers’ nitrogen application. The highest yield was found
with 80%-90% of farmers’ nitrogen application indicating that excessive nitrogen may decrease
yield. It was suggested that the rate of nitrogen applied could be reduced by 20% without yield
decrease in experiment area.( Modified after Qiao et al. 2012)

the recommended optimum rate of nitrogen fertilizer is 200 kg nitrogen ha=! for
the rice season and 150 kg nitrogen ha™! for the wheat season, which is 35%
lower than farmers’ practices. Based on field experiments and investigations,
Hofmeier et al. (2015) concluded that nitrogen fertilizer application rates should
be reduced by 15-25% for rice and by 20-25% for winter wheat. However, com-
pared to farmers’ practices no significant differences were found with reduced
fertilizer application rate around 20%, indicating that similar high yields can be
achieved with lower nitrogen fertilizer rates (Peng et al. 2006; Xue et al. 2014b).
2. The nitrogen form should fit the preference of crop utilization. Ammonium is
preferable for rice, while both ammonium and nitrate can be used by wheat.
Additionally, the flooded conditions of the rice season are helpful to decrease
nitrate losses from nitrification. Urea is the dominant nitrogen fertilizer used in
both China and South Asia; and ammonium chloride is also widely applied as a
basal fertilizer in China and diammonium phosphate in South Asia. In recent
years, organic manure has been recommended as a basal dressing along with
chemical nitrogen fertilizer. Positive and significant trends in yield of rice have
been observed in the Indo-Gangetic Plain with organic manure as a basal dress-
ing (Yadav et al. 2000). After reducing nitrogen input by 22%, yield was still
promoted by 4% with 30% organic fertilizer instead of all inorganic fertilizer in
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a 3-year field study in the Yangtze River Basin (Xue et al. 2014b). Moreover,
organic fertilizer also improves soil conditions for long-term agricultural
cultivation.

3. The amount of nitrogen required by rice and wheat is substantial, so nitrogen
fertilizer should be in split applications. Previous research showed that nitrogen
loss in the basal and tiller fertilization period accounts for 55-70% of corre-
sponding fertilizer rates, but is less than 20% in the panicle fertilization period
for the rice season (Lin et al. 2014). Therefore, more nitrogen is lost if nitrogen
fertilizer is in one application or in excess in the basal period.

4. Fertilization time and application rate should match the crop uptake pattern. An
excessive fertilizer rate and incorrect timing can lead to half of the nitrogen
being lost (Cassman et al. 1998). IRRI (International Rice Research Institute)
suggests monitoring the plant nitrogen condition by testing the leaf SPAD (Soil
and Plant Analyzer Development) value, and then determining the strategy for
nitrogen fertilizer on this basis (Dobermann et al. 2002). The sufficiency index,
calculated with an active sensor testing the canopy normalized difference vegeta-
tion index, is also used to establish a spectrally determined nitrogen topdressing
model in combination with a target yield strategy and split-fertilization scheme.
This results in similar or higher yields but with 20-40% lower nitrogen rates
(Xue et al. 2014a).

5. The development of slow-release fertilizers may decrease the initial mineral
nitrogen content after fertilization and improve nitrogen fertilizer performance
in the long term (Ni et al. 2011).

6. Deep placement of nitrogen fertilizer into anaerobic soil could help prolong the
existence of ammonium for rice utilization, reducing the ammonium content in
floodwater, thus lowering ammonia volatilization. Fortunately, fertilizer deep
placement can be performed at the time of rice transplantation using a machine,
which reduces labor costs (Zhang et al. 2012a, b). Similar effects can be achieved
by earthing (after fertilizer application, cover the soil surface with new soil) after
nitrogen fertilization in the wheat growing season.

6.6.2 Tillage

1. Zero-tillage techniques have been widely applied for sowing wheat after rice
(Hobbs and Giri 1997). Zero-tillage can prevent soil clodding, keep the soil cap-
illary and pore system intact (Table 6.4) (Yonglu et al. 2009), and save water and
labor (Bhushan et al. 2007). Thus, zero-tillage fields have better drainage, which
provides appropriate air and moisture conditions for nitrogen transformation.
Additionally, nitrogen loss via leaching may be weakened in the wheat season as
zero-tillage soil has better water-holding capacity. Erenstein and Laxmi (2008)
showed that the expansion of zero-tillage technology in the Indo-Gangetic Plains
has enhanced income by about US$100 ha~! due to significant cost savings as
well as potential gains in wheat yield through earlier planting of wheat.
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Table 6.4 Effect of the zero-tillage technique on wheat yield and soil (0-7 cm) physical
characteristics

Tillage Yield Capillary porosity | Non-capillary porosity | Water content
practice (Mg ha™") (%) (%) (%)
Plow 4.5 41.2 13.5 23.6
Zero-tillage | 5.0 46.8 2.7 25.6

Plow will increase the soil non- capillary, while zero-tillage technique keeps the soil capillary and
pore system intact and thereby the yield can be promoted

2. Straw retention can significantly reduce nitrogen extraction in the rice—wheat
system. Traditionally, both grain and straw are harvested from the field, with
large straw removed or burned in the field. This practice causes substantial nitro-
gen loss compared with straw retention (Table 6.1). In recent years, governments
in China and South Asia have recommended straw retention. However, both rice
and wheat straw are characterized by a high carbon to nitrogen ratio, which
causes an initial nitrogen immobilization phase followed by a net re-
mineralization phase (Miiller et al. 1988). The use of crop straw as a nitrogen
source depends on regulating the biological processes of soil to optimize nitro-
gen availability in response to plant demand (Singh and Sharma 2000). It is sug-
gested that 8—10 weeks before rice transplanting is the appropriate time to
incorporate wheat straw for alleviating the negative effect of wheat straw on rice
growth owing to nitrogen immobilization. Mishra et al. (2001) and Nie et al.
(2007) found increases in soil nitrogen, microbial biomass carbon and microbial
biomass nitrogen by 14.8%, 12.7% and 15.1% compared with traditional prac-
tice, respectively.

3. Improving water use is one approach to keeping nitrogen in the rice—wheat sys-
tem. Water plays a role as a nitrogen carrier and participates in nitrogen cycling
in rice-wheat. Precipitation, irrigation water, leachate and runoff are all ways in
which water is related to nitrogen cycling. Excess water, common in parts of
southern China, India and Pakistani Punjab, may cause problems in both rice and
wheat seasons (Minhas and Bajwa 2001; Zhao et al. 2012). Nitrogen fertilizer is
transported into aquatic environments by flow losses in the rice season. Moreover,
wheat production is affected by inadequate soil moisture or salinity. It is advis-
able to use water saving irrigation in the rice season to increase field capacity for
rainfall and avoid runoff (Peng et al. 2007; Xu et al. 2012).

6.6.3 Additive

1. Nitrification inhibitors can mitigate the conversion of ammonium to nitrate.
Compared with nitrate, ammonium is more easily held by soil colloids. The
return to aerobic conditions before the wheat season results in rapid nitrification
and the newly formed nitrate is susceptible to loss with drainage. The addition of
nitrification inhibitors will contribute to limiting the loss of nitrate in this anaero-
bic—aerobic conversion period.
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2. Use of surface films can reduce ammonia volatilization from flooded rice fields.
These surface films are special emulsions made of water-soluble polymer, which
rapidly spread as a close liquid molecular film on the surface of flooded water in
rice fields. This physical barrier significantly lowers the ammonia volatilization.
Moreover, the film can also improve rice growth by inhibiting algae for further
weakening ammonia volatilization. Field experiments showed that surface films
could help to reduce nitrogen fertilizer application by 25%, improve nitrogen
utilization efficiency by 7.8-9.4% and increase rice yield by 6.5-7.9% (He et al.
2002).

3. Biochar is a new pathway for biomass residue. It has been shown to improve the
structure and fertility of soils, thereby improving crop production. Biochar not
only enhances the retention and therefore efficiency of fertilizers but, by the
same mechanism, also decreases fertilizer runoff (Lehmann 2007).

6.6.4 Technological Integration

Many single nitrogen technologies have been proved effective in field experiments.
Some technologies, influencing different stages of nitrogen cycling in the rice—
wheat system, could be integrated. However, data on comprehensive effects of more
than one technology on yield and nitrogen loss are limited. Integrated technologies
require future study through both theory and practical application (Table 6.5).

6.7 Future Work

6.7.1 Encourage Nitrogen Management

The rice-wheat system is a fragile ecosystem with the large matter flow attributed
to human activities such as harvest and fertilization. Many farmers still hold
traditional opinions that higher crop yield will be obtained with more fertilizer.
However, the proportionate increases of nitrogen fertilizer input and yield are differ-
ent. Thus, excess nitrogen application with low utilization efficiency results in
severe environmental degradation. Therefore, nitrogen management should be
determined by accounting for nitrogen balance in the rice—-wheat system.

1. Nitrogen fertilizer rate should be determined by accurate budgets for maintain-
ing the balance between inputs (deposit and biologic fixation) and outputs (crop
removal and loss).

2. Understanding the processes of nitrogen transformation is helpful to control
forms of nitrogen in the rice-wheat system.
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Table 6.5 The benefit of technological integration on crop yield or nitrogen loss

No. | Methods for technological integration Benefits

1 Zero-tillage + residue returning in wheat season | (1) Increasing yield by 8.3%
(Choudhury et al. 2014) (2) Improving soil aggregation by

53.8% and soil organic carbon
sequestration by 33.6%

2 | Nitrification inhibitors + zero-tillage in wheat (1) Increasing yield by 0.9-6.9%
season (Ma et al. 2013) (2) Reducing nitrous oxide by

18.1-44.6%

3 | Reducing nitrogen application 25% + (1) Increasing yield by 14% and straw
application in four splits: basal 50%, first biomass by 13%
topdressing 10%, and both the second and third | (2) Increasing plant nitrogen absorption
topdressing 20% (Cao and Yin 2015) 50% (48% of applied nitrogen versus

32% for conventional practice)

(3) Reducing 52.1% ammonia
volatilization loss (6.7% of applied
nitrogen versus 14% for conventional
practice)

4 | Controlled released nitrogen fertilizer + Reducing ammonia volatilization loss
non-flooding controlled irrigation by 81.1%

(Xu et al. 2012)

5 | Site-specific nutrient management + non- Reducing ammonia volatilization loss
flooding controlled irrigation by 70.0%

(Xu et al. 2012; Dobermann et al. 2002)

6* | Reducing nitrogen application 25.9% + 70% (1) Increasing yield by 2.8%
controlled released urea instead applied as basal | (2) Reducing nitrogen loss by 57.1%
fertilizer in rice season (3) Improving economic income by

US$350
ha~! in rice season

7* | Reducing nitrogen application 25.9% + 100% (1) Increasing yield by 16.11%
controlled released fertilizer instead deep placed | (2) Runoff loss significant
as basal fertilizer + farm machinery under (3) Improving economic income by
non-flooding controlled irrigation in rice season US$340 ha~' in rice season

8 * | Reducing nitrogen application 25.9% in rice (1) Increasing yield by 4.3%
season + 30% organic fertilizer instead as basal | (2) Reducing nitrogen loss by 33%
fertilizer in rice season (3) Reducing irrigation water by 50%

(4) Improving economic income
US$540 ha™! in rice season

9 * | Reducing nitrogen application 25.9% in rice (1) Increasing yield by 2.75%
season + 70% mixed controlled released (2) Runoff loss significant
fertilizer instead + deep placed as basal fertilizer (3) Improving economic income by
with farm machinery in rice season US$340 ha~' in rice season
in rice season

10 | Reducing nitrogen application 25.9% + 100% (1) Increasing yield by 9.77%

mixed controlled released fertilizer instead +
deep applied as basal fertilizer farm machinery
in rice season

(2) Runoff loss significant

(3) Improving economic income by
US$630 ha~! in rice season

“The 6th—10th technological integration methods use the data unpublished by Lihong Xue
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3. Any nitrogen management should be optimized by regional yield targets and soil
conditions. In addition, a no-nitrogen treatment should be considered, which will
provide some data for estimating nitrogen supplements from the soil organic
matter pool.

4. Models estimating the track of nitrogen cycling could be used for predicting
nitrogen losses in the rice—wheat system.

5. Long-term field experiments should be used to compute the feasibility and con-
tinuity of some methods of nitrogen management.

6.7.2 Regional Concept of Nitrogen Management in the Rice—
Wheat System

The goal of nitrogen management in the rice-wheat system is to reduce the pathway
of nitrogen transfer into the hydrosphere and atmosphere, but promoting the path-
way of utilization in the biosphere. Much research only focuses on one nitrogen
process, but nitrogen cycling occurs over space and time (Yang et al. 2013). For
instance, a new technology that reduces nitrogen leaching could also raise the risk
of ammonia volatilization. Additionally, nitrogen in runoff can be taken up by crops
if runoff is used for irrigation. In a practical sense, what is needed is a workable
nitrogen management strategy that considers the complete nitrogen cycling in the
whole space and period of regional farmland. Yang et al. (2013) presented a ‘4R’
technology to apply to regional rice-wheat fertilizer management (Fig. 6.14), which
is explained in the following.

1. Reduce. Reducing chemical nitrogen fertilizer application rates could directly
decrease nitrogen losses. The decrement of chemical nitrogen fertilizer should
not affect grain production.

2. Retain. Provided by new agricultural technologies, biological materials are used
to absorb nitrogen in water flow. Then, the controlled nitrogen is returned to the
field with biological materials.

3. Reuse. Nitrogen loss from rice—wheat fields could be reused by eutrophic water
irrigation. This has been adopted in Pakistan, where adjoining canals are built to
use drainage water for water and nitrogen cycling (Aslam and Prathapar 2001).

4. Restore. Rice is the only crop that can be grown in flooded areas. Thus, rice
could be used as nitrogen carrier for purifying polluted ponds and rivers.

The 4R technology is aimed to reduce nitrogen input and, by extending the nitro-
gen retention period in the field, to promote nitrogen utilization efficiency. The rice—
wheat system acts as a purification unit at the regional scale. Yang et al. (2013)
found that applying 4R technology reduced regional nitrogen loss by 47.5%.
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Fig. 6.14 Nitrogen cycling under ‘4R’ technology. The concept of ‘Reduce- Retain- Reuse-
Restore’ treats nitrogen as a cycling resource among biosphere, pedosphere and hydrosphere. With
technology nitrogen will be removed from ground water and then used for crop growth again

6.7.3 Role of the Participants

There still a huge gap between theoretical conclusions and practical use in nitrogen
management of the rice-wheat system. Much future work related to political
decision-making, technology introduction and marketing dynamics is necessary for
new nitrogen management to be accepted by farmers.

1. Government

The rice—wheat system is the main food source in both China and South Asia.
Inappropriate nitrogen management is an increasing threat to these countries’ food
security and financial and political support are urgently required to optimize nitro-
gen use. For example, mechanization in most areas of China is inadequate to imple-
ment straw returning. Environmental standards and regulations should be set to
guide farmers in nitrogen management and control the negative effects on environ-
mental degradation. In addition, the lack of young and educated labor is a big issue
for agricultural development; and the construction of water conserving facilities,
such as channels and dams, are far beyond farmers’ ability. Social capital should be
attracted into the agricultural market to assist government plans.

2. Farmers

Farmers take an active part in every aspect of nitrogen management and so their
participation is indispensable for sustainable agriculture. Owing to low profits in
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growing crops, young and educated people turn to cities for other employment. The
older and less educated people, left in rural areas for farming work, are more
inclined to use traditional methods that are generally unsuitable for present soil
nutrient conditions. How to teach farmers a scientific strategy and persuade them to
accept nitrogen management remain as practical problems. One recommendation is
to invite farmers to demonstration fields instead of teaching them using data.
Showing profitable yields may have a better effect on the expansion of scientific
management.

6.8 Conclusion

For 1000 years, the rice—wheat system has had an important role in food production
for increasing populations in Asia. However, the rice—wheat area is shrinking
because of urbanization and more grain production is needed from the unit field.
Therefore, massive amounts of fertilizer have been applied to increase yield in
intensive agricultural production areas, which has led to significant environmental
degradation. Nitrogen is the key factor to ensure food supply and security and
imbalances in nitrogen application also limit the sustainable development of the
rice—wheat system. Data on nitrogen utilization efficiency and loss describe the
nitrogen movement in the rice—wheat system and show what is inappropriate under
the present applications. Although there are many nitrogen technologies focusing
on single nitrogen processes, studies on technological integration are lacking.
Additionally, a general lack of historical soil samples is a problem for estimating the
capacity of nitrogen supply. Nitrogen management should consist of technologies
covering different nitrogen processes with definite yield targets based on the local
soil environment. There should be continuing research on the performance of nitro-
gen cycling in the rice-wheat system to provide data for management decisions.
Because it is the farmers that carry out field management, it would be helpful to
expand better nitrogen management by improving agricultural equipment and edu-
cating farmers in environmental awareness.
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Chapter 7

Oilseed Rape Crop Residues:
Decomposition, Properties
and Allelopathic Effects

Zita Kriauc¢iuiniené, Rita Cepuliené, Rimantas Velicka,
Ausra Marcinkevi¢iené, Kristina Lekaviciené, and Egidijus Sarauskis

Abstract Oilseed rape, Brassica napus L., is an important crop for producing
edible oil, biofuel and fodder. Oilseed rape is not only useful as a commercial plant,
but it also improves the structure of the heavy granulometric soil fraction, activates
microbiological processes, and reduces weed growth and disease rates. Oilseed rape
belongs to the oil crop group, which increases soil fertility during crop rotation.
Maintenance and restoration of soil fertility is one of the most relevant topics in
agronomy science. One way to increase soil fertility is to increase organic matter
content. In agriculture, the amount of organic matter in the soil depends on the crops
grown and the residues that they leave. Crop residues of the previous harvest left on
the soil surface interfere with soil tillage and sowing operations and can cause prob-
lems during application of environmentally sustainable tillage technologies.

We review here the properties of oilseed rape residues, the effects on agroceno-
ses and sustainable tillage technologies. The improvement in soil quality by grow-
ing oilseed rape can be determined by measuring the amount of remaining organic
matter, the chemical composition and the intensity of mineralisation and humifica-
tion, which depends on the carbon and nitrogen (C: N) ratio and lignin content. The
C:N ratio, of 39-55, of oilseed rape residues is favourable for decomposition, but
higher than that in most agricultural plants, as the higher lignin content, of 89.5—
155.6 g kg~!, slows decomposition, so the impact on the soil and plants continues
longer. Oilseed rape synthesises allelochemicals such as glucosinolates and pheno-
lic compounds that are released through the leaves and roots and penetrate the soil
as the rape residues decompose. Comprehensive studies have revealed the allelo-
pathic effects of oilseed rape. Moreover, the period from the end of harvest of one
crop to the beginning of soil tillage and sowing of the new crops is very short. Crop
residues do not lose their physical-mechanical properties within this short period,
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which exerts negative effects on the soil tillage and sowing. Experiments showed
that biological preparations significantly reduce the breaking force required for
spring oilseed rape residues by 39% and cutting force by 42% during the first week
after harvesting.

Keywords Crop residues - Decomposition - Chemical composition - Physical-
mechanical properties - Allelochemicals - Phytosanitary effect

7.1 Introduction

Soil erosion has accelerated on Earth since the advent of agriculture, and the inten-
sification of agriculture has further sped up this process. Eroding soil is becoming
increasingly more serious; however, attention has been drawn to this issue only in
the last century. One of the causes of soil degradation is that no investments are
made in soil restoration, no erosion prevention measures are considered and focus
is placed on achieving the highest possible yield, regardless of the fertilizer input
level or agronomic practices employed. Although soil quality depends on physical,
chemical and biological properties influenced by the climate and ecosystem, the
decisive factor is the land user. Both soil and crop productivity depend on soil qual-
ity including soil structure, water regime, chemical and biological composition.
Many of soil’s biological, physical and chemical properties are determined by the
soil organic matter content. Soil microorganisms absorb nutrients and energy and
produce biomass and soil organic matter while decomposing plant residues (Lal
1999). Crop residues help maintain the balance of biogenic elements in arable soils.
Part of the nutrients are returned to the soil with the crop residues. The mineral mat-
ter that forms as organic matter decomposes is utilised by plants for nutrition. The
value of crop residues in enriching the soil with nutrients depends on their chemical
composition and the quantity incorporated into the soil (Tripolskaja 2005) (Fig. 7.1).

7.2 Effect of Chemical Composition of Crop Residues
on Decomposition Rate

Winter oilseed rape produce a seed yield of 3.0 t ha! and in soil leaves 5.0 t ha™!
crop residues, including 1.9 t ha™! of roots, 1.3 t ha™! of stubble and 1.8 t ha™! of
other residues. Wager et al. (1998) reported that crop residues from hybrid oilseed
rape varieties total 5-10 t ha~!. However, when reduced crop and soil management
practices were used, it dropped to 2.5-5.0 t ha™! oilseed rape residues in the field
(Hatfield and Stewart 1994).
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Fig. 7.1 Oilseed rape residues left after harvesting has influence on tillage, sowing, soil, following
crops and weeds. (Photos by Kriauciuniene and Sarauskis)

The decomposition rate of plants in different taxonomic classes differs; carbon is
decomposed more intensively from the residues of Magnoliaceae plants at the
beginning of decomposition, compared to those of Liliaceous plants (Magid
et al. 2004). Above-ground plant residues decompose more rapidly than roots
(Aleksandrova 1980; Teit 1991). Leaves and vines decompose at a higher rate
than stems and roots (Wolf and Snyder 2003). Young, succulent plant parts decom-
pose at the highest rate, while more mature parts are decomposed at a lower rate
because young tissue contains more readily decomposable substances, such as
sugars, starch, amino acids and protein, while older tissue contains higher concen-
trations of slowly decomposable hemicellulose and lignin (Wolf and Snyder
2003). Based on the C:N, polyphenol and lignin content, leaf and stem size and
thickness and material age, some authors have classified plant residues based on
their persistence into fragile (decompose rapidly) and nonfragile parts (resistant
to decomposition). According to this classification, oilseed rape residues are fragile
(Farnsworth et al. 1993).

The direction and rate of straw decomposition in soil largely depend on chop length
of the straw particles. The finer and more crushed the straw is the higher the decompo-
sition rate (Tripolskaja 2005). Residue particle size and their distribution in soil depend
on tillage and harvesting processes. Finer residues are better mixed with the soil and
are more readily decomposed by microorganisms (Singh et al. 2004). In addition, the
chemical composition of the residues is important (Tripolskaja 2005). Plant chemical
composition depends on the species and decomposition rate, as many authors have
suggested, and it is determined by the environmental conditions, C: N and lignin con-
tent in plant residues (Jenkinson 1965, 1966, 1968a, b, 1977a, b; Jenkinson and Rayner
1977, 2006; Jenkinson et al. 1987, 1990; Teit 1991; Moran et al. 2005).
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7.2.1 Nitrogen

Plant residue decomposition rate depends on its nitrogen content (Agren et al. 2001;
Adams 2003). The amount of nitrogen in plant residues is based on species, age, mor-
phological part, environmental conditions and fertilisation. Nitrogen bound in organic
compounds becomes available to plants only after mineralisation. Organic nitrogen min-
eralisation in the soil occurs due to the ammonification and nitrification processes.
Ammonia is released as organic matter decomposes and is quickly engaged in the second
mineralisation cycle called nitrification. Nitrate-nitrogen present in the soil is reduced to
ammonia again or denitrified to gaseous nitrogen (Tripolskaja 2005). Carbon dioxide,
mineral matter (mineralisation) and formation of stable humic substances (humification)
occur as plant residues decompose in soil (Aleksandrova 1980; Teit 1991).

Organic matter content is a primary factor in the formation of soil. Organic mat-
ter is produced during plant photosynthesis, and it decomposes in soil due to biotic
energetic activity (Kononova 1963; Aleksandrova 1980; Teit 1991; Eidukeviciene
2001). This is the circle of life on Earth, which is not possible without solar radia-
tion and precipitation. Organic matter is produced in the soil and chemical elements
necessary for the development of new organics are released (Eitminaviciute 1994).
As a result, soil productivity depends on the organic carbon content left by preced-
ing crops and its oxidation rate (Teit 1991). These processes are determined by dif-
ferent biological properties of plants, their chemical composition, soil genetic type
as well as physical, chemical and biological properties, meteorological conditions
and agronomic practices (Johnston 1986; Smukalski 1988; Teit 1991; Titova and
Kogum 1991; Larson et al. 1994). Long-term research done at the Rothamsted
Experimental Station (UK) has shown that the organic carbon content in the soil
changes very slowly (Jenkinson and Rayner 2006). The biological activity of mod-
erately heavy loam does not decline when is continually supplemented with fresh
biomass, and a stable energy potential is maintained (Marcinkeviciene 2003;
Pupaliene 2004). However, data indicate that only 38—43% of the phytomass accu-
mulating in the agrocoenosis is left annually in light-textured soils (Janusiene 1994).

7.2.2 Carbon and Nitrogen Ratio

The most important factors influencing the duration and intensity of plant residue
decomposition are the C:N ratio and lignin content (Teit 1991; Flaig 1969;
Aleksandrova 1980; Janusiene 2002). When the C:N ratio in plant organic matter is
high, the activities of microorganisms decreases rapidly during carbon decomposi-
tion due to a nitrogen shortage (Klimanek 1988). The C:N ratio in young succulent
tissue is close to that in microorganisms (10:1); therefore, nitrogen is present in a
sufficient amount and organic matter decomposes rapidly (Wolf and Snyder 2003). A
crop whose phytomass more rapidly decomposes and leaves less non-humified plant
residues for subsequent crops is the best for agricultural production (Robles and
Burke 1997; Wager et al. 1998). The optimal C:N ratio for organic matter is 30-50:1,
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and that which is favourable for organic matter humification is 10-20:1 (Aleksandrova
1980; Wager et al. 1998). Oilseed rape residues decompose slowly due to their rather
high C:N ratio of 50-70:1. Research done at the Rothamsted Experimental Station
(UK) indicates that 13% of winter oilseed rape organic matter is decomposed within
5 months under field conditions (Watkins and Barraclough 1996). Data obtained in
France show that 50% of winter rape carbon is decomposed within 2 months
(Trinsoutrot et al. 2000). Plant residues with low (about 10:1) C:N ratios decompose
rapidly. For example, green manure plant ploughed in at the early growth stage rap-
idly decomposes without leaving organic carbon in the soil and promotes decomposi-
tion of humus due to higher microorganismal activities; thus, reducing soil stocks
(Stancevicius and Boguzas 1995). Oilseed rape straw, characterised by a high C:N
(80-100:1), mineralises slowly (Stanceviius and Pranaitiene 1982). Slow mineralisa-
tion occurs particularly in roots as they have higher concentrations of lignin and cel-
lulose compounds as well as fibrous tissue (Aleksandrova 1980). Research done in
Lithuania shows that the C:N ratio in winter oilseed rape roots is 133:1, whereas that
in stubble is 114:1. The coefficient of variation of this ratio depends on the meteoro-
logical conditions. The C:N ratio in winter and spring oilseed rape residues differs
and it depends on morphological part of the plant. After harvesting in winter oilseed
rape threshing remains C:N ratio was 48, in stubble 59 and in roots 55, in spring
oilseed rape was accordingly 48, 67 and 67 (Kriauciuniene et al. 2012).

The plant residue decomposition rate is determined by soil and climate conditions
as well as crop cultivation technologies (Aleksandrova 1980; Stanceviius and
Pranaitiene 1982; Beyer 1996; Zekoniene and Janusiene 1997; Velicka 2002).
Humification, mineralisation, fixation and migration are balanced once these soil and
climatic factors have reached equilibrium (Aleksandrova 1980). These processes are
stable and well-balanced in natural biocenoses, whereas they are disturbed in the agro-
cenose by intensive anthropogenic activity. A large part of solar energy that accumu-
lates in humus is removed with yield, so additional organic matter is needed to restore
the soil. Using different crops in different areas of a crop rotation and extending their
cultivation duration also largely influence humus content and quality (Velicka 2002).

7.2.3 Lignin

Organic matter decomposition rate is determined by the concentration of readily
decomposable components and lignin and their ratios in plant residues (Sollins et al.
1996; Kalbitz et al. 2000). Lignin is a key component in the formation of humus and
maintaining soil productivity (Kononova 1963; Teit 1991). Lignin (lot. Lignum—a
tree) is a phenolic polymer that forms the cell walls of plants with cellulose and
hemicellulose (Kogel-Knaber 2002; Boerjan et al. 2003; Grabber et al. 2004;
Grabber 2005). Lignin is very resistant to external factors and protects the cell cyto-
plasm from decomposition (Sollins et al. 1996; Blanchette 2000; Boerjan et al.
2003). However, some soil fungi are capable of using lignin as carbon source
(Lugauskas 1997). Lignins are complex, polymeric hard-to-decompose substances
of organic origin that have accumulated large reserves of photosynthetic energy
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Fig. 7.2 Lignin content in crop residues increases for 14.5 of a 26.5-month period of crop residue
decomposition in soil. It subsequently started to decrease, but a significant decrease in lignin con-
tents in all investigated crop residues occurred after 26.5 months in the soil. DM dry matter;
LSDys = 22.04. (From: Kriauciuniene 2008)

(Blanchette 2000; Varnaite 2004). Lignin content and its chemical composition
depend on the type of cell wall and structure (Donaldson 2001; Grabber et al. 2004).
The composition of lignin markedly differs between different species of field crops.
The lignin in oilseed rape stems is typical of angiosperm wood, as the
syringyl:guaiacyl ratio varies slightly but increases with lignin content (Evansa
et al. 2003). The highest concentration of lignin is found in the middle cell wall
layer (primary wall and middle lamella) and cell corners (Blanchette 2000; Boerjan
et al. 2003). Macromolecular polysaccharides, which are the products of monosac-
charide condensation, account for 30-50% of lignin (Teit 1991).

It was established that the lignin content in crop residues increases for 14.5 of a
26.5-month period of crop residue decomposition (Fig. 7.2). It subsequently started
to decrease, but a significant decrease occurred after 19.5 months only in winter and
spring oilseed rape threshing remains. Significant decreases in lignin contents in all
investigated crop residues occurred after 26.5 months in the soil. Lignin decom-
posed the most from its peak in red clover stubble (38%) and the least in winter
oilseed rape roots (13%). The C:N ratio of the winter oilseed rape residues during
dry matter and lignin decomposition decreased slower than that in the spring oilseed
rape residues. Strong negative correlations were detected between lignin content
and dry matter and between lignin content and the C:N ratio in decomposing winter
and spring oilseed rape roots (r = from—0.86** to—0.93*%), stubble (r = from—
0.82%% t0—0.93**) and threshing remains (r = from—0.78%* to—0.87%%*).
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7.2.4 Nitrogen, Phosphorus and Sulphur

Dry matter content decreases and the concentrations of nitrogen, phosphorus and
sulphur increase during microbial decomposition of plant residues (Agren et al.
2001; Salas et al. 2003; Eriksen 2005). Maximum nutrient mineralisation occurs in
the summer and warmer part of autumn (Orlova et al. 2002). Mineralisation of sul-
phur during plant residue decomposition is closely related to changes in nitrogen
(Teit 1991). Decomposition of nitrogen- and sulphur-containing compounds is part
of organic matter synthesis and a shortage in either element inhibits these processes
(Aleksandrova 1980; Kazuki 2004; Eriksen 2005).

Various chemical elements are returned to the soil during decomposition.
Biogenic elements returned to the soil with crop by-products do not increase the
total content of elements in the soil but may affect their available forms. The nutri-
ents utilised to enhance crop yield remain in the field when crop residues are
ploughed in and returned to the soil, which improves the overall balance, and less
mineral fertilizer is needed for the next year’s crop (Tripolskaja 2005). The soil in a
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winter oilseed rape field of light loamy Cambisol was 1.7-, 2.5- and 2.9-times more
enriched with nitrogen, phosphorus and potassium, respectively, compared with
cereal residues; however, nitrogen and phosphorus contents were 1.9- and 1.3-times
less compared with that in perennial grasses residues after oilseed rape cultivation,
respectively (Magyla et al. 1997). Sidlauskas (2002) reported that spring rape dry
matter residues contain 0.63% N, 0.05% P and 1.61% K. Shkarda (Shkarda 1985)
reported that rape straw contains 85% dry matter, including 0.53% N, 0.11% P and
0.85% K, and the C:N ratio was 60-70:1.

The model (Fig. 7.3) demonstrates the changes occurring during decomposition
of such complex substrates as plant residues and the direction of carbon and nitro-
gen flow. It is very important to consider microbial biomass production when esti-
mating carbon and nitrogen contents. The three constituents of plant residues are
readily decomposable sugars and amino acids, slowly decomposable cellulose and
hemicelluloses and hardly decomposable lignin.

The largest amount of CO, is returned to the atmosphere by decomposers when they
decompose plant and animal residues, which impacts the greenhouse effect. Carbon
dioxide present in the atmosphere is in dynamic balance with that used for photosyn-
thesis and that present in water and humus. More CO, will be released from decompos-
ing humus, as less vegetation is established, which will result in higher concentration
of CO, in the atmosphere and increased productivity and carbon mass in humus. In this
way, a new equilibrium is reached; however, the ecosystem is only stable up to a par-
ticular CO, concentration (Eitminaviciute 1994; Teit 1991; Ryden et al. 2003).

7.3 Effect of Soil Biota on Plant Residue Decomposition

The accumulation of organic matter in the upper horizon of the soil is a complex
biochemical process involving the soil biota and is responsible for nutrient cycling
and stability of the ecosystem. In each system, species in the biota are related by
close trophic links (Eitminaviciute 1994). Soil invertebrates chop and crush plant
residues and create suitable conditions for microorganismal activities. Microbes
decompose organic matter concentrated at the soil surface and provide good living
conditions for new plant and animal generations by mineralising the organic con-
tent. Microbes bind to part of the organic matter to form the humus soil layer. Plant
growth and yield depend on this layer and the microbes that occur there.

Soil is a dynamic, living system, as one teaspoon of fertile soil (10 g) can contain
>9 billion living organisms, which is more than the total world’s population (Lal 1999).
The main function of soil microorganisms is to decompose organic matter.
Microorganisms are involved in all intermediate processes of plant residue decomposi-
tion until cellulose is broken down into glucose; proteins are metabolised to individual
amino acids, or ammonia and amides; and lignin forms aromatic compounds, such as
syringaldehydes, vanillin and ferulic acid (Teit 1991; Kogel-Knaber 2002; Raudoniene
2003).
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7.3.1 Micromycetes

Micromycetes breakdown lignin, actinomycetes breakdown pectin, cellulose, and
fatty acids and bacteria breakdown carbohydrates and fibre (Lugauskas 1997;
Henriksen and Breland 1999; Tripolskaja 2005). Micromycetes are highly adapt-
able organisms involved in various energy metabolic processes ranging from
decomposition of complex chemical compounds to biosynthesis of new biological
matter (Raudoniene 2003)., About 60% of decomposed carbon and nitrogen are
immobilised in the organisms themselves during micromycetes nutrient metabo-
lism, which temporarily retains the nutrients in the soil (Balota et al. 2003).

Plant residues with a high C:N ratio (>25:1) do not supply adequate nitrogen for
microorganisms, so their activity decreases. Microorganisms utilise more carbon
for food when readily metabolisable nitrogen compounds are depleted, and this
increases the energy expenditure (Teit 1991; Hadas et al. 2004). Microorganisms
breakdown plant residues into simpler compounds, part of which are mineralised,
part become an energy source for microorganisms and part are humified (Teit 1991;
Moran et al. 2005). The main enzymes involved in carbon decomposition are inver-
tases and xylanases (Luxhgi et al. 2002). Nitrogen bound to the organic compounds
of plant residues mineralises due to ammonification and nitrification. Ammonification
is microbiological decomposition of nitrogen-containing organic compounds and
conversion to ammonium ions (NH,*). This process is performed by a multitude of
soil microorganisms, including aerobic and anaerobic bacteria, bacilli, mould fungi
and actinomycetes (Tripolskaja 2005).

7.3.2 Fungi

Two stages are distinguished during phytomass decomposition. Mould fungi are
involved in the first stage, as they damage plant cell walls and create conditions for
decomposition (Kononova 1963; Teit 1991; Eitminaviciute 1994). The first organic
compounds to be decomposed are those that are readily decomposable, such as
carbohydrates, protein and water soluble organic compounds (Kononova 1963;
Freytag and Luttich 1988). Furthermore, the rate of transformation of organic com-
pounds depends on the relationship between the biochemical components of organic
matter that are readily and not readily available to microorganisms. For example,
fibre bound with lignin decomposes at a considerably lower rate than free fibre and
protein and complexes with lignin (Cramer 1990; Teit 1991). These compounds as
well as complex organic substances that compose cell walls of plant residues,
including cellulose, hemicellulose and lignin are very slowly decomposed during
the second stage of phytomass decomposition.

Lignin is depolymerised as plant residue is decomposed; inter-monomeric link-
ages break and aromatic compounds are condensed (Sjoberg 2003). Phenoloxidases
are lignolytic enzymes that decompose lignin to phenolic alcohols and aldehydes
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(Gisi 1990). Fungi are the main decomposers of lignin (Sollins et al. 1996; Varnaite
2004). Lignin polymers decomposed by microorganisms become biopolymers that
bind to amino acids or proteins by forming primary humic substances (Kononova
1963; Teit 1991). The longer the polymers decompose in the soil, the greater the
probability that stable humic compounds will form (Teit 1991).

The appropriate nutrient substrate and environmental conditions on which plant
residue mineralisation and humification depend are essential for the functioning of
each microorganismal species. The main environmental factors determining the
course of these processes are climate, primary rock composition, soil type, acidity,
moisture, oxygen content, phytocenose type, structure of fauna and other factors
(Lugauskas 1997). Plant residues of different chemical compositions and soil tillage
play significant roles under these conditions (Cesevicius 2007; Lejon et al. 2007).
Some studies have reported that in Endocalcari-Epihypogleyic Cambisol ploughed
in straw increases micromycetes populations by 24—40%, whereas they increase by
11% after conventional deep ploughing (Cesevicius 2007). However, the course of
mineralisation and humification depends less on the quantity of microorganisms
and more on the physiological characteristics of the species. Penicillium are less
common in soil than Mucor, Trichoderma and Fusarium fungi. Mucor and
Trichoderma micromycetes are more prevalent in cultivated soils rich in organic
matter and those of the Fusarium genus are more frequently found in the soils under
grass vegetation (Arlauskiene 2001). Soil biology research has become particularly
relevant with the increase in anthropogenic effects on agrocenoses and cultivation
of high yield potential crops.

7.4 Effects of Environmental Conditions on Plant Residue
Decomposition

Decomposition of plant residues is determined by many factors, including the bio-
logical properties of the plants and their chemical composition, soil type, soil physi-
cal, chemical and biological properties, as well as soil texture and meteorological
and agronomic conditions (Larson et al. 1994; Wolf and Snyder 2003). Hydrothermal
conditions play a significant role in organic residue decomposition as well.
Decomposition of organic matter occurs under aerobic or anaerobic conditions
depending on moisture conditions. More intensive decomposition occurs at a soil
temperature of 30 °C and soil moisture of 60-80% from total field moisture capac-
ity. Excess moisture slows down microorganismal activity and organic matter
decomposition and shifts destructive processes towards humification. As a result,
greater concentrations of humic substances accumulate in waterlogged soils
(Tripolskaja 2005). Soil oxygen content is another important factor affecting the
decomposition rate of organic matter and soil organic matter. Wet and compacted
soils contain less oxygen, leading to slower rates of organic matter decomposition
(Wolf and Snyder 2003).
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7.4.1 Temperature

Kononova (1963) suggested that organic matter decomposition begins at 0 °C. The
decomposition rate increases as temperature increases, whereas moisture has less of
an effect on this process. The findings obtained under simulated conditions indicate
that organic nitrogen mineralisation begins at 1 °C, markedly intensifies with an
increase in temperature to 10 °C and increases 2.5-3-fold from 10 to 30 °C. Organic
nitrogen mineralisation occurs at rather different soil moisture concentrations of
20-90% maximum field moisture capacity (Hanschmann 1983). Field experiments
and simulations show that 20% of total organic nitrogen in the catch crop material
is mineralised after 10 weeks at 1 °C, indicating that mineralisation at low tempera-
tures is not negligible. Maximum mineralisation occurs after 10 weeks at 15 °C and
was 39% of total applied organic nitrogen was from shoots and 35% was from roots
(Van Scholl et al. 1997). Research done on residue decomposition in Denmark sug-
gests that 3 and 9 °C have no effect on nitrogen mineralisation, but organic carbon
decomposition differed significantly. The C:N ratio of plant residues decomposed at
3 °C is higher than those decomposed at 9 °C. The growth of microorganism popu-
lations and decomposition of macropolymers at the same time slows down at a
lower temperature. Decomposition of readily decomposable components and
macro-polymers differs; these processes occur at the same rate at higher tempera-
tures but the rate differs at lower temperatures (Magid et al. 2004). Plant residue
decomposition experiments conducted in boreal soils show that whether the C:N
and C:P ratios of plant residues increase or decrease depends on the temperature.
Soil structure and the ecosystem affect these changes (Nadelhoffer et al. 1991).

7.4.2  Soil

The microbiological decomposition rate of organic matter also depends on soil
chemical composition. Decomposition of organic residues occurs more slowly in
soils with a high secondary mineral content (Tripolskaja 2005). Kaboneka et al.
(2004) reported that various mineral fertilizers must be incorporated into acid,
nutrient-poor soils to activate straw decomposition processes. They also found that
incorporating nitrogen and phosphorus accelerates straw decomposition and
increases available nutrient stocks in the soil. Mineral fertilizers are usually incor-
porated with straw to accelerate straw decomposition at a rate of 7-10 kg N 1 t
straw. In this way, the nitrogen shortage is compensated for and biological nitrogen
mobilisation from soil organic matter is prevented (Tripolskaja 2005). The soil is
not enriched with nitrogen when agricultural crop residues containing 40% carbon
and 1.6% nitrogen (C:N = 25:1) decompose. If the C:N ratio is higher, the nitrogen
necessary for residue decomposition will be taken up from the soil or dead microor-
ganisms and the decomposition rate of the residues will slow down. This explains
the empirical formula in which 100 kg of straw requires incorporation of 1 kg of
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additional N. Mineral N must be incorporated into the soil to prevent soil N stocks
from being used for decomposition (Paul and Clark 1989).

The duration of plant residue decomposition depends on soil structure and
organic matter distribution in the soil (Golchin et al. 1994). Residues of plant roots
or above-ground plant parts that are incorporated into the soil are first colonised by
microorganisms and absorb soil mineral particles. Some of the plant residues with
adhering clay particles becomes the centre of water stable aggregates and does not
decompose quickly. These aggregates are very stable during the initial plant residue
decomposition stages because metabolites released by microorganisms strengthen
them. After the microorganisms have decomposed the easily decomposable sub-
stances, organic residues turn into more stable organic structures containing high
concentrations of aromatic and alkyl carbon (Stott and Martin 1990). Aggregate
stability becomes weaker when microorganismal metabolites decompose, as they
serve as a binding material (Lal 1999).

Many changes occur in the soil that affects microorganism populations during the
transition from intensive to ploughless agricultural system. Plant residues from inten-
sive agriculture are either ploughed in or incorporated in the plough layer depending
on the soil tillage machinery used. Plant residues are left on the soil surface in plough-
less agriculture. The decomposition rate of residues depends on their placement (Lal
1999). The numbers of aerobic microorganisms in intensively tilled soils, particularly
that of fungi and actinomycetes, increase and organic matter mineralisation intensi-
fies (Tripolskaja 2005). Plant residues left on the soil surface decompose at a slower
rate than those incorporated into the soil (Wolf and Snyder 2003).

7.5 Physical-Mechanical Properties of Oilseed Rape
Residues

Theoretical and experimental research on the physicomechanical characteristics of
plant residues is relevant to enhance the quality of tillage and drilling processes,
manufacture of agricultural machinery and selection of working parts (Hemmatian
et al. 2012). Problems caused by plant residues present on the soil surface are
becoming increasingly more common with the increasing popularity of ploughless
soil tillage. Due to physical-mechanical, biological and other properties, plant resi-
dues deteriorate the performance of soil tillage and sowing machinery by interfere
with operations. When soils are heavily covered with plant residues, tillage and
drilling machinery with regular coulters clogs up; therefore, the quality of seedbed
preparation decreases (Arvidsson 2010; Sarauskis et al. 2012). Machinery with a
working disc is commonly used in no-till when abundant plant residues are on the
surface (Magalhaes et al. 2007; Sarauskis et al. 2013). Disc coulters with serrated
cutting edges cut plant residues better than disc coulters with smooth cutting edges
(Bianchini and Magalhaes 2008; Sarauskis et al. 2013a).
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The effect of a disc coulter depends on a good interaction among the coulter, the
plant residues and the soil. If the characteristics of at least one of the components
change, tillage and drilling can improve or worsen significantly. Sarauskis et al. (2005)
established that both single-disc and double-disc coulters cut or press plant residues
into notches made by the coulter while penetrating the soil. Notably, coulters consist-
ing of two discs cut the soil and plant residues on the soil surface at the same time in
two different sections. This means that under certain climatic conditions, when pene-
tration resistance of the upper soil layer is insufficient to ensure cutting through the
plant residues, they are pressed into the soil in two sections and dragged along the soil
surface curved outwards between the discs. Therefore, the plant residues are both cut
and broken. If the soil resists penetration of the disc coulters and plant residues, the
residues are broken up only if the stress on the plant residues is exceeded. Thus, pen-
etration resistance has to be higher than the normal stress of plant residues to cut
through plant residues on the soil surface (Sarauskis et al. 2005; Sarauskis et al. 2013).

Researchers from different countries (Linke 1998; Tavakoli et al. 2009;
Hemmatian et al. 2012) have conducted investigations and observed that the force
required to cut or break plant residues depends on the plant species, stem diameter,
plant length, moisture, cell structure and elasticity. The design and technological
parameters of the working parts have significant effects on the ability to cut or
breakthrough plant residues (Liu et al. 2010). Canadian researchers (Kushwaha
et al. 1983) investigated cutting of unchopped straw (5 t-ha™!) with coulters contain-
ing disks of different diameters. They found that 360 mm diameter and 2 mm thick
coulter disks cut approximately 80% of the straw on the soil surface and the remain-
ing 20% of the straw was pressed into the soil. The disks cut approximately 95% of
straw when they were 460 mm in diameter and 4 mm thick. Even larger disks
(600 mm diameter and 4.5 mm thickness) cut only approximately 20% of the straw.

The straws and stems of different plants have different physical and mechanical
characteristics. Investigations into the influence of sunflower stems on the operation
of disc coulters demonstrated that the force required to bend a sunflower stem was
34-47 N mm™ at 80% moisture and 41-64 N mm~ at 55% moisture content.
Sunflower stems are fibrous with a tubular profile. Due to these attributes, sunflower
stems are crushed prior to cutting, which influences cutting. The force required to
cut through a sunflower stem is 10-95 N mm~2 at 80% stem moisture content (Ince
et al. 2005). Liu et al. (2007) investigated the cutting force required to cut through a
sugar cane stem. The cutting force required to cut through a sugar cane stem
increased as cutting speed was increased. Hemmatian et al. (2012) conducted simi-
lar cutting force experiments with sugar cane stems and established that reducing
plant moisture content from 78 to 46% resulted in a decrease in cutting force of
approximately 16.3%. A cutting speed increase from 5 to 15 mm-min~! increases
the cutting force required by approximately 3.2%. Nazari et al. (2008) investigated
the physicomechanical characteristics of alfalfa (Medicago saliva L.) and proposed
that less force is required to cut an alfalfa stem as its moisture content decreases.
These investigations also established that a decrease in plant stem diameter decreases
the force required for cutting.
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Tavakoli et al. (2009) investigated the effect of barley straw moisture content,
length of the internode and loading rate on straw bending characteristics. It was
established that an increase in straw moisture content and bending rate results in a
decrease in the relative force required for bending and that this force was 6.32—
12.41 N mm=. Cakir et al. (1994) proposed that the relative force required by a
coulter disc to cut through wheat straw is 2.8-6.4 N mm~, that for a maize stem is
0.75-1.65 N mm~2, that for a soya straw is 3.8-5.8 N - mm~2 and that for cotton stem
is 6.0-10.0 N mm~2. Chen et al. (2004) reported that the mean force required to cut
through hemp straw is approximately 243 N.

The mechanical characteristics of plant residues depend on how long the resi-
dues are left on the soil surface after harvesting. The forces required to cut or break
through fresh or overwintered plant residues are very different (Linke 1998). For
example, the force required to break overwintered winter wheat straw is about 3.2-
fold lower than the force required to break fresh winter wheat straw harvested in
autumn. Investigations with spring barley showed that the breaking force for over-
wintered spring barley straw is approximately 34% lower than that required for
autumn straw (Sarauskis et al. 2013). Long periods deteriorate the mechanical
strength of plant residues. However, modern agricultural technologies do not always
provide an opportunity for waiting until the mechanical characteristics of the plant
residue are weakened under natural conditions, as new plants are very often being
drilled several weeks after crop harvest. The applications of no-till and strip-till
result in leaving the crop residues from the previous harvest on the soil surface,
which directly influences the drilling coulter operation. Because plant residues left
on the surface for a short time can maintain strong mechanical characteristics, disc
coulters may fail to cut through or break them, and plant residues will be pressed
into the notches. Therefore, it is necessary to speed up the processes of plant residue
mineralisation and associated mechanical weakening. Different biological prepara-
tions are being increasingly used to activate such processes. Biological preparations
create a distinct culture and ensure long-term and stable fertility of field plants,
while maintaining a clean environment without causing damage to people (Ahmadi
2010). Biological preparations are most often used as soil and plant nutrients. Plants
sprayed with a solution of such a preparation assimilate mineral nutrients much bet-
ter and grow more vigorously, so plant productivity increases. Some biological
preparations consist of nitrogen-fixing stem bacteria and biologically active materi-
als that affect the structure of plant residues. Therefore, mineralisation of the plant
residues is activated on the soil surface, and the nitrogen-fixing bacteria perform the
function of speeding up the processes of plant residue decomposition and weaken-
ing of the mechanical characteristics of the residues at the same time (Jakiene 2011;
Holtze et al. 2008; Ahmadi 2010).
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Fig. 7.4 Influence of biological preparation with free-living nitrogen-fixing bacteria on the break-
ing force of winter oilseed rape over time. Breaking force required for winter oilseed rape residues
decreased significantly (4.7 times) during the first week after harvesting. The significant effect of
biological preparation was estimated only after 3 weeks after harvesting: breaking force required
for residues treated with bio-preparation was two times lower to compare with untreated residues.
(From: Vaitauskiene et al. 2015)

7.5.1 Breaking Force of Oilseed Rape Residue

Breaking of winter rape residues decreased significantly within the first 7 days of
the experiment. After the first week, the force required to break winter oilseed rape
residues decreased approximately 4.7-fold (Fig. 7.4). Maintaining winter oilseed
rape plant residues under natural climatic conditions for a longer period did not
have any significant effect. Breaking forces varied depending on the moisture con-
tent of the winter oilseed rape residues. The effect of the biological preparation with
free-living nitrogen-fixing bacteria on the mechanical characteristics of plant resi-
dues was slightly different. At the beginning of the experiment (after 1 week), the
biological preparation had no significant effect on breaking the residues, as the
force required to break the residues was similar to that required to break the plant
residues that were not treated with the biological preparation. Significant differ-
ences were detected only after 3 weeks. Notably, mechanical resistance to breaking
of winter rape residues treated with the preparation decreased significantly after
each week of the experiment, unlike that of naturally maintained winter rape
residues.

The tentative findings on the mechanical breaking characteristics of spring oil-
seed rape residues suggested that 2.6 times lower force is required to break spring
rape residues after harvesting compared with that required for winter rape residues.
However, no such differences were observed at later periods of the experiment. The
effect of the biological preparation on the breaking characteristics of spring rape
residues was significant during the entire experiment. A comparison of the forces
required to break treated and untreated spring rape residues with the biological
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Fig. 7.5 Influence of the biological preparation with free-living nitrogen-fixing bacteria on the
breaking force of spring oilseed rape residues over time. The significant effect of biological prepa-
ration on spring oilseed rape residues was estimated during the first week after harvesting: break-
ing force required for residues treated with bio-preparation was 39% lower to compare with
untreated residues. (From: Vaitauskiene et al. 2015)

preparation revealed significant differences after weeks 1 and 3 of the experiment
(Fig. 7.5). The mechanical characteristics of spring rape residues kept under natural
climatic conditions on the soil surface significantly weakened within the first
2 weeks. However, no significant difference was observed after week 3.

7.5.2 Oilseed Rape Residue Cutting Force

The mechanical cutting characteristics of winter rape residues kept under natural
climatic conditions and those treated with the biological preparation significantly
weakened within the first 2 weeks. Maintaining the winter rape residue on the soil
surface for a longer period did not have any significant effect on the cutting charac-
teristics. The assessment showed that the greatest significant effect was noted after
week 1 of the experiment, regardless of the angle of the cutting knife. Later in the
experiment, the biological preparation tended to lower the cutting force required for
treated winter rape residues compared with that of the untreated residues; however,
the difference was not significant.

The success of cutting winter rape residue was highly dependent on the process
used for cutting, as a vertical knife (Fig. 7.6a) and an angled knife (Fig. 7.6b)
differed.

The vertical knife required twice the force to cut the winter rape residues com-
pared to the angled knife, regardless of whether the plants were treated with the
biological preparation or not. This difference can be explained by the fact that a
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Fig. 7.6 Cutting of plant residues with different knives: (a) cutting with a smooth knife simulating
a disc coulter with a smooth cutting edge; (b) slide-cutting simulating a disc coulter with a serrated
cutting edge. (From: Vaitauskiene et al. 2015)

slide-cutting process occurs when cutting with an angled knife. The soil surface
serves as a carrier, and the knife penetrates the soil, touches the plant residues and
slides through them to cut them. Such a cutting process is seen in no-till and strip-
till technologies, when a disk coulter with serrated blades or knives is used. Plant
residues placed in the notch made by the blades of a disk coulter are cut by slide
cutting. This is a complex process that depends on the shape and geometry of the
disk coulter (Kushwaha et al. 1986) as well as on the depth and radius of the notch
(Sarauskis et al. 2013), cutting speed (Liu et al. 2007), moisture content of the plant
residues and other factors (Ince et al. 2005; Nazari et al. 2008). No sliding occurs
when cutting with a vertical knife; therefore, a higher force is required to cut the
winter rape residues. Slide cutting with a vertical knife can only be achieved if the
disk coulter is forcibly rotated.

Similar experiments early in the study period showed that approximately 62 N
force was required to cut through spring rape residues with a vertical knife, and
similar results occurred with the angled knife (Fig. 7.7). However, later in the study
period, the differences were significant. Spring rape residues maintained on the soil
surface under natural climatic conditions required a mean of 1.7-2.0-times more
force to cut with a vertical knife after weeks 1, 2 and 3 compared with that required
for cutting with an angled knife. Estimates of the effects of the biological prepara-
tion revealed that spring rape residues treated with the biological preparation
required less cutting force, regardless of knife type. Significant differences were
established after weeks 1 and 3 when cutting with the vertical knife, and significant
differences were noted during all experimental periods, i.e. after weeks 1, 2 and 3,
when cutting with the angled knife.

The spring rape residue required 1.7-times less force when cutting with a vertical
knife compared with that required to cut winter rape residue. However, no differ-
ence was found when cutting with the angled knife.

Summarising the experimental results, the mechanical cutting and breaking
characteristics of the plant residues were affected by the biological preparation.
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Fig. 7.7 Influence of biological preparation with free-living nitrogen-fixing bacteria on the cutting
force of spring oilseed rape residues over time when using an angled knife and a sliding motion.
The significant effect of biological preparation on spring oilseed rape residues was estimated dur-
ing the first week after harvesting: cutting force required for residues treated with bio-preparation
was 42% lower to compare with untreated residues. (From: Vaitauskiene et al. 2015)

This must be emphasised, as use of a biological preparation cannot only intensify
residue decomposition but also weaken mechanical characteristics. These processes
depend on the species of plant residue, chemical composition, the C:N ratio, lignin
concentration and other factors (Grabber 2005; Kriauciuniene et al. 2012). The
rapid weakening of mechanical characteristics of plant residues is particularly rel-
evant when applying no-till and strip-till technologies, where plant residues play a
major role in drilling quality. If plant residues are not removed from the seed place-
ment row, the seeds might not be inserted properly into the soil or are incorporated
into the plant residues. This results in lower rates of seed emergence and plant
development. It is very important that the appropriate construction and technologi-
cal parameters of the no-till and strip-till machinery are selected to minimise the
problems associated with plant residues, as a smooth process is highly dependent on
them. Our experimental results suggest that significantly less force is required to cut
plant residues when slide cutting is ensured.
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7.6 Accumulation of Allelochemical Compounds in Oilseed
Rape and Effect on Agricultural Crops and Weeds

7.6.1 Plant Allelopathy and Factors Governing These
Properties

Allelopathy is any process involving secondary metabolites produced by plants,
algae, bacteria and fungi that affect the growth and development of agricultural and
biological systems. This definition of allelopathy was adopted by the International
Allelopathy Society after the first World Congress on Allelopathy in Spain in 1996.
The effects can be positive, negative or neutral. The active compounds in this pro-
cess are called alellochemicals. Allelochemical interactions among plants have been
recognised as a key factor for modelling crop and weed growth, cropping systems
and technologies (Rice 1984).

Particular species of agricultural plants and weeds can be used to control other
weeds, diseases and pests in traditional agroecosystems. Allelopathy is directly
involved in plant breeding, soil fertility, tillage, plant protection and agricultural
systems and can be important in modelling crop productivity and maintaining
genetic diversity and ecosystem stability (Weston and Duke 2003). It is very impor-
tant to know and recognise the allelopathic mechanism, as it is related to the action
of allelochemical compounds of plants possessing allelopathic properties between
crops and weeds, crops and crops and the toxicity of exudates released by crop and
weed residues or roots. Allelopathy is closely related to environmental stress,
including the effects of insects and diseases, temperature spikes, variations in nutri-
ent and moisture contents, soil acidity, heavy metal concentrations, radiation and
pesticides. These biotic and abiotic factors often increase production of allelochem-
icals and strengthen the allelopathic potential of plants, which determines their self-
defence and survival (Anaya 1999). These factors not only affect the concentration
of allelochemicals but also the duration of their allelopathic effect and their break-
down in the environment (Inderjit and Kreating 1999).

Inderjit et al. (2011) proposed that allelopathy should be investigated starting
with plant evolution and biogeography and move towards interactions among plants
in the plant community, interactions among soil communities and responses to envi-
ronmental factors as well as processes in the rhizosphere, such as various chemical
transformations (Fig. 7.8).

Agricultural crops, weeds and microorganisms are sources of allelochemical
compounds. Allelochemicals are biochemical constituents of all organisms that are
released into the environment during decomposition of organic matter (Aldrich
1987). Several hundred organic allelochemical compounds released by plants or
microbes can affect growth and survival of other plants. Allelopathic inhibition or
stimulation occurs due to allelochemicals that either inhibit or stimulate physiologi-
cal processes in the receiver plant (Einhelling 1995; Vaughn and Boydston 1997).
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Fig. 7.8 Effects of ecosystem factors, biogeographic variations and coevolutionary relationships
on the production, release and activities of allelochemicals along spatial and temporal scales.
(Reprinted with permission of [Elsevier, Copyright (2017)]” from Inderjit et al. (2011))

Brassicaceae plants are often distinguished by their allelopathic properties
(Malik et al. 2010; Petersen et al. 2001; Haramoto and Gallandt 2005). Laboratory
analyses verify the autotoxic effect of oilseed rape residues and their aqueous
extracts and root exudates on seed germination and plant growth (Yasumoto et al.
2011). Sunflowers grow poorly in fields where oilseed rape had been cultivated
previously. Jafariehyazdi and Javidfar (2011) established that aqueous extracts of
oilseed rape residues reduce the germination capacity of sunflower seeds and inhibit
their growth. Marcinkeviciene et al. (2013) assessed the effects of aqueous extracts
from the areal parts of Sinapis alba and Brassica napus on spring barley germina-
tion and establishment. The highest concentrations of aqueous extracts of the areal
parts of the tested plants decreased spring barley germination and inhibited estab-
lishment. Hoagland et al. (2008) investigated the effect of oilseed rape meal on
germination and growth of plants. They established that oilseed rape meal incorpo-
rated in soil inhibits germination of Triticum aestivum, Vicia villosa and Echinochoa
crus-galli, whereas it stimulated an increase in biomass of the areal parts.

Uremis et al. (2009) performed laboratory and field experiments to investigate the
allelopathic effect of six Brassicaceae plants on johnsongrass (Sorghum halepense
L. Pers.) and established that white round radish (Raphanus sativus L.), garden rad-
ish (R. sativus L.), black radish (R. sativus L. var. niger), little radish (R. sativus L.
var. radicula), turnip-rape (Brassica campestris L. subsp. rapa) and oilseed rape (B.
napus L. oleifera DC) inhibit the growth of johnsongrass. The strongest inhibitory
effect was demonstrated by the black radish extract, which had the highest content of
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allelochemical compounds (benzyl isothiocyanate and allyl isothiocyanate). They
concluded that Brassicaceae plants have strong allelopathic inhibitory actions.

Experiments were carried out using Brassicaceae plants as cover crops in plastic
tunnels where tomatoes (Solanum lycopersicum) were cultivated. The effect of tur-
nip (Brassica rapa), oriental mustard (B. juncea) and a blend of brown mustard (B.
juncea) and white mustard (Sinapis alba) on yellow nutsedge (Cyperus esculentus)
and johnsongrass (S. halepense) growth was investigated. The glucosinolate analy-
sis revealed that the blend of brown mustard, oriental mustard and turnip produced
26,399, 16,798 and 18,847 umol m~2 glucosinolates, respectively. The Brassicaceae
plants reduced the amount of papyrus yellow nutsedge by <39% and that of john-
songrass by <46%; therefore, they would be useful to apply in an integrated weed
control system (Bangarwa and Norsworthy 2014).

Walsh et al. (2014) investigated the allelopathic effect of camelina (Camelina
sativa) and oilseed rape against wild oat (Avena fatua), flax (Linum usitatissimum)
and radish (R. sativus). The leaf washings of camelina and oilseed rape increased
the weight of radish, whereas flax seedling weight only increased in response to the
oilseed rape leaf washings. The aqueous extracts of camelina and oilseed rape green
mass (an entire flowering plant) reduced the germination capacity of wild oat, flax
and radish seeds. Seedlings and root mass of wild oat and radish decreased as well.
The soil-incorporated green mass of camelina and oilseed rape stimulated the
growth of radish biomass but only oilseed rape green residues stimulated the growth
of wild oat biomass. Such variations between the experiments and plant species
require detailed research into the allelopathic interactions between plant species and
a detailed analysis of allelopathic compounds.

7.6.2 Allelochemical Compounds Present in QOilseed Rape
and Residues

Allelochemical compounds occur in oilseed rape final products, intermediate prod-
ucts or secondary metabolites of biochemical processes. Most allelochemical com-
pounds are classified as secondary metabolites and appear as the main metabolic
by-product and accumulate in the roots, stems, leaves, flowers and seeds. The high-
est concentration of allelochemical compounds during the growing season is found
in leaves and at the end of the growing season in seeds (Gill et al. 1993).

Oilseed rape produces diverse and abundant quantities of phenolic compounds
which, as allelochemical compounds, are distinguished by their various ecological
and physiological purposes (Pichersky and Gang 2000; Noel et al. 2005). These
compounds perform structural functions (e.g. intermediate compounds in the ligni-
fication process) and are also important in the general plant defence system against
diseases and pests (Lattanzio et al. 2012). Phenolic compounds are a very heteroge-
neous group that is universally and widely distributed in plants and quite frequently
their concentrations are surprisingly high. Biosynthesis of different phenolic
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compounds in plants has evolved in response to changes in the external environment.
Besides their many other functions (e.g. cell wall formation and defence functions),
phenolic compounds determine plant colours and specific flavours and smells. The
accumulation of these compounds in plant tissues is considered a general adaptive
plant response to unfavourable environmental conditions to improve survival status.
Moreover, these secondary metabolites are physiologically important as a means to
store carbon that can be utilised when nitrogen is limited or photosynthesis slows.
The model of phenolic compounds in oilseed rape is complex, as these low-
molecular weight substances are distributed unevenly in plants, and differences can
be observed at different oilseed rape growth stages. The highest concentrations of
these secondary metabolites are present in the plant parts responsible for survival
and reproduction (Wink 2003; Noel et al. 2005; Singh and Bharate 2006; Yu and Jez
2008). Low molecular weight phenols are growth regulators or allelochemicals
responsible for stabilising biological processes in plants in response to environmen-
tal change. Understanding the functional mechanisms of phenolic compounds will
allow for more sustainable agriculture including weed and pest control with the help
of crop rotation and biocontrol (Popaa et al. 2008).

The key allelochemical compounds synthesised by oilseed rape are glucosino-
lates. Glucosinolates (beta-thioglucoside-N-hydroxysulphates) are isothiocyanate
precursors present in 16 families of dicotyledonous angiosperms, including a large
number of edible species. At least 120 different glucosinolates have been identified
in these plants, although closely related taxa typically contain only a small number
of such compounds (Agerbirk and Olsen 2012). The highest content of these com-
pounds is found in Brassicaceae plants in the order Capparales, to which oilseed
rape belongs. Glucosinolates are nitrogen- and sulphur-rich anionic secondary
metabolites otherwise known as p-thioglucoside-N-hydroxysulfates or cis-N-
hydroximinosulphate esters. Glucosinolates are also called mustard oil glycosides.
They are naturally synthesised compounds specific to Brassicaceae that have allelo-
pathic activity (Malik et al. 2010; Petersen et al. 2001; Yasumoto et al. 2011). These
secondary metabolites are composed of hydrophilic f-D-glucopyranose, a sulphated
functional group of thyohydroximate and a hydrophobic aglycone (otherwise called
a radical). Natural glucosinolates differ from each other only in the structure of the
aglycone. Glucosinolates are distinguished as aliphatic, aromatic and indole based
on the amino acids comprising the aglycone (Fig. 7.9).

Several glucosinolates are specific to different plant families. Oilseed rape con-
tains 14 different types of these compounds. Glucosinolates themselves are not toxic
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Fig.7.9 Examples of aliphatic, aromatic and indole glucosinolate structures. (Reprinted with per-
mission of [Elsevier, Copyright (2017)]” from Wittstock and Halkier (2002))
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Fig. 7.10 Glucosinolates are hydrolysed by myrosinases upon tissue damage. (Reprinted with
permission of [Elsevier, Copyright (2017)]” from [Wittstock and Halkier (2002))

but hydrolysis begins when plant tissue is damaged (Fig. 7.10). Then, myrosin cells
release the enzyme myrosinase, which catalyses this process (Borgen et al. 2010).
During hydrolysis of glucosinolates, D-glucose and the unstable aglycone thiohy-
droximate-O-sulphonate uncouple and form several biologically active and most
often toxic, volatile compounds (Brown and Morra 1996; Vaughn and Berhow 2005).
The composition of the products of glucosinolate hydrolysis depends mostly on
the side chain structure and the reaction conditions. If pH is neutral, an unstable
aglycone is transformed into an isotihiocyanate. Oxazolidin-2-thiones are formed if
the glucosinolate side chains hydroxylate carbon. An environment containing iron
ions (Fe*?) or epitiospecific protein (e.g. rapeseed) favours formation of nitriles. The
formation of nitriles requires a pH < 3. Otherwise, sulphur atoms detach after the
side chain double bond breaks (nitrile formation is determined by a double bound)
and epionitriles are formed. Some glucosinolates are hydrolysed to thiocyanates.
Glucosinolates and myrosinase are the main constituents of the system allowing
plants to defend themselves against herbivores, pathogens and weeds. Researchers
have called the activity of this system volatile products of glucosinolates hydrolysis,
a mustard oil bomb or simply mustard oil (Borgen et al. 2010; Kissen et al. 2009).
These studies have pointed out the importance of mustard oil production as well as
its ecological and nutritional relevance. The biological availability of glucosinolate
degradation products in the soil has been investigated after glucosinolates have been
completely hydrolysed. The degradation products are bound to hydrophobic compounds
absorbed by humic substances, microbial biomass or form stable complex com-
pounds with soil minerals (Poulsen et al. 2008). Thus, hydrolysis of glucosinolates
occurs rapidly and isothiocyanates and other toxic compounds are formed and
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involved in the matrix of less biologically available compounds in the soil. The
complete breakdown of these compounds is a much slower and insufficiently
explored process (Gimsing et al. 2006).

Residues of Brassicaceae plants and rapeseed meal, a by-product of extracting
rapeseed oil, are characterised by an inhibitory effect on weed seed germination
(Hoagland et al. 2008). Petersen et al. (2001) investigated the effect of isothiocyanates,
glucosinolate hydrolysis products, present in turnip rape ‘on the germination of
Chenopodium album, Tripleurospermum perforatum, E. crus-galli, Vicia villosa,
Sonchus arvensis and winter wheat. The five isothiocyanates isolated, such as allyl,
n-butyl, 3-butenyl, benzyl and 2-phenylethyl, inhibited germination of the tested
plants. Brown and Morra (1997) reported that other volatile compounds are released
during hydrolysis of glucosinolates present in rape residues and the products of micro-
bial residue decomposition also reduce seed germination. Volatile substances and
water-soluble allelochemicals inhibit seed germination of lettuce (Lactuca sativa)
(Brown and Morra 1996). Thiocyanate ions (SCN~) have herbicidal characteristics and
are used as an active ingredient in commercial herbicides (Borek and Morra 2005).
Isothiocyanates and other volatile compounds can be used in crop protection systems
against diseases and pests (Gimsing and Kirkegaard 2006; Bjorkman et al. 2011).

Glucosinolates and/or their metabolic products have long been known for their
fungicidal, bacteriocidal, nematocidal and allelopathic properties and have recently
attracted intense research interest because of their chemoprotective, therapeutic and
prophylactic attributes (Matusheski et al. 2006; Halkier and Gershenzon 2006;
Hayes et al. 2008; Traka and Mithen 2009). The major focus of research on gluco-
sinolates has been on the negative aspects of these compounds because of the preva-
lence of certain ‘antinutritional” or goitrogenic glucosinolates in oil or meal produced
from Brassicaceae seeds (Mawson et al. 1993; Taraz et al. 2006). Many of these
biologically active and chemically diverse compounds have been identified during
the past three decades. Besides Brassicacae vegetables, these glucosinolates have
been found in hundreds of species, many of which are edible or could provide sub-
stantial quantities of glucosinolates for isolation, biological evaluation, and potential
application as dietary or pharmacological agents. Significant progress has been
achieved in research on glucosinolates; however, it is important to clarify the essen-
tials of their biosynthesis, identify the reason for the formation of specific glucosino-
lates and their role in the metabolic process to understand how and why plants
synthesise glucosinolates. These findings will facilitate better use of the potential of
glucosinolates in agriculture and medicine (Halkier and Gershenzon 2006).
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7.6.3 Effect of Oilseed Rape on Weeds, Soil Properties
and Post-Crop Environment

An agroecosystem is a man-made environment in which a natural ecosystem is
often replaced by a single crop species, leading to reduced plant genetic diversity
and often leaving the crop susceptible to a variety of weeds, pathogenic fungi, bac-
teria, viruses and certain herbivores (Batish et al. 2006).

Because agricultural land is rich in nutrients and there is a period when it is unoc-
cupied by crops, it becomes prime territory for weed invasion, which leads to the
high costs associated with weed control in crop fields (Zhang et al. 2011). A major
task for contemporary scientific research on plant breeding, soil fertility and tillage,
plant protection and cropping systems is to stabilise and sustain agroecosystems
(Weston and Duke 2003). A stable functioning agrocenoses is determined by soil
organic matter content. The largest quantities of organic matter are returned to the
soil in plant residues. They improve soil microbiological activity and the intensity
of the biochemical processes occurring in the soil, which has a considerable effect
on the vital activity of microorganisms. Some studies indicate that soil enzyme
activities increase when plant residues are incorporated into the soil (Wang et al.
2011). The improvements in soil resulting from oilseed rape cultivation are deter-
mined by the amount of organic matter remaining in the soil, its chemical composi-
tion and the intensity of mineralisation and humification, which depend on the C:N
ratio and lignin content. Growing oilseed rape plants develop a matted root system,
which entwines the plough layer, aerates it and penetrates deeply (to 3 m) into the
subsoil; thus, improving soil structure, aeration, moisture turnover and microorgan-
ism activities. Kong et al. (2009) suggested that root surface area and activity have
a marked effect on soil enzyme activities. Oilseed rape roots release exudates into
the soil, which results in the abundance of various organic compounds in the root
rhizosphere (Velicka 2002). Winter oilseed rape, grown for seed, leaves about
5.02 t ha™! residues, i.e. 1.46-times more than cereal. Such a quantity of organic
matter has a positive impact on the soil and crop yield for the next 2 years (Velicka
2002). The C:N ratio of rape residues is favourable for decomposition. Due to the
higher lignin content than many other crops, rape residues decompose at a slower
rate, so their effect on soil and the post-crop environment lasts longer. Various types
of oilseed rape residues decompose at different rates. Rape threshing remains
decompose at a higher rate (70% within 3 months), therefore the nutrients can be
utilised post-crop shortly after their incorporation into the soil. Stubble and roots
decompose at a slower rate (50% within 14.5 months); therefore, the nutrients are
utilised during later post-crop growth stages. Winter rape roots decompose at the
slowest rate (60% within 26.5 months) because they contain a high lignin content,
resulting in a delay in the formation of potential nutrients and humic substances
(Kriauciuniene 2008). Oilseed rape residues contain many micromycetes, which
together with other microorganisms, decompose cellulose, lignin and recalcitrant
nitrogen and phosphorus compounds and accumulate nutrients to protect them from
being leached. The population of micromycetes varies with the decomposition of
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rape residues in the soil; some genera disappear and others emerge. The best sub-
strate for these microorganisms is decomposing rape threshing remains. The largest
population of these microorganisms is found on threshing remains that decomposed
26 months in the soil. The highest incidence of cellulose decomposers on rape roots
was established in month 20 of decomposition (Velicka et al. 2009).

Use of the allelopathic properties of oilseed rape for weed control is potentially
important considering crop productivity, genetic diversity conservation and moni-
toring of ecosystem stability (Singh et al. 2004). Oilseed rape plants release chemi-
cal compounds into the environment that can suppress the growth and establishment
of other plants growing in their vicinity. However, allelopathic chemicals have other
ecological roles, such as plant defence, nutrient chelation and regulation of soil
biota in ways that affect decomposition and soil fertility. These ecosystem-scale
roles of allelochemicals augment, attenuate or modify their community-scale func-
tions; how plant communities form is a key question in ecology (Inderjitet al. 2011).
Plant-released chemicals have a marked impact on organic matter decomposition
(Héttenschwiler et al. 2011), pests (Karban et al. 2006), trophic interactions
(Héttenschwiler and Jorgensen 2010) and the nitrogen cycle (Northup et al. 1998).
Over the past 20 years, only a few of the numerous studies that have been conducted
in the field of allelopathy have attempted to reveal allelopathic interactions in a
wider context (Metlen et al. 2009; Inderjit et al. 2011; Lankau and Strauss 2007,
Tharayil et al. 2009).

Brown and Morra (2009) established that incorporating Brassicaceae residues
into the soil increases plant-available nitrogen content. The soil where rape residues
grew contained a high glucosinolate concentration and higher concentrations of
NH," and NO,™ ions, compared with the soil in which Poaceae residues were incor-
porated. The positive correlation between these ions and glucosinolate concentra-
tion in the residues suggests that the products of glucosinolate hydrolysis are
involved in inhibiting soil nitrification. When phenolic compounds present in rape
residues are introduced into the soil, they change the dominant direction of the
nitrogen turnover cycle from a mineral into an organic form, which reduces likely
nitrogen losses and increases the regeneration rate of nitrogen present in rape resi-
dues by microbial symbiosis. These substances form complex compounds with alu-
minium and manganese by reducing their toxicity potential and by fixation with
phosphorus in the soil. Phenolic compounds regulate changes in the organic matter
by determining their accumulation in the soil and by preventing leaching of cationic
forms of nutrients (Northup et al. 1998).

Oilseed rape is a good pre-crop for many crops. The yield of winter wheat grown
after winter rape is significantly higher compared with that of monocropped wheat
or after barley and does not significantly differ from that of winter wheat grown
after a vetch and oat mixture for green mass, clover and early potatoes. Wheat per-
forms better when sown after Brassicaceae compared with other pre-crops. The
yield of barley grown after winter rape was 17% higher than that of continuously
grown barley or after winter wheat. Thus, winter rape has greater value as a pre-crop
for barley whereas spring rape is a better pre-crop for potatoes. As a post-crop, bar-
ley yields are better after winter rape which was sown after a vetch and oats mixture
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for fresh mass or after early potatoes. Barley yields are better after spring rape sown
after clover (Velicka 2002). Spring rape incorporated into the soil as green manure
stimulates the germination of winter wheat sown after 1 month (Zacharovich 2005).
Pot experiments showed that oilseed rape residues are an important source of phos-
phorus for post-crops. A direct relationship has been established between the phos-
phorus content incorporated into the soil with rape residues and phosphorus content
uptake by plants (Pellerin et al. 2007).

Oilseed rape, which increases soil fertility; thus, it is a good pre-crop for cereals,
particualry with their specialised crop rotations (Velicka 2002). Oilseed rape is par-
ticularly suitable for inclusion in the crop rotation between cereals. Notably, the
negative effects of continuous wheat cropping are eliminated by using oilseed rape
as the pre-crop. Winter and spring rape are more valuable pre-crops than vetch and
oat mixture when growing barley, whereas winter wheat and barley are less valuable
as pre-crops than potatoes and first-year clover (Velicka 2002).

It is better to sow winter wheat after oilseed rape than continuously crop or sow
after barley (Velicka 1995). Winter rape is a better pre-crop to enhance barley yield,
whereas spring rape is best for potato yield. Post-crop barley yields best after winter
rape, which was sown after a vetch and oats mixture for green mass or after early
potatoes (5.0% yield increase). Barley also yields best (4.17 t ha™!) when spring
rape is grown after clover and barley is grown after spring rape, compared with
other pre-crops (Velicka 2002).

Some researchers have pointed out the negative effects of oilseed rape as a pre-
crop. Spring rape as a pre-crop may favour the spread of Cercospora leaf spot in
sugar beet crops. Spring rape grown as a pre-crop for sugar beet does not reduce
sugar beet root yield, compared with winter wheat; however, it slightly reduces root
sugar content (Zemeckis 1993).

The organic matter left after oilseed rape has a positive impact on soil and
increases yield of other crops for two subsequent years (Velicka 2002). This depends
on the rape post-harvest residue mineralisation and humification processes. German
researchers have shown that cereal yield is 0.1-0.2 t ha™! higher after 2 years of
oilseed rape, than after other pre-crops (Spielhaus 1980). Swedish researchers have
also noted the positive effect of oilseed rape on grain crops 2 years after its cultiva-
tion (5-10% yield increase) (Ebbersten 1981). Winter rape warrants a high yield for
post-crop barley grown after winter wheat. A particularly pronounced positive effect
of winter rape on soil fertility persisted for post-crop barley in the sequences of
winter rape—potatoes—barley and winter rape—barley—barley (Velicka 2002). This
can be explained by a better nutrient balance and the phytosanitary properties of
winter rape. Spring rape improves soil fertility when barley is cropped continuously
or when it is grown after poorer pre-crops (winter wheat) (Velicka 2002).

Winter rape is harvested early and after harvesting the soil and is generally weed-
free and abundantly entwined by rape roots which improves soil structure and nutri-
ent accumulation and creates favourable conditions for aeration, moisture turnover
and microorganism activity. Microbiological processes in the soil after oilseed rape
is cultivated are much more intensive than those after cereals because they occur
during a warmer period of the year (Makovski 1990). Oilseed rape roots and the
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above-ground residues in soil decompose to replenish soil humus stocks. There is a
close connection between soil humus content and soil structure. The higher the soil
humus content, the more water-stable soil particles are bound by humus colloids
(Zemeckis 1993).

Although the best soil structure is generally achieved after clover, soil structure
is better after winter and spring rape than after winter wheat, a vetch and oat mixture
and potatoes (Velicka 2002). This is determined by the amount of rape roots and
above-ground residues as well as their chemical composition (Magyla et al. 1997).
Soil structure also depends on the area of winter rape in the crop rotation. Water
stable soil particle content decreases (due to the mineralisation activity) and soil
structure deteriorates when winter rape occupies 60% of the total area in a cereal
crop rotation (Velicka 2002).

Winter rape has a more abundant soil root structure than spring rape; therefore, it
leaves more organic matter in the soil. Organic matter is decomposed by the sapro-
phytic microflora and is further processed by oligotrophs, and some parts of it (mostly
the cyclic compounds) are converted to humus. NH;, H,S, H, and other compounds
are released when microorganisms mineralise humus (Aleksandrova 1980).

The greatest effect on humus content and its composition is exerted by the fol-
lowing factors that govern the course of humification and mineralisation and their
intensity: soil texture and mineral composition, physical and chemical properties,
particularly the acidity of the soil solution, hydrothermal regime, aeration, plant
residue content, their biological and chemical properties, and the composition of
microorganisms (Aleksandrova 1980). Humic and fulvic acids are produced during
humification. Soil physical and chemical properties deteriorate and the soil becomes
more acidic when fulvates are prevalent (Beyer 1996; Arlauskas and Slepetiene
1997; Velicka 2002).

Mineralisation differs from humification. The best conditions for mineralisation
are created when soil moisture, temperature and aeration conditions are optimal.
During mineralisation, soil organic matter is decomposed to plant-available nutri-
ents, which are rapidly leached from the soil (Aleksandrova 1980). The key objec-
tive of modern agriculture is to maintain the balance between these processes and to
preserve optimal humus content, as the main accumulator of solar energy, in the
soil. This objective is being pursued through crop and soil management practices
directed towards soil improvement. Humus composition and the ratio of humic to
fulvic acids represents the level of soil amelioration (Velicka 2002).

The amount of nutrients in the soil is largely determined by biological properties
of plants, harvesting time and method and meteorological conditions (Wolf and
Snyder 2003). Oilseed rape is distinguished by a high demand for nutrients (Velicka
2002), particularly for nitrogen and sulphur. Oilseed rape contains higher concen-
trations of these nutrients compared with most cereals (Singh et al. 2004). Total
nitrogen content decreases by 14-30%, P,Os by 23-44%, and K,O by 14-47% in
crop rotations in which winter and spring rape account for 25, 50 and 75% of the
total area after the first rotation (4 years). Changes in the contents of other elements
(CaO, MgO, B, Mo, Zn, Co) in the soil are insignificant (Velicka 2002).
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7.7 Conclusion

Improvements in soil with winter and spring oilseed rape growth are determined by
the peculiarities in the chemical composition and decomposition of their residues.
The decomposition of winter and spring oilseed rape residues in the soil depends on
their chemical composition, the C:N ratio and the amount of lignin. The influence
of agrometeorological conditions on decomposition of different crops residues
depends on the residue type and chemical composition. The groups of microorgan-
isms participating in the decomposition of winter and spring oilseed rape residues,
their amounts and micromycetes cenosis and distribution depend on the environ-
mental conditions and crop residue type.

The accumulation of phenolic compounds in different parts of oilseed rape
depends on the growth stage, whereas the accumulation of phenolic compounds in
decomposing residues depends on the duration of decomposition. Quantitative and
qualitative composition of glucosinolates and volatile organic compounds depends
on the rape residue and the duration of their decomposition in soil. Rape residues
and the duration of their decomposition have different effects on the germination
and early growth of agricultural crops and weeds.

Research findings suggest that a biological preparation weakens mechanical cut-
ting and breaking properties of winter and spring oilseed rape residues. The force
required for cutting and breaking of these plant residues decreases much faster than
that needed for plant residues untreated with a biological preparation. The mechani-
cal characteristics of breaking spring rape residue at the beginning of the experi-
ment differed from those of breaking winter rape residue. The force required to
break of spring rape residues under natural climatic conditions decreased signifi-
cantly within the first 2 weeks, while in week 3 the decrease was insignificant. In
treatments in which the biological preparation was applied, the force required for to
break the residue decreased significantly during the entire experimental period. The
best results cutting winter rape and spring rape residue were achieved when cutting
was performed with an angled knife, and slide cutting was ensured.
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Chapter 8 )
Biochar Amendment to Soil i
for Sustainable Agriculture

Vipin Kumar Singh, Ajay Kumar, and Rishikesh Singh

Abstract The management of surplus lignocellulosic wastes, deteriorating soil
quality, food insecurity and changing climate are major issues. The overuse of pes-
ticides and synthetic fertilizers has deteriorated soil natural properties. Therefore,
sustainable agriculture based on improvement in soil characteristics is a major
requirement to enhance crop productivity. Various soil ameliorant have been pro-
posed for restoring soil health and viability. For instance, biochar produced from
plant and animal products improves soil properties. Properties of biochar are influ-
enced by parameters such as type of feedstock material, temperature and residence
time.

We review biochar application to soil. First, we evaluate the role of various produc-
tion conditions such as pyrolysis temperature and feedstock type on biochar charac-
teristics. Then we discuss the following aspects of biochar: habitat modification by
biochar application, carbon sequestration, environmental contaminant management,
crop productivity, disease management, slow release fertilizers, and risks associated
with biochar amendment. Biochar as soil ameliorant leads to reduced greenhouse
gas emission, enhanced carbon sequestration, ecological restoration and increased
crop productivity. Biochar production for soil amendment is also a good option for
waste management and bioenergy production. Another advantage of biochar appli-
cation to soil is the decreased availability of soil contaminants and improved effi-
cacy of applied agrochemicals.

Keywords Biochar - Carbon sequestration - Slow release fertilizer - Crop produc-
tivity - Greenhouse gas - Soil amendment
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8.1 Introduction

The grain production has enhanced after the introduction of green revolution world-
wide. In addition to grain production, surplus amount of crop residue and related
wastes are generated which is of prime concern for their management (Lal 2008).
Most of these residues are being openly burnt leading to various tangible and intan-
gible consequences on the environment and human health (Crutzen and Andreae
1990). Moreover, from very long time, use of compost and manure derived from
animal/plant sources has been replaced by synthetic agrochemicals. Agricultural
practices using very large quantities of herbicides, pesticides and fertilizers are
known to disturb the natural properties of soil viz. soil organic carbon, soil physico-
chemical properties and microbial population (Srivastava et al. 2016). Reports are
available indicating the reduction in population of soil beneficial microbes after
application of chemical fertilizers. Overutilization of agrochemicals in soil has det-
rimental consequences similar to overuse of antibiotics for human health. Application
of excess fertilizers may be effective for few years but after a certain time it leads to
soil quality degradation resulting from reduced availability of soil inhabiting organ-
isms (Savonen 1997). For example, growth and viability of nitrogen fixing bacteria
is reduced by glyphosate (Santos and Flores 1995) and 2,4-D (Arias and Fabra
1993; Fabra et al. 1997) application in soil. Reduction in soil productivity is a big
problem and drawing attention of soil scientist worldwide. In contrast to the physico-
chemical methods used for soil management practices biological methods are less
costly and environment friendly. One of such biological approach involves the
application of biochar.

Biochar is a biologically derived material obtained from the thermo-chemical
decomposition of organic biomass under reduced oxygen environment in a closed
chamber conditions and used for soil amelioration (Lehmann and Joseph 2009;
Singh et al. 2015). It has been defined from time to time based on its physicochemi-
cal properties and various environmental applications. It is defined as the carbon
rich material produced after heating (pyrolysis) of organic material such as wood,
leaves or manures in the absence or very little presence of oxygen (Lehmann and
Joseph 2009). Shackley et al. (2012) defined biochar as carbon enriched porous
material generated by thermochemical decomposition in oxygen depleted environ-
ment that bears the characteristics of large pool carbon storage. Verheijen et al.
(2010) described biochar as pyrolyzed biomass generated under oxygen deficient or
limited condition for application in soil with the purpose of soil quality improve-
ment and carbon sequestration but simultaneously neutralizing the detrimental
impact on plant, human and animal system. It differs from other carbonaceous spe-
cies based on its oxygen to carbon (O:C) ratio ranging in between 0.4 and 0.6
(Schimmelpfennig and Glaser 2012). However, the exact chemical nature of the
biochar prodcut depends upon the pyrolysis condition and type of biomass used as
shown in Table 8.1 (Lehmann and Joseph 2009).

Biochar is getting higher attention recently due to its nutrient retention capacity
as soil nutrient loss is one of the important limitations for the sustainable agriculture
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(Renner 2007). The enhanced nutrient retention property under biochar applied sys-
tem is due to its high adsorption capacity and inherent stable nutrient source as
compared to other organic materials (Chan et al. 2007). However, a proper under-
standing of soil-crop-climate is imperative for beneficial biochar properties (Singh
et al. 2015). Singh et al. (2015) have recently reviewed the crop residue based bio-
char and suggested it as an effective ameliorant for sustainable agriculture. Due to
long term soil residence and resistance against chemical oxidation, biochar serves
the function of carbon sink. Impact of biochar application on mycrorrhizal system
was investigated by Warnock et al. (2007). They reported the role of biochar as habi-
tat for mycorrhizal association. Such interaction of biochar and mycorrhizae were
described to play significant roles in crop productivity, restoration of disturbed eco-
system, carbon sequestration and mitigation of climate change. Biochar soil amend-
ment has been suggested as an effective tool to counter the effect of climate change
(Barrow 2012). Furthermore, biochar improves soil productivity by mechanism of
carbon sequestration and restoration of degraded lands (Lehmann et al. 2011).
Among various advantages conferred by biochar addition to soil ecosystem includes
reduced plant disease (Elad et al. 2010), management of soil acidity (Yuan et al.
2011), enhanced plant productivity (Lehmann et al. 2011), nutrient management
(Lehmann et al. 2003), minimized greenhouse gas emission (Taghizadeh-Toosi
2011), slow release fertilizers (Manikandan and Subramanian 2013), and soil
microbiological activities (Liang et al. 2010). The objective of present chapter is to
give a summarized account of current knowledge about the role of biochar in sus-
tainable agriculture. In the present chapter, we would evaluate the role of various
pyrolysis conditions and feedstock type on biochar characteristics, followed by its
candidature as a sustainable agricultural tool. In terms of sustainable agriculture
tool, we emphasized on the role of biochar on: (1) habitat modification, (2) environ-
mental contaminant management, (3) crop productivity, (4) disease management,
(5) as slow release fertilizers, (6) in carbon sequestration, and (7) risks associated
with biochar amendment to soil.

8.2 Biochar Production Technology

Biochar is produced mainly by three different processes: slow pyrolysis, fast pyrol-
ysis and gasification (Inyang and Dickenson 2015). In fast pyrolysis technique bio-
mass combustion is performed at 425-550 °C in absence of air for very limited time
(2 s) while slow pyrolysis uses air deficient combustion at 350-800 °C for minutes
to hours. Gasification process involves biomass heating from seconds to hours under
presence of oxygen at temperature equivalent to or greater than 800 °C. The proper-
ties of biochar in terms of biochar yield, pH, particle size and surface area are
dependent on the methods by which they are produced, thus varying under different
conditions of generation. Partially pyrolyzed biochar produced under conditions of
fast pyrolysis possess the higher content of carbon available to microbial growth
thus less suitable for carbon sequestration (Bruun et al. 2011). Thus, application of
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Table 8.2 Some commonly used feedstock material for biochar production

Material type Temperature (°C) | Purpose/application References

Wheat straw 300, 600 Carbon mineralization Junna et al. (2014)

Wheat straw 450 Greenhouse gas emission | Wu et al. (2013)
study

Wheat straw 450 Carbon sequestration Cheng et al. (2012)

Wheat straw 450 Nitrate and phosphate Lietal. (2016)
removal

Wheat straw 300 Sorption and leaching of Tatarkova et al. (2013)
herbicide

Wheat straw 300 Remediation of petroleum | Ying and Chun (2014)
contaminant

Wheat straw 250-750 Chloropyrifos removal Wang et al. (2015)
from water

Wastewater sludge | 300-700 Sludge management Hossain et al. (2011)

Sugarcane bagasse | 600 Agriculture waste Inyang et al. (2010)
management

Orange peel 150-700 Sorption of naphthalene Chen and Chen (2009)
and 1-naphthol

Eucalyptus grandis | 300-450 Poultry manure composting | Dias et al. (2010)

Orange peel 250-700 Contaminant removal from | Chen et al. (2011)
water

Wood 550 Use as electron donor and | Saquing et al. (2016)
acceptor

Rice husk Not specified Soil health and crop Pratiwi and Shinogi (2016)
productivity

Rice and bamboo | 500, 750 Heavy metal Lu et al. (2017)
immobilization in soil

Bamboo 600 Nitrogen retention in soil | Ding et al. (2010)

partially pyrolyzed biomass promotes the immobilization of soil nitrogen (Brewer
et al. 2009). Contrary to fast pyrolysis, slow pyrolysis generates completely pyro-
lyzed biochar and minimizing the risks of nitrogen immobilization (Bruun et al.
2012).

High temperature pyrolysis enhances fixed carbon content for low ash bearing
biochar while same pyrolysis temeperature lowers fixed carbon for more than 20%
ash bearing biochar (Enders et al. 2012). Increase in pyrolysis temperature in the
range of 450-700 °C favors the biochar production with low particle size (Downie
et al. 2009). In contrast, Khanmohammadi et al. (2015) reported increase in particle
density and porosity for sewage sludge with increase in pyrolysis temperature.
Detailed effect of various pyrolysis conditions on biochar physico-chemical proper-
ties is outlined in Table 8.1. Further, a list of commonly used feedstock material for
biochar preparation with multiple purposes has been provided in Table 8.2. The
following Fig. 8.1 describes the general process of biomass pyrolysis and possible
application of various by-products.
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Fig. 8.1 General process of biomass pyrolysis and possible application of various by-products.
Source: International Biochar Initiative. Available at www.biochar-international.org/biochar/
carbon

8.3 Biochar Application and Alterations in Soil Habitat

The properties of biochar are very much distinct from uncharred soil organic mate-
rial and are expected to change with time due to natural weathering, soil mineral
interaction and microbiological process (Lehmann et al. 2005; Cheng et al. 2008;
Cheng and Lehmann 2009; Nguyen et al. 2010).

Biochar can be roughly categorized in three fractions i.e. non labile, labile (leach-
able) and ash portion. Biochar is known to possess higher content of aromatic car-
bon especially the fused aromatic carbons as compared to other generally available
organic matter. The structure and content of fused aromatic carbon is dependent on
temperature; lower temperature favors the occurrence of amorphous carbon while
higher one promotes the abundance of turbostratic carbon (Keiluweit et al. 2010;
Nguyen et al. 2010). The presence of aromatic carbon structures is the chief reason
which facilitate the higher stability of biochar (Nguyen et al. 2010). Despite the
chemical stability of biochar, some fractions may be microbially mineralized
(Lehmann et al. 2009) and reports are available indicating the increase in microbial
activity and abundance (Steiner et al. 2008). The ash portion of biochar bears the
mineral elements such as Fe, S, P, K, Mg, and Ca which can be effectively used by
the plants and microorganisms.

Differences in physical properties of biochar and soil is responsible for altered
soil behavior such as soil tensile strength, hydrodynamics and gaseous exchange
which ultimately leads to major impact on soil biotic community. Application of
low tensile strength biochar may minimize the soil tensile strength. Lower tensile
strength is responsible for easy root elongation, seed germination, efficient nutrient
uptake and invertebrate movement through soil thus affecting the prey-predator
interactions (Lehmann et al. 2011). Very scarce reports are available suggesting the
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impact of biochar on soil bulk density (Major et al. 2010). Changes in soil bulk
density after biochar application may affect soil water interaction, rooting pattern
and soil fauna. The changes may be due to lower biochar density as compared to
minerals and presence of micro and macropores thus responsible for holding air and
water and reductions in overall bulk density of biochar particles.

Contrary to the organic material present in soil, biochar may remain in particu-
late phase for very long duration; however, there may be substantial decrease in
their size over decades. Biochar also do possess the internal pore spaces which may
have important effect on biological processes. Thus, they can be considered as
equivalent to soil aggregate. Biochar aggregates are supposed to serve the variety of
functions such as organic material protection, habitat provision and availability of
proper moisture and nutrient storage (Tisdall and Oades 1982).

8.4 Role of Biochar in Environmental Management

Biochar has the efficiency to adsorb the toxic agrochemicals present in water and
soil, thus reducing the health risk of contaminant and paying the way for ecofriendly
cost-effective management of polluted soil (Ahmad et al. 2014; Mohan et al. 2014).
Biochar application to soil alleviates the effect of toxic organic compounds and
reduces phytoaccumulation (Hunter et al. 2010). McLeod et al. (2004, 2007) have
reported reduced accumulation of pentachlorobenzenes and benzo(a)pyrene in
Macoma balthica plants. Reduced accumulation upto 70-87% of polychlorinated
biphenyls in invertebrates was reported by Millward et al. (2005) when marine sand
was amended with biochar. Yang and Sheng (2003) reported that biochar produced
after pyrolysis of rice and wheat feedstocks are 400-2500 more efficient in sorption
as compared to soil itself. Sufficient evidences are available which suggest that soil
application of biochar can immobilize soil pollutants (Smernik 2009) and thus
reducing the risks of phytotoxicity (Beesley et al. 2010; Kim et al. 2015). Yao et al.
(2011) applied biochar derived from anaerobically digested sugarbeet for efficient
phosphate acquisition. The results suggested their use as slow release fertilizers to
manage nutrient deficient soils (Karunanithi et al. 2015; Park et al. 2015a, b).
Higher concentrations of heavy metals in soil impose hazardous risks to plants
and human health. Biochar application to soil has advantageous effects in terms of
hormones and heavy metal adsorption (Paz-Ferreiro et al. 2014). Biochar soil
amendment enhances soil pH, cation exchange capacity and immobilization of
toxic heavy metals (Rajapaksha et al. 2015). Biochar possess some important char-
acteristics such as large surface area, presence of micropores, variety of associated
functional groups and high pH (Chen and Lin 2001) which make them suitable
candidate for their use as efficient biosorbent to immobilize the heavy metals
(Ahmad et al. 2014). Uchimiya et al. (2011a, b) has reported the efficient stabiliza-
tion of copper and lead in acidic soil by surface functional groups assisted ion
exchange present in biochar. Contrary to this, reductions in exchangeable alumin-
ium metals after poultry manure based biochar soil application have also been
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reported by Chan et al. (2008). Both electrostatic and non-electrostatic interactions
are reported to be involved in lead sorption, however, non-electrostatic forces were
more commonly involved one. Biochar possesses the capability of enhancing the
nonelectrostatic interactions with metals and thus restricting their bioavailability to
plants (Jiang et al. 2012). Another mechanism of metal immobilization in soil was
ascribed by the complexation of metals with phosphate present in biochar material
to produce metal-phosphate precipitate (Cao et al. 2009).

Zhang et al. (2017) tested the affinity of sludge derived biochar towards the met-
als like lead and zinc. They found higher lead adsorption as compared to zinc but the
co-presence of lead minimized the zinc adsorption. Process of metal adsorption
onto sludge derived biochar was temperature dependent. The mechanism of sorp-
tion as revealed by photoelectron spectroscopy was metal-phosphate complex for-
mation. Recently Qian et al. (2016) reported the mechanism of zinc sorption on pine
needle and wheat straw derived biochar prepared at two different temperature.
Higher temperature produced biochar were more efficient than low temperature
pyrolyzed biomass. They observed the metal precipitation on the surface of biochar
which was mainly due to the surface functional groups such as hydroxyl, carbonate
and silicate ions. The zinc complexes formed on the biochar surfaces were zinc
hydroxide, hydrozinchite and hemimorphite. Studies are also available regarding
the role of faecal matter and cow dung derived biochar in cadmium phytoavailabil-
ity (Woldetsadik et al. 2016). Faecal matter derived biochar proved superior to cow
dung derived biochar and lime for effective immobilization of cadmium in soil.

8.5 Role of Biochar on Crop Productivity

Biochar application to soil has potential role in crop improvement, soil fertility and
thus crop productivity. Liu et al. (2013) conducted the experiment for testifying the
biochar effect on crop productivity under different agricultural conditions. Good
responses were recorded for pot experiments, acidic soil and sandy textured soil as
compared to field experiment, neutral and loam and silt soil, respectively. Dry land
plants were more responsive as compared to paddy. Biochar produced at high pyro-
lyzing temperature were proved more effective in crop productivity due to liming
effect. Uzoma et al. (2011) carried out experiments regarding the effect of cow dung
derived manure to evaluate the effect on maize yield. Biochar mixing was performed
with sandy soil at different rates to see the effect on test crop in the study. Marked
improvement in maize productivity as well as nutrient uptake was noticed after
increase in application rate of biochar. Increase in net water use efficiency of maize
was also noticed due to rise in hydraulic conductivity. Soil quality was also improved
after addition of biochar. Deb et al. (2016) investigated their study under field condi-
tions with varying nutrient status. They found that soil nutrient status is more impor-
tant determining factor than the parent originating material of biochar and crop
type. The effect of biochar was found more effective for nutrient (phosphorus) defi-
cient soil resulting into the higher crop productivity. Effect of biochar together with
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the phosphate solubilizing microbes indicated that there was significant increase in
crop productivity for phosphate deficient soils as compared to phosphate enriched
soil. Jeffery et al. (2011) conducted a meta-analysis to see the impact of biochar on
productivity; significant but small increase in productivity was found due to liming
effect of biochar application and enhancement in soil water holding capacity.
Poultry litter based biochar formulation was more effective as compared to biosol-
ids which had negative impact on crop productivity. Khan et al. (2013) suggested
the sewage sludge derived biochar for effective management of rice cultivation in
acidic soil. Sewage sludge based biochar application is attractive in the sense of
wider availability but the main limitation comes out in the form of higher back-
ground concentration of heavy metal/metalloids. Using sewage sludge as a potential
source of biochar may reduce the bioavailability of toxic metals and metalloids to
soil and plant ecosystem. There was increase in parameters such as soil pH, total
nitrogen, and soil organic carbon; significant reductions in availability of metals like
arsenic, nickel, chromium, cobalt and lead but not zinc, copper and cadmium. Effect
of plant salt stress can be alleviated by application of higher doses of biochar
(Akhtar et al. 2015; Kim et al. 2016). Reductions in salt-induced mortality were
recorded for plants. Rice hull originated biochar was applied to reclaimed tidal land
soil containing higher level of soluble salts and exchangeable sodium ions to see the
responses on maize crop. Biochar application caused increase in soil organic carbon
and water stable aggregate while decrease was observed for exchangeable percent
of sodium ions. Biochar added soil was found to contain higher content of phos-
phate which promoted the maize yield. The salt effect alleviated after biochar appli-
cation to soil was mainly due to the reduced uptake of sodium ions and higher
accumulation of potassium ion which competed with former for inside cellular
transport. Akhtar et al. (2015) conducted pot experiment in controlled greenhouse to
see the responses of potato crop after biochar amendment to soil. Soil irrigated with
three different salt (NaCl) concentrations under biochar addition at the rate of 0%
and 5% were studied for potato crop responses. Biochar soil amendment had ame-
liorating effect on salt stress which was mainly due to sodium adsorption by bio-
char. Under different soil salinity conditions, increment were recorded in important
parameters like photosynthetic rate, stomatal conductance, tuber yield, and shoot
biomass after biochar soil application as compared to control. Ameliorating effect
of biochar was also described as a function of high content of cellular potassium ion
storage, decreased sodium ions and sodium potassium ratio. Thus biochar applica-
tion may be suggested as an effective practice for management of usar saline soil for
sustainable agriculture.

8.6 Role of Biochar in Disease Management

Biochar application to soil has emerged as an emerging technology for the effective
management of disease. Elmer and Pignatello (2011) conducted experiments to
understand the effect of biochar on Fusarium mediated crown and root rot disease
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in Asparagus. Biochar addition to soil caused reduction in root lesions induced by
Fusarium as compared to control. The reduction in disease may be associated with
reduced iron availability to pathogen. Reduced nutrient availability to pathogen
after biochar addition has opened the new ways to develop disease resistance in crop
plants. Elad et al. (2010) have demonstrated the beneficial effect of biochar in terms
of disease resistance. Induction in disease resistance against fungal pathogen
Botrytis cinerea (gray mold), Leveillula taurica (powdery mildew) attacking on
pepper and tomato and pest (Polyphagotarsonemus latus) infesting on pepper were
seen after biochar addition to soil. The effective biochar dose for disease resistance
was found in the range of 1-5%. Long term study has revealed the significant reduc-
tions in severity of disease after biochar addition to soil, however, the final 25 days
results indicate no differences in disease severity for biochar treated and untreated
soil. The suppressed activity of pathogen may arise by the variety of mechanisms
like (i) activation of beneficial microbial communities exhibiting the property of
competition, antibiosis, parasitism (ii) plant growth promotion by enhancing solu-
bility and availability of nutrients to plants and increased soil water holding capac-
ity; and (iii) biochar induced activation elicitors involved plant defense mechanisms.
Harel et al. (2012) explored the possibility of using biochar for disease management
practice. They elaborated the impact of biochar derived from citrus wood and green-
house waste against fungal pathogen Botrytis cinerea, Colletotrichum acutatum and
Podosphaera apahanis. Tests were performed with 1-3% biochar amended to pot-
ting mixture. Biochar addition suppressed the growth of fungi employing different
infection strategy which was also supported by expression of defense related genes.
Plants grown with 1% greenhouse waste for 25 days had significant reduction in
disease severity as compared to no reduction observed in those grown under same
condition for 10 days only. Increase in dose of greenhouse waste biochar (3%)
resulted into similar effects on mature and young plants grown for 15 and 10 days
only. Reductions in disease severity were also supported by expression of defense
related genes such as FaPR1, Faolp2, Fra a3, Falox and FAaWRKY 1 in disease free
strawberry plants providing direct evidence of disease resistance mechanism by bio-
char addition. Zwart and Kim (2012) evaluated the effect of biochar on Phytophthora
induced disease in tree species Quercus rubra (L.) and Acer rubrum (L.). Biochar
amendment to potting media caused alleviation in horizontal expansion of lesions in
tree seedlings of Quercus rubra and Acer rubrum, while under similar conditions
reductions in vertical expansion of disease were recorded for Acer rubrum only.
Application of 5% biochar produced enhancement effect in stem water potential of
Quercus rubra and higher biomass in Acer rubrum as compared to control plants.
George et al. (2016) have investigated the effect of biochar on resistance enhance-
ment in carrot against the nematode mediated root lesion in carrot. They hypothe-
sized the biochar soil amendment as potent nematicide for enhancing resistance in
host plant. Biochar of different types and zeolites (5%) were applied to analyze the
effect on carrot biomass under root infection caused by nematode. Approximately
80% reductions in nematode mediated root lesions were found after application of
all biochar except pine wood derived biochar, however, infection reduction upto
96% was recorded after spelt husk biochar application. Biochar application to
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infected plants produced two to four times higher biomass as compared to infected
plants not supplemented with biochar. It was ascribed that biochar produced from
different sources exhibited differential effect on pathogen infection rate and host
biomass. Reports are available which presented the withdrawal of many nemati-
cides due to risks associated to human health and environment. If biochar applica-
tion to soil system could develop as an effective control measurement technique
toward disease management, it may substitute/minimize the large scale application
of synthetic chemicals to safeguard our soil natural environment. Lu et al. (2016)
investigated and verified the positive effect of biochar on tomato bacterial wilt dis-
ease. Biochar derived from peanut shell and wheat straw was applied to soil system
to investigate the consequences on soil microbial characteristics and tomato bacte-
rial wilt disease. Both biochar amendments proved effective in wilt disease suppres-
sion from 28.6% to 65.7%. Disease development in pathogen infested plants was
delayed after biochar addition to soil. Significant reductions in soil population of
Ralstonia solanacearum were recorded after biochar application to soil. Bacterial
population of Ralstonia solanaceraum negatively impacts the soil system by alter-
ing the beneficial bacterial, and actinomycetes community. Improvement in soil
population of bacteria and actinomycetes were observed after biochar addition to
soil harboring the wilt disease pathogen Ralstonia solanaceraum. Biochar applica-
tion tended to increase the activity of important soil enzymes like urease and neutral
phosphatase.

8.7 Role of Biochar in Development of Slow Release
Fertilizer

Very large amount of applied fertilizers are washed out or made unavailable to
plants. Surface adsorption-complexation of nutrients to biochar has emerged as a
novel technology for development of slow release fertilizer so that loss of fertilizers
during field application can be minimized. Manikandan and Subramaniam (2013)
has tested the urea intermixed biochar (pyrolysis at 350 °C) derived from Prosopis
Jjuliflora wood for development of slow release nitrogen fertilizer. Different forms
of nitrogen were applied in the range of 20-200 mM to biochar and tested their
release pattern. Among the nitrogenous substrate, 1:1 ratio biochar mixed with urea
depicted the best suited option to be formulated and developed as slow release fertil-
izer. Cai et al. (2016) studied the ammonium ion sorption and desorption behavior
of agriculturally derived waste material. Agriculture crop (maize, pomelo peel, and
banana) waste derived biochar had the ability of long term retention of more than
90% nutrient material (ammonium ion) so that it can be proposed for the future
generation slow release nitrogen fertilizer. The main functional groups of crop resi-
due waste derived biochar associated with ammonium ion sorption were carboxyl
and keto groups. Low temperature generated biochar possessed higher ammonium
ion adsorption efficiency as compared to high temperature pyrolyzed biomass due
to abundance of oxygen bearing functional groups. Esfandboda et al. (2017)
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Fig. 8.2 Multifaceted advantages of biochar for sustainable agriculture

evaluated the effect of acidic and alkaline biochar amendment on ammonium ion
retention ability. The acidic biochar treated alkaline soil had low leaching via vola-
tilization for nitrogen. The higher retention ability could be attributed by the good
presence of oxygen containing functional groups. The treatment technology bears
innovation in the sense of restoration and remediation of alkaline soil which gener-
ally does not favour the growth of plants.

The multiple benefits of biochar in soil ecosystem can be represented by follow-
ing Fig. 8.2.

8.8 Role of Biochar in Carbon Sequestration

Increase in atmospheric greenhouse gas concentration is one of the important fac-
tors responsible for global warming. Human interferences in carbon cycling by
excessively using fossil fuel are one of the main reasons of global warming. The
basic strategy for controlling the greenhouse gas relies on preventing atmospheric
emission and storing it in suitable geological environments. However, the first
option for controlling greenhouse gas remained impossible due to very high energy
demand in developing countries. Keeping in view for controlling the greenhouse
gas emission, biochar application to soil system may serve as a good option in near
future for sustainable agricultural practices.

Carbon sequestration is the phenomena of long term carbon pool storage to miti-
gate the effects of global warming. One of the most important effects of biochar
application to soil agroecosystem is enhancement of soil carbon content. The bio-
char application to soil together with bioenergy crop production efficiently stores
more carbon than is emitted in the atmosphere (Roberts et al. 2010). According to
Lehmann (2007), soil amendment with biochar increases more than 20% atmo-
spheric carbon sequestration.
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Biochar is considered to be stable in the soil for more than 1000 years (Zimmerman
2010; Ahmad et al. 2014) and this is the basic criteria for selecting the biochar for
carbon sequestration purpose. Biochar is highly resistant to chemical decomposi-
tion even when subjected to strong weathering conditions prevailing in tropical cli-
mate (Schneider et al. 2011).

There are several reports suggesting the reductions in greenhouse gas emission
after biochar application to soil (Castaldi et al. 2011; Mao et al. 2012). But, the
effect of biochar on different greenhouse gases such as carbon-d