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Abstract

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

Introduction

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

Nitrous Oxide Production in Agricultural Soils

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

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

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

N,O production in soils reflects both the oxidation and the reduction of in-
organic N forms by a wide range of soil microorganisms (fungi, bacteria and
archea). These have evolved to use inorganic N compounds as essential compo-
nents of energy-coupled, electron transport systems. The rate of N,0 production
is determined by a wide range of factors, but primarily the microbial capacity of
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the soil, temperature, pH, substrate supply and the degree of oxygenation of the
soil (Flessa et al., 2002; Khalil et al., 2002; Simek and Cooper, 2002; Smith et al.,
2003; Malhi et al., 2006; Ding et al., 2007). In addition, the diffusive properties
of the soil will affect the flux rate of N,O to the atmosphere (Fig. 3.1). Water-filled
pore space (WFPS) is frequently highlighted in the literature as the most important
controlling variable in agricultural soils as it is directly linked with aeration and
oxygen availability (Davidson, 1991; Davidson et al., 2000; Smith et al., 2003).
In general, N,O production is thought to be greatest at intermediate WFPS values
in the range of 50-80% (Davidson, 1991; Dobbie and Smith, 2003a) with peak
denitrification rates (N reduction pathways) being favoured by high WFPS values
(80-85%) where reduced oxygen availability is also coupled to increased solubility

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

Source—sinks

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

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

Nitrous Oxide Emissions from Legume-supported
Cropping Systems

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

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

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

Rhizobial denitrification and N,O production

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

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

Nitrification and denitrification of biologically fixed N

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

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

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

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

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

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

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

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

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

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

Mixed pasture sward 0.5(0.1-1.3)

(grass—clover)
Pure legume stands

Lucerne 2.0 (0.7-4.6) 0.6

White clover 0.8 (0.5-0.9)

Galega 1.3 (1.1-1.4)
Grain legumes

Faba bean 0.4 0.6 (0.02-1.5)

Field bean 0.08 (0.06-0.12)

Mung bean 0.4

Lupin 0.05 0.4

Lentil 0.06 (0.05-0.07)

Chickpea 0.06 (0.03-0.16)

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

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

Wheat 2.7 (0.09 -1.6)

Maize 2.7 (0.16-12.7)

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

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

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

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

Decomposition of N-rich residues to provide inorganic N

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

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

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

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

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

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

Legume Crop as cover

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

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

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

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

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

Nitrogen and Phosphorus Losses from Intercropping
of Legumes

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

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

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

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

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

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

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

Nitouche
Barley—pea cv. 0.7 22 0.1 —66

Zero 4
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rotations (including intercrops) are of particular value in soils with lower phos-
phorus content or in circumstances where phosphorus is applied in insoluble
forms. For example, organic farming regulations preclude the use of soluble
phosphorus fertilizers, preferring instead to use composts or manure or other
forms of phosphorus input such as rock phosphate. However, extreme phos-
phorus deficiency (often encountered in low pH soils) could possibly result in
reduced growth of legumes in rotation as this becomes the next most limiting
nutrient after nitrogen.

Conclusions

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

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

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

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