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Abstract Nitrogen is the most limiting nutrient in most agro-
ecosystems and thus critical for sustaining high yields.
Conventional agricultural practices use synthetic fertilizers
to ensure an adequate supply of nitrogen in soils, but fertilizers
come at a significant monetary and environmental cost. A
strategy to improve nitrogen supply in cropping systems is
the inclusion of nitrogen-fixing legumes, which can provide
nitrogen benefits to companion crops through belowground
nitrogen transfer. However, a better understanding of the un-
derlying mechanisms and factors that govern nitrogen transfer
is important in order to determine potential areas for improv-
ing this association. Here, we review the mechanisms of be-
lowground nitrogen transfer in managed herbaceous cropping
systems, focusing on forage systems. We classify three major
routes of nitrogen transfer from legumes to non-legumes: (1)
decomposition of legume root tissues and uptake of mineral-
ized nitrogen by neighboring plants, (2) exudation of soluble
nitrogen compounds by legumes and uptake by non-legumes,
and (3) transfer of nitrogen mediated by plant-associated my-
corrhizae. Literature data shows that rates of nitrogen transfer
range from 0 to 73 % from forage legumes to companion
grasses in mixed stands, depending on the legume species
and cultivar. We list the factors that affect nitrogen transfer
including abiotic factors, e.g., water stress, temperature, light,
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soil available nitrogen, and application of nitrogen fertilizer,
and biotic factors, e.g., root contact, plant density, growth
stage, production year, defoliation, and root herbivores.
While the rates of nitrogen transfer are often constrained by
abiotic conditions, such as temperature and water availability,
that are beyond the control of growers, agronomic practices,
e.g., planting density and choice of species and cultivar, may
help to increase nitrogen transfer. Ultimately, the selection of
plant pairs with compatible traits offers the best path forward
to improving nitrogen transfer in intercrops.
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1 Introduction

Nitrogen (N) is critical for the growth and development of
crop plants, second only to light and water. While most plant
species depend on the uptake of soil N to satisfy their needs,
certain clades, most notably the legumes, are capable of fixing
N via a symbiotic relationship with rhizobia bacteria
(Carranca 2013). This fixed N may benefit not only the le-
gumes but also companion/subsequent crops, a phenomenon
that has been observed in legume—grass forage mixtures
(Thilakarathna et al. 2012b) (Fig. 1), grain legume-cereal
intercropping systems (Chapagain and Riseman 2014, 2015)
(Fig. 2), and in agroforestry systems (Nygren and Leblanc
2015). Much of the N made available to non-legumes derives

from the breakdown of legume-crop residues; however, re-
sults from mixed-cropping systems research suggest that
plants may acquire N directly from companion plants in a
process termed interplant N transfer (Stern 1993; Johansen
and Jensen 1996). N transfer is defined as the movement of
N from one living plant (termed an “N donor”) to another (“N
receiver”). It is a bi-directional process (Yong et al. 2015), but
the net movement of N tends to flow from plants containing
relatively high N (i.e., legumes and other N fixers) to those
with a greater N demand (non-fixers) (Carlsson and Huss-
Danell 2014). N transfer is highly variable and can supply
anywhere from 0 to 80 % of a receiver plant’s N demand
(Moyer-Henry et al. 2006; He et al. 2009; Chalk et al. 2014).

With increasing pressure for more sustainable farming
practices, supplying more N via fixation instead of from
synthetic fertilizers has become an attractive option
(Paynel et al. 2008; Fustec et al. 2010). However, in
order to maximize the benefits of biologically fixed N
in agrosystems, a better understanding is required of the
factors that affect the efficiency of plant-to-plant N
transfer. This review paper primarily addresses three
major aspects of belowground nitrogen transfer: (1) ma-
jor mechanisms of belowground N transfer; (2) different

Fig. 1 Simple and complex legume-grass forage stands containing a
white clover (Trifolium repens L.) with meadow fescue (Festuca
pratensis) and Kentucky bluegrass (Poa pratensis L.); b white clover
with timothy grass (Phleum pratense), Kentucky bluegrass, and reed
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canarygrass (Phalaris arundinacea); ¢ alfalfa (Medicago sativa L.) with
timothy grass and Kentucky bluegrass; and d naturalized pasture sward
containing red clover with bluegrass, bentgrass (Agrostis spp.), timothy
grass, meadow fescue, and creeping red fescue (Festuca rubra)



Agron. Sustain. Dev. (2016) 36:58

Page 3 of 16 58

Fig. 2 Cereal-grain legume intercropping systems, a barley (Hordeum
vulgare L.):pea (Pisum sativum L.) in rows of 1:1, b wheat (Triticum
aestivum L.):common bean (Phaseolus vulgaris L.) in rows of 1:1, ¢
wheat:fava bean (Vicia fava L.) in rows of 1:1, d barley and pea in a

biotic and abiotic factors that affect N transfer; and (3)
genetic variability associated with N transfer between
legumes and non-legumes, with a focus on forage-
legume-grass systems. As N transfer in agroforestry sys-
tems has recently been reviewed (Munroe and Isaac
2014), we focused this review specifically on herba-
ceous crops within managed agricultural systems.
Finally, the review concludes with identifying gaps and
providing recommendations for future studies related to
N transfer.

2 Nitrogen transfer mechanisms

The major routes of N transfer can be categorized as above-
ground and belowground (Ledgard 1991; Hegh-Jensen and
Schjoerring 2000; Rouquette and Smith 2010; Peoples et al.
2015). Aboveground N transfer, not the focus of this review,
occurs through shoot litter decomposition and animal excreta
through grazing (Ledgard 1991, 2001; Fujita et al. 1992;
Warembourg et al. 1997; Dahlin and Stenberg 2010a).
Belowground N transfer, the focus of this paper, involves
three distinct pathways (Fig. 3):

mixed system, e wheat and common bean in mixed system, and f wheat
and fava bean in a mixed system. The significance of N transfer from
grain legumes to associated cereal varies according to the legume species
as well as the cropping system (mixed/row intercropping)

(1) Decomposition: decomposition of legume root tissues
followed by uptake of released N by neighboring plants
(Fustec et al. 2010);

(2) Root exudation: the exudation of soluble N compounds
by donors and uptake by receivers (Gylfadottir et al.
2007; Paynel et al. 2008; Wichern et al. 2008);

(3) Mpycorrhizae: transfer of N mediated by plant-associated
mycorrhizae (He et al. 2003, 2009).

Nitrogen transfer is often described as either “direct” or
“indirect,” but not all of these processes fit nicely into a single
category. Direct N transfer is the transfer of N from a donor
plant to receiver plant without undergoing mineralization,
whereas indirect N transfer involves mineralization followed
by uptake of N compounds by the receiver. The common
mycelial network, which interconnects the root systems of
nearby plants (Haystead et al. 1988; Dubach and Russelle
1994; He et al. 2003), is the most direct path for the transfer
of N from donor to receiver (Fig. 3). However, mycorrhizae
also facilitate indirect N transfer through uptake and transfer
of N derived from decomposing organic matter of the donor
(e.g., legume roots and nodule debris) (Fig. 3); this can only
occur after the root system of the receiver plant is colonized
with mycorrhizae (Leigh et al. 2009). The root exudate
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pathway has been considered both direct (Paynel et al. 2008)
and indirect (Jalonen et al. 2009a), depending on whether the
N exudate is taken up immediately by neighboring plants
(direct N transfer) or initially mineralized by soil microbiota
(indirect N transfer). The decomposition pathway can be con-
sidered to be the most indirect, as N from root debris must be
first decomposed and mineralized before it is accessible for
uptake by receiver roots (Fustec et al. 2010).

2.1 Nitrogen transfer through senescence
and decomposition of roots and nodules

Nitrogen derived from decomposed roots, nodules, root caps,
root border cells, sloughed cells, and the epidermis (water-
insoluble materials) significantly contributes to belowground
N transfer (Wichern et al. 2008; Fustec et al. 2010; Louarn
et al. 2015). When comparing different mechanisms of N
transfer, nodule and root decomposition are considered to be
more important than root exudates or mycorrhizae-mediated
N transfer (Trannin et al. 2000; Sierra et al. 2007) but can vary
greatly by legume species (Ta and Faris 1987). It has been
estimated that 3 to 102 kg N ha ' yr ' of N can be transferred
via decomposition of roots and nodules in legumes, equivalent
to 2 to 26 % of the biologically fixed N in legumes (Ledgard
and Steele 1992). Although most belowground plant tissues
contribute to N transfer, the quality of different tissues varies
among legume species. Dubach and Russelle (1994) found
that decomposing roots release more N than nodules in alfalfa
(Medicago sativa L.), whereas the opposite trend was ob-
served in birdsfoot trefoil (Lotus corniculatus L.). This differ-
ence may be due to tolerance by alfalfa nodules to defoliation
stress (they remain intact even after harvesting) compared to
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birdsfoot trefoil (Vance et al. 1979). Although decomposition
of belowground plant tissues contributes significantly to N
transfer, it is generally a slow process compared to N transfer
through root exudates and mycorrhizae. The former involves
decomposition and cycling of complex organic compounds,
whereas the latter is the transfer of simple inorganic N
(Goodman 1988). As a result, N derived from decomposition
of roots and nodules mostly contributes to later stages of plant
growth or subsequent production years (see below) (Burity
et al. 1989; Jargensen et al. 1999; Louarn et al. 2015).

2.2 Nitrogen transfer through root exudates

Compounds released by the root system into the surrounding
soil are referred to as root exudates (Walker et al. 2003). Root
exudates can be either low-molecular-weight compounds
(e.g., amino acids, organic acids, sugars, phenolics, and vari-
ous other secondary metabolites) or high-molecular-weight
compounds (e.g., proteins) (Walker et al. 2003; Prithiviraj
et al. 2007; Badri and Vivanco 2009). Root exudation of
low-molecular-weight compounds can be described as the
net balance between the simultaneous discharge of a particular
compound from the root (efflux) and its absorption (influx).
While efflux is usually described as passive, its release is
modulated by membrane-bound ion channels (Badri and
Vivanco 2009), just as uptake is controlled by carrier proteins
(Segonzac et al. 2007). Studies in hydroponic systems have
shown that plants can have a larger degree of control over
high-molecular-weight N-compound exudation compared to
low-molecular-weight compounds, both in terms of timing
and specificity of the compounds that are released (Phillips
et al. 2004; Chaparro et al. 2013).
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The vast array of functions of root exudates (Dakora and
Phillips 2002; Walker et al. 2003; Badri and Vivanco 2009)
includes their ability to act as N transfer metabolites (Paynel
and Cliquet 2003; Paynel et al. 2008; Jalonen et al. 2009a, b),
especially in the short term (Paynel and Cliquet 2003;
Gylfadottir et al. 2007). At early legume growth stages, the
majority of N transfer takes place through root exudates rather
than decomposition of roots and nodule debris, as already
alluded to (Burity et al. 1989; Lesuffleur et al. 2013).
Because plants are able to uptake organic N (amino acids,
peptides, and proteins) (Nédsholm et al. 2008), root exudates
contribute to direct N transfer to non-legumes. On the other
hand, exudates can be taken up and mineralized quickly by
soil microbes (van Kessel et al. 2009) due to their low C:N
ratio (Uselman et al. 2000), which facilitates subsequent
(indirect) N transfer (Jalonen et al. 2009a).

Ammonium, followed by amino acids, are the major forms
of low-molecular-weight N-containing compounds exuded by
most temperate legumes (Paynel et al. 2001, 2008; Paynel and
Cliquet 2003; Lesuffleur and Cliquet 2010; Lesuffleur et al.
2013). Among the different amino acids, glycine and serine
are the dominant forms in clover root exudates (Lesuffleur
et al. 2007; Paynel et al. 2008), but the following amino acids
are also observed: glutamate, glutamine, aspartate, asparagine,
tyrosine, alanine, valine, arginine, methionine, phenylalanine,
leucine, isoleucine, and lysine (Paynel et al. 2008). Amino
acid exudation primarily occurs through root nodules and root
tips (White et al. 2007; Lesuffleur and Cliquet 2010). The
form of N compounds exuded by legumes depends on the
type of legume; temperate legumes (e.g., alfalfa) release most
of the N as amino-N or NH4-N, whereas tropical legumes
(e.g., soybean, Glycine max L. Merr.) primarily release ureides
(Brophy and Heichel 1989; Ofosu-Budu et al. 1990). This
difference is because fixed N in temperate legumes is
transported through xylem in the form of amides (e.g., aspar-
agine and glutamine), whereas in tropical legumes, fixed N is
transported mainly as ureides (Pélissier et al. 2004). Different
plant-associated factors affect root N exudation; specifically,
N, fixation (Paynel et al. 2008), root N concentration (Jalonen
et al. 2009a), and total plant N content (Mahieu et al. 2009)
were shown to promote N exudates. As the concentration of N
compounds exuded by a root system is greater closer to the
root system than at a distance (Merbach et al. 1999), close root
contact of the legume and non-legume is important for effi-
cient transfer of N-containing exudates.

2.3 Mycorrhiza-mediated nitrogen transfer

Approximately 70-90 % of terrestrial plant species form sym-
biotic associations with arbuscular mycorrhizal fungi (Parniske
2008). Most mycorrhizal species exhibit low host specificity
(Albrecht et al. 1999), allowing for connections between dis-
similar plants to be common. Various studies have demonstrated

that the presence of arbuscular mycorrhizal fungi can increase
the transfer of symbiotically fixed N from legumes to non-le-
gumes, including white clover to perennial ryegrass (Lolium
perenne L.) (Haystead et al. 1988), berseem clover (7rifolium
alexandrinum L.) to maize (Zea mays L.) (Frey and Schuepp
1992), pea (Pisum sativum L.) to barley (Hordeum vulgare L.)
(Johansen and Jensen 1996), soybean to maize (van Kessel et al.
1985; Hamel et al. 1991), and mung bean (Vigna radiate L.
Wilczek) to rice (Oryza sativa L.) (Li et al. 2009).

Mechanistically, arbuscular mycorrhizal fungi can facilitate
the transfer of N between plants, either, as already noted, by
creating direct mycelial connections between donors and re-
ceivers (Haystead et al. 1988; Hogh-Jensen 2006; Meng et al.
2015) or by boosting the capacity of receivers to uptake
legume-derived N by increasing the volume of soil they have
access to (San-nai and Ming-pu 2000; Hegh-Jensen 2006).
Arbuscular mycorrhizal fungi can uptake NH,*, NO;™, and
organic N (He et al. 2003) and are able to obtain significant
amounts of N from decomposing soil organic material (Hamel
et al. 1991; Hodge and Fitter 2010), thus making them excel-
lent scavengers of N. Plants colonized with arbuscular mycor-
rhizal fungi are efficient at intercepting N from the soil system
(Cavagnaro et al. 2012; Jannoura et al. 2012) and reducing N
losses from the system (van der Heijden and Horton 2009;
Asghari and Cavagnaro 2012), suggesting that in legume/
non-legume mixed-cropping systems, N released by legumes
can be efficiently held by the mycorrhizae and subsequently
transferred to neighboring non-legumes.

Direct N transfer through mycorrhizae in legume/non-
legume associations can be bidirectional (He et al. 2003,
2009), but the majority of mycorrhizal-mediated N transfer
is from N,-fixing legumes to non-N,-fixing plants (up to
80 % N transfer), whereas less than 10 % of N transfers are
from non-N,-fixing plants to legumes (He et al. 2009). This
difference can be explained by the fact that mycorrhizae-
mediated N transfer is driven by source-sink relationships,
wherein N transfer takes place from plants with a high N to
low N concentration, as noted above (Jalonen et al. 2009b).

3 Factors affecting nitrogen transfer
3.1 Abiotic factors
3.1.1 Water stress

Water availability in the soil can have a profound impact
on nitrogen dynamics both within the plant and the soil,
making it an important determinant of N transfer. Under
conditions of drought, root cell wall permeability often
increases, altering the amount and composition of N com-
pounds released into the soil (Brophy and Heichel 1989).
In addition, nodule senescence is more common during
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periods of water deficit (Gogorcena et al. 1995; Mhadhbi
et al. 2011), resulting in greater N available for minerali-
zation, particularly because N accumulation in the nodules
occurs during drought stress (Ladrera et al. 2007).
Conversely, drought conditions can severely hamper N fix-
ation (Serraj et al. 1999), and dry soils typically do not
favor the movement of N, since N mineralization decreases
(Fierer and Schimel 2002; Schimel et al. 2007) as does the
mass flow of soluble nutrients (Lambers et al. 2008), lim-
iting potential uptake by N receivers. However, reduced
uptake of N as a result of drought is usually temporary,
as plants can alter their morphology to compensate (He
and Dijkstra 2014). Nevertheless, dry conditions can still
favor higher rates of N transfer compared to wet conditions
(Ledgard 1991). In addition to water scarcity, excess water
can also impact N transfer especially through nitrate
leaching below the rooting zone (Thilakarathna 2016).
Furthermore, under severe flooding conditions, N can be
lost as nitrous oxide emissions (Saggar et al. 2004), placing
N out of reach of N receiver plants. Potential N losses can
be mitigated by N receivers through increasing their den-
sity and diversity (Scherer-Lorenzen et al. 2003).

3.1.2 Temperature and light

As with water, light and temperature can have multiple con-
trasting effects on the supply and demand of N, both at the
plant and soil levels. For plants, greater light and temperature
generally result in an increased metabolic rate, which in turn
drives high rates of N fixation (Fujita et al. 1992) as well as N
uptake from N receivers (von Wirén et al. 1997). High light
intensity and temperature have also been associated with an
increase in N exudation from legumes (Ofosu-Budu et al.
1995a; Schroth et al. 1996), suggesting that both N donors
and N receivers are working at a higher efficiency. However,
field reports often show that N transfer may be highest during
the early and late seasons, when temperatures and light are at
their lowest (Gylfadottir et al. 2007; Rasmussen et al. 2013), a
result similar to that observed in controlled conditions (Ta and
Faris 1988). During these conditions, soil microflora are also
stimulated (Kuzyakov and Xu 2013), making them more effi-
cient competitors for soil N.

Freezing and thawing also can cause senesence and turn-
over of root and nodule tissues in legumes, which enables high
N transfer to non-legumes during the subsequent growing
season especially in forage-based cropping systems
(Oberson et al. 2013). In addition, prolonged dark conditions
affect nodule function and can induce rapid nodule senescence
(Hernandez-Jiménez et al. 2002; Pérez Guerra et al. 2010).
This situation can occur in dense mixed stands (e.g., forage-
grass mixed stand), where shade conditions can lead to nodule
senescence.
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3.1.3 Soil nitrogen availability and application of nitrogen
fertilizer

Soil N availability is highly variable, spatially and temporally.
Reductions in N transfer under high soil mineral N availability
have been reported in legume—non-legume mixtures, includ-
ing peanut (Arachis hypogaea L.)-rice (Chu et al. 2004), white
clover-turf grass (Sincik and Acikgoz 2007), white clover-
perennial ryegrass (Rasmussen et al. 2013), and soybean-
maize relay cropping (Smykal et al. 2015). These results
may be explained by a reduction in legume N, fixation under
high mineral N levels (Naudin et al. 2010), whereby the rate of
N transfer is related to the rate of legume N, fixation (Mahieu
et al. 2009). Contrary to these findings, some reports have
shown that N transfer is greater under conditions of high in-
organic N availability (Ofosu-Budu et al. 1995a; Hagh-Jensen
and Schjoerring 1997; Elgersma et al. 2000). High N concen-
trations may increase root growth of the N receiver, providing
a larger sink for inorganic and legume-derived N (Ofosu-
Budu et al. 1995a; Paynel et al. 2008). In addition to plant
growth stimulation, application of inorganic N fertilizer can
have priming effects, which leads to rapid mineralization of
organic matter and release of further mineral N (Kuzyakov
et al. 2000). Van Der Krift et al. (2001) observed that the
decomposition rate of roots and rhizodeposits was greater in
N rich systems compared to N-deficient systems. Detailed
studies across a variety of cropping systems are necessary in
order to understand the underlying mechanisms that govern
the negative and positive effects of mineral N on N transfer
rates.

3.2 Biotic factors
3.2.1 Root contact

The spatial arrangement of root systems in legume/non-
legume associations is important for efficient N transfer, as
transfer rates tend to be highest when roots are in close prox-
imity, as already noted (Fujita et al. 1990; Ofosu-Budu et al.
1995a; Xiao et al. 2004; Daudin and Sierra 2008; Meng et al.
2015). First, close contact of root systems of legumes and
non-legumes reduces the distance that N compounds must
travel by mass flow. Second, the concentration of
rhizodeposited N is high close to the root rhizosphere and
decreases rapidly away from the rhizosphere (Merbach et al.
1999; Schenck zu Schweinsberg-Mickan et al. 2010;
Rasmussen et al. 2013). Furthermore, the rhizodeposited N
concentration from legumes decreases with soil depth, while
the majority of the rhizodeposited N (95 %) is located in the
topsoil layer (0—15 cm) (Hogh-Jensen and Schjoerring 2001;
Laberge et al. 2011), where the root density is higher com-
pared to deep soil layers.
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A legume’s root architecture also influences the efficiency
by which its roots contact neighboring non-legumes and per-
mit subsequent N transfer. For example, alfalfa has a high N,
fixation capability compared to other forage legumes, but the
associated N transfer is lower, which may be related to its
relatively low number of lateral roots (Pirhofer-Walzl et al.
2012). Alfalfa has a deep taproot and fewer secondary roots,
which limits close root contact with neighboring plants
(Chmelikové and Hejecman 2012), especially when compared
to white clover which has a highly branched root system.

3.2.2 Legume—non-legume plant density

The composition of plant species in a mixed stand affects the
efficiency of N transfer from legumes to non-legumes (Hogh-
Jensen and Schjoerring 1997; Chapagain and Riseman 2014,
2015; Suter et al. 2015). Generally, N transfer is higher in a
legume—non-legume mixed stand when the legume fraction is
greater than the non-legume fraction, as observed in different
legume—grass mixtures including alfalfa-birdsfoot trefoil-reed
canarygrass (Phalaris arundinacea L.) (Brophy et al. 1987),
white clover-red clover-birdsfoot trefoil-tall fescue (Festuca
arundinacea) (Mallarino et al. 1990), and seven different trop-
ical forage legumes with Brachiaria brizantha (Viera-Vargas
et al. 1995). A higher legume ratio can be altered through
increased seeding with legumes (Heogh-Jensen and
Schjoerring 1997) or narrower row spacing (Haby et al.
2006). Chapagain and Riseman (2014, 2015) and Li et al.
(2015) have shown that total soil N and available soil N were
higher when a legume and companion grass were planted in
1:1 rows, whereas these values decreased as the proportion of
non-legumes increased. Greater N transfer was found in a 1:1
ratio (11 % N transfer) of barley:pea compared to a 2:1 ratio
(4 % N transfer) (Chapagain and Riseman 2014). A higher
legume:non-legume plant density favors intermingling of
plant roots, mycorrhizal connections, and reduced distance
for N movement compared to lower densities, as discussed
in the previous section. A higher density of legume roots also
results in increased N rhizodeposition (Mahieu et al. 2009).
Therefore, the ratio of legume to grass plants can be optimized
to achieve maximum N transfer in mixed stands.

The non-legume component in a mixed stand also plays a
key role, as it rapidly depletes the available N in soil, resulting
in higher N, fixation in companion legumes (Viera-Vargas
et al. 1995). These stimulatory interactions between the two
functional groups (legumes and non-legumes) will enhance
the total N yield in the mixed stand (Nyfeler et al. 2011). A
potential challenge to keeping the plant density at high levels
in an intercrop is exclusion by allelopathy (Ehrmann and Ritz
2013), a trait which is present in potential legume N donors
such as red clover (Trifolium pratense) (Liu et al. 2013) and
alfalfa (Hegde and Miller 1990), as well as N receivers such as
red fescue (Festuca rubra) (Bertin et al. 2003) and perennial

ryegrass (L. perenne) (Chung and Miller 1995). Breeding can
reduce the allelopathic potential of crop plants and their resis-
tance to the allelochemicals of nearby plants (Miller 1996),
which may be an important factor in improving N transfer
between legumes and grasses.

3.2.3 Plant growth stages and production years

The growth stage/pattern of plants and the production year of
a field (especially stands with perennials) can affect N transfer
rates between legumes and non-legumes (Fujita et al. 1990;
Heichel and Henjum 1991; Jensen 1996; Hogh-Jensen and
Schjoerring 2000; Frankow-Lindberg and Dahlin 2013). A
soil incubation study with pea roots demonstrated that
rhizodeposited N at early growth stages (7 weeks) was more
labile (mineralizable) compared to the rhizodeposits at matu-
rity (14 weeks) (Jensen 1996). By contrast, Zang et al. (2015)
found that N transfer slightly increased from the beginning of
pod setting (7.6 %) to maturity (9.7 %) in a mungbean
(V. radiate L.)-oat intercropping system. The growth pattern
of a grass in a legume—grass intercrop can also affect N trans-
fer rates, wherein a grass species with early maturity and rapid
growth will more effectively compete for legume-released N
(Ta and Faris 1987).

With respect to the production year of a field, N transfer
from forage legumes has been shown to be generally higher at
latter production years compared to the establishment year or
post-establishment year; this has been observed from white
clover to ryegrass and from alfalfa to tall fescue
(F. arundinacea) (Mallarino et al. 1990; Hegh-Jensen and
Schjoerring 1997; Jorgensen et al. 1999; Elgersma et al.
2000; Frankow-Lindberg and Dahlin 2013). For example,
Jorgensen et al. (1999) found that the apparent transfer of
clover N to grass was negligible in the seeding year but in-
creased to 19 and 28 kg N ha " in the first and second produc-
tion years, respectively. In a barley-pea intercropping system,
N transfer to barley increased during the second year (16 %
transfer rate) compared to the first year (6 % rate) on the same
land (Chapagain and Riseman 2014). The authors also
showed higher N transfer during the second production year,
compared to the first year, in a wheat (Triticum aestivum L.)-
kidney bean (Phaseolus vulgaris L.) intercrop (6 vs. 3 %,
respectively) and a wheat-fava bean (Vicia fava L.) intercrop
(13 vs. 11 %, respectively), on the same land (Chapagain and
Riseman 2015). This phenomenon has been explained by in-
creasing decomposition and mineralization of legume root and
nodule tissues coupled with grass uptake of mineralized N
(Heichel and Henjum 1991).

Nitrogen transfer has also been shown to increase during an
individual growing season as the season advances (Dahlin and
Stenberg 2010a; Thilakarathna et al. 2012b; Rasmussen et al.
2013). For example, the proportion of N in perennial ryegrass
derived from N transfer from red clover increased from the
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first harvest (10.1 % N transfer rate) to the third harvest
(22.7 %) of clover (Dahlin and Stenberg 2010a); in
Kentucky bluegrass (Poa pratensis L.), the proportion in-
creased from 7 % in the first harvest of clover to 26 % in the
third harvest (Thilakarathna et al. 2012b). Increased N release
from the roots of older legume root systems can be attributed
to increased root mass, surface area, and exudates, as well as
root and nodule senescence and decay (Fustec et al. 2010).

3.2.4 Defoliation stress

Defoliation is the removal of aboveground plant materials,
associated with grazing, mowing, frost, insect damage, or her-
bicide application. Defoliation of legume plants enhances N
transfer to neighboring non-legumes (Ayres et al. 2007; Tarui
et al. 2013). Furthermore, the defoliation frequency of the
legume has a positive relationship with N transfer rates to
companion grasses (Hogh-Jensen and Schjoerring 1994), al-
though other studies contradict these results (Dahlin and
Martensson 2008; Dahlin and Stenberg 2010b; Frankow-
Lindberg and Dahlin 2013). For example, it was found that
defoliation of hairy vetch (Vicia villosa Roth.) increased N
transfer to oat by 26 % compared to the absence of defoliation
in a mixed crop (Tarui et al. 2013). Another study which
simulated aboveground herbivory showed that shoot removal
increased N transfer from white clover to perennial ryegrass
(Ayres et al. 2007). As a direct effect, defoliation can increase
exudation of different nitrogen compounds from the root sys-
tem (Ofosu-budu et al. 1995b, c). However, Saj et al. (2008)
suggest that defoliation primarily affects direct N transfer from

Table 1  Effect of legume donor species on nitrogen transfer

the legume to grass in a legume—grass mixture instead of al-
tering available soil organic N. Defoliation adds not only N
but also carbon into the rhizosphere, which increases
microbially mediated N mineralization (Ayres et al. 2004,
2007). Ofosu-budu et al. (1995¢) have shown that N release
from the root system is closely related to the ATP concentra-
tion of the roots, such that a reduction in the root ATP con-
centration positively correlates with exudation of N com-
pounds. Defoliation removes the primary sink for N, which
can lead to the release of N compounds from the legume root
system into the rhizosphere via exudation (Hamilton et al.
2008; Carrillo et al. 2011). Recently accumulated N in legume
nodules can be released by passive leakage after shoot harvest
(Brophy and Heichel 1989). Furthermore, defoliation can in-
duce root and nodule senescence, which in turn lead to their
decomposition and mineralization (Chesney and Nygren
2002). Root-derived N can be available in the soil even
8 months after defoliation (Carrillo et al. 2011) as a source
of nitrogen for subsequent crops.

3.2.5 Root herbivory

Root herbivory (i.e., the parasitism of roots by nematodes and
other soil fauna) can affect N transfer rates, most typically by
increasing the rate of root exudation (Bardgett et al. 1999).
Larval damage facilitates N release from damaged nodules
while increasing nodulation (Ryalls et al. 2013). The amount
of N transferred from legumes to neighboring non-legumes
varies with the density of root parasites that infect legume
roots (Bardgett et al. 1999; Dromph et al. 2006). For example,

Legume species Grass species N in grass transferred

from legume (% N)

Amount of N
transferred

Remarks

Reference(s)

Trifolium repens L. Festuca arundinaceae L. Y129 %

Y2 60 %
Trifolium pratense L. Y127 %

Y2 54 %
Lotus corniculatus L. Y129 %

Y255 %

(mean N transfer)
Medicago sativa L. Phalaris arundinacea L. Y2 29 %
Lotus corniculatus L. Y2 47 %

Trifolium repens L. -
Trifolium pratense L. -

Y124.7 kg N ha™

Two-year field study

Mallarino et al.

Y250.9 kg N ha' Method '*N dilution technique (1990)
Y121.7kg N ha!

Y231.8 kg N ha'

Y121.6 kg N ha

Y2470 kg N ha!

(seasonal transfer)

- Four-year field study Heichel and
- Method '*N dilution technique Henjum
— Highest N transfer found (1991)

during the second year

Trifolium repens L.

Trifolium pratense L.

Medicago sativa L.
Trifolium repens L.
Medicago sativa L.

Grass and herb multi-
species

Lolium perene L.
Festuca arundinacea
Shreb.

48 gNm?

Field study Pirhofer-Walzl
22gNm? Method '°N leaf labeling technique etal. (2012)
1.IgNm?
147 kg N ha™! Three-year field study Louarn et al.
59 kg N ha ! Method "N dilution technique (2015)
(cumulated N
transferred

across 3 years)

C cut/harvest number, Y production year
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Reference(s)

Amount of N Remarks

transferred

N in grass transferred
from legume (% N)

Grass species

Legume cultivar

Table 2 (continued)

Legume species

@ Springer

Genotypic variability among different red clover
cultivars was found for N transfer. Generally N
transfer increased during subsequent production years

Method '*N dilution technique
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Y1472
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white clover roots infested at low densities increased the leak-
age of N into the rhizosphere (Bardgett et al. 1999). A signif-
icant (37 %) increase in N content of perennial ryegrass has
been reported as a result of root herbivore-induced N transfer
from white clover (Hatch and Murray 1994). In contrast to
these observations, Ayres et al. (2007) observed a reduction
in N transfer between white clover and perennial ryegrass as a
result of herbivore nematode (Heterodera trifolii) damage to
clover roots.

4 Plant genetic variability for nitrogen transfer
4.1 Forage legume species

Species-specific differences in N transfer rates among pasture
legumes have been widely reported (Table 1). For example,
Pirhofer-Walzl et al. (2012) found that white clover transferred
more N (4.8 g m?) to neighboring plants compared to red
clover 2.2 g m ?) or alfalfa (1.1 g m ?). The same trend
was found by Frankow-Lindberg and Dahlin (2013) and
Louarn et al. (2015) who observed that red clover and white
clover transferred more N than alfalfa. A higher rate of N
transfer was also reported from white clover to tall fescue
compared to birdsfoot trefoil and red clover (Mallarino et al.
1990). Heichel and Henjum (1991) reported a higher percent-
age of grass N from birdsfoot trefoil (47 %) compared to
alfalfa (29 %) (during year 2).

Differences between legumes in their growth habits, root
traits, nodulation profiles, root exudation profiles, decompo-
sition rates, and mycorrhizal associations may explain the dif-
ferent rates of N transfer observed among legume species.
Based on the above studies, white clover appears to transfer
more N compared to other pasture legumes, with alfalfa show-
ing the lowest N transfer rate. White clover multiplies from its
stolons, bypassing the need to store N within the root system,
thus making available more N from its roots for N transfer.
Generally, harvesting accelerates the death and rapid turnover
of white clover’s stolons (Sturite et al. 2007), which in turn
contributes to N transfer. Furthermore, the root system of
white clover has a high density of fine roots, a low C:N ratio,
and low lignin content; all of which accelerate root turnover
(Louarn et al. 2015). By contrast, alfalfa invests more re-
sources in maintaining its perennial nature (Louarn et al.
2015), which includes storing N in its taproot system to ensure
regrowth after defoliation (Pirhofer-Walzl et al. 2012).
Furthermore, alfalfa develops poor or small secondary root
systems (Louarn et al. 2015), which further limits close root
contact with non-legumes. In addition, alfalfa has a thick root
system, high root C:N ratio (>20), and high lignin content in
its fine roots and nodules compared to other forage legumes,
and these factors also limit root turnover rates (Louarn et al.
2015). It has been demonstrated that tap-rooted grain legumes
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tend to have a higher root N concentration than typical pasture
legumes, which may lead to a higher rate of N transfer in the
long term (Carranca et al. 2015).

4.2 Forage legume cultivars

Nitrogen transfer from legumes to non-legumes is also affect-
ed by legume cultivar identity (Table 2). Based on a 4-year
field experiment, Laidlaw et al. (1996) observed genotypic
variability in rates of N transfer to perennial ryegrass from
three different white clover cultivars. Specifically, the white
clover cultivar (Aran) with large leaves transferred less N
(15 %) than the cultivar with small leaves (Kent Wild, 34 %)
(Table 2). Similarly, using red clover, Elgersma et al. (2000)
found that a small-leaf cultivar transferred more N
(115kg N ha ") than a large-leaf cultivar (87 kg N ha ) during
the second field year (Table 2). Genotypic variability was also
reported among six different red clover cultivars for N transfer
to bluegrass (Thilakarathna et al. 2016). The suggested mech-
anisms for this genetic variability have been proposed to in-
clude slow decay of roots and stolons in the large-leaf

Table 3  Effect of grass receiver species on nitrogen transfer

cultivars (Laidlaw et al. 1996); effective competition from
the large-leaf cultivars with grasses for available N (Laidlaw
et al. 1996); differences in root and nodulation profiles
(Thilakarathna et al. 2012a); and a higher herbage-to-root ratio
of large-leaf cultivars compared to small-leaf cultivars (Seker
et al. 2003), causing N to diverted from roots (the immediate
source of available N for transfer) to shoots. It is important to
note that a few studies have shown a lack of variation between
cultivars for belowground N transfer, including the following
systems: white clover-perennial ryegrass (Ledgard 1991), red
clover-orchard grass (Dactylis glomerata L.) (Farnham and
George 1993), and red clover-bluegrass (Thilakarathna et al.
2012b) (Table 2).

4.3 Non-legume species

The non-legume components of mixed stands also affect N
transfer rates (Table 3). Marty et al. (2009) have shown geno-
typic differences between two grass species (Festuca eskia
and Nardus stricta) for receiving N from alpine clover
(Trifolium alpinum) in a mixed stand; in this study, 15 % of

Legume species Grass species

N in grass transferred Amount of N

Remarks Reference(s)

from legume (% N) transferred
Medicago sativa L. Phleum pratense L.~ Y1C2 31 % Y13.46 Three-year field study Burity et al. (1989)
(cv. Climax) Y2C2 44 % Y2 13.73 Method "N dilution technique
Y3 14.90 No cultivar differences during
Phleum pratense L. Y1C2 33 % Y1351 cut 1 at first 2 years and three
(cv. Salvo) Y2C2 55 % Y2 19.64 cuts at third year
Y3 15.53
Bromus inermis Y1C247 % Y1 6.66
Y2C2 57 % Y2 27.12
(only significant Y3 25.49
results are listed) (kg N ha )

(seasonal transfer)

Trifolium repens L. Lolium perenne L. 73 % 4.1 Three-year field study with four Sincik and Acikgoz
Poa pratensis L. 50 % 1.6 N concentrations (2007)
Agrostis stolonifera L. 49 % 2.3 Method N difference method
@Nm?yrh)
(3-year average
under 0 N)
Trifolium alpinum L. Festuca eskia 15 % - Pot experiment using the plant Marty et al. (2009)
(alpine clover) Nardus stricta 1 % - stands (monoculture and mixed
culture) grown in the field
Method "N leaf labeling technique
Trifolium pratense L. Phleum pretense Y2C1 15 % Y2C11.37 Two-year field trial with two grass Frankow-Lindberg
Lolium perenne Y2C26 % Y2C2 047 species. Nitrogen transfer from and Dahlin
Y2C3 28 % Y2C3 0.58 red clover to two grass species (2013)
Y2C47 % Y2C40.15 was different but followed the
Y2C1 19 % Y2C1 3.8 same trend across the different cuts
Y2C27 % Y2C20.73
Y2C323 % Y2C3 1.58
Y2C4 16 % Y2C4 1.37
(kg N ha™")

C cut/harvest number, Y production year
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N was transferred to F. eskia while only 1 % was transferred to
N. stricta (Table 3). Similarly, Sincik and Acikgoz (2007)
found differences in N transferred from white clover to peren-
nial ryegrass (73 % rate of N transfer), Kentucky bluegrass
(50 %), and creeping bentgrass (Agrostis stolonifera L.)
(48 %). It was observed that brome grass (Bromus spp.) was
more efficient than timothy grass (Phleum pratense L.) at
uptaking N from alfalfa under field conditions (Burity et al.
1989) (Table 3). Perennial ryegrass was similarly more effec-
tive than timothy grass at deriving N from red clover
(Frankow-Lindberg and Dahlin 2013) (Table 3). In general,
grasses with fibrous root systems are more efficient at captur-
ing available N compared to dicotyledonous plants with tap-
root systems and hence better competitors for acquiring N
from legumes (Pirhofer-Walzl et al. 2012; Frankow-
Lindberg and Dahlin 2013). In addition to root architecture,
other traits that may be responsible for the variation observed
between receiver plants for N acquisition from legumes in-
clude differences in plant growth rate and mycorrhizal associ-
ations. In general, more study is needed in this area, especially
to understand variation (or lack of variation) in N uptake be-
tween cultivars.

5 Conclusion

Nitrogen transfer from legumes to non-legumes plays a sig-
nificant role in legume-based agricultural cropping systems. N
transfer has the potential to reduce the use of synthetic inor-
ganic N fertilizers and thus support sustainable agriculture.
The three major routes of belowground N transfer are (1)
uptake of mineralized N from legume root tissues by neigh-
boring plants, (2) exudation of soluble N compounds by le-
gumes then uptake by non-legumes, and (3) plant-associated
mycorrhizae-mediated N transfer. Long-term N transfer oc-
curs primarily through decomposition of roots and nodules,
while short-term N transfer occurs primarily through N-
containing root exudates and mycorrhizae. Nitrogen transfer
is influenced by a wide range of biotic factors (root contact,
plant density, growth stage, production year, defoliation, and
root herbivores) and abiotic factors (water stress, temperature,
light, and soil available N).

While much of the research into N transfer has thus far
focused on agronomic practices and the choice of species,
genetic selection of both N donors and receivers in tandem
provides the most promising route for improved N transfer.
Because of the complex nature of N transfer and the multiple
routes it can take, focusing on one side of the donor-receiver
relationship will not be sufficient to reach its full potential.
Legume crops must be able to provide a source of N that will
be available for non-legumes when they require it, which is
the product of multiple traits (e.g., nodulation/N fixation, fine
root production/turnover, exudation rates). Non-legumes must
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have the capacity to efficiently uptake legume-derived N, also
the result of many traits (e.g., N-uptake efficiency, root length/
surface area, mycorrhizal competence). Both the legume and
non-legume should have growth habits, both aboveground
and belowground, that allow for close proximity to enable N
transfer and minimal competition. In addition, it must be rec-
ognized that soil conditions, both biological and mineral, play
critical roles in influencing the rate of N transfer.

Ultimately, in a given agro-ecosystem, it will be critical to
determine (a) the major route(s) of N transfer from donors to
receivers and (b) the limiting step in that transfer. This calls for
a more holistic approach to track the fate of fixed N from the
nodule onward and to identify how donors and receivers can
be improved to facilitate better transfer of this valuable
resource.

Acknowledgments The authors like to acknowledge Nadun
Karunatilleke for preparing the graphic illustrations. MST and TC are
supported by a grant from the CIFSRF program, jointly funded by
IDRC (Otttawa, Canada) and Global Affairs Canada.

References

Albrecht C, Geurts R, Bisseling T (1999) Legume nodulation and my-
corrhizae formation: two extremes in host specificity meet. EMBO J
18:281-288. doi:10.1093/emboj/18.2.281

Asghari HR, Cavagnaro TR (2012) Arbuscular mycorrhizas reduce nitro-
gen loss via leaching. PLoS One 7:€29825. doi:10.1371/journal.
pone.0029825

Ayres E, Heath J, Possell M et al (2004) Tree physiological responses to
above-ground herbivory directly modify below-ground processes of
soil carbon and nitrogen cycling. Ecol Lett 7:469—479. doi:10.1111
/1.1461-0248.2004.00604.x

Ayres E, Dromph KM, Cook R et al (2007) The influence of below-
ground herbivory and defoliation of a legume on nitrogen transfer
to neighbouring plants. Funct Ecol 21:256-263. doi:10.1111/j.1365-
2435.2006.01227.x

Badri DV, Vivanco JM (2009) Regulation and function of root exudates.
Plant Cell Environ 32:666—681. doi:10.1111/j.1365-
3040.2009.01926.x

Bardgett RD, Denton CS, Cook R (1999) Below-ground herbivory pro-
motes soil nutrient transfer and root growth in grassland. Ecol Lett 2:
357-360. doi:10.1046/1.1461-0248.1999.00001.x

Bertin C, Paul RN, Duke SO, Weston LA (2003) Laboratory assessment
of'the allelopathic effects of fine leaf fescues. J Chem Ecol 29:1919—
1937. doi:10.1023/A:1024810630275

Brophy LS, Heichel GH (1989) Nitrogen release from roots of alfalfa and
soybean grown in sand culture. Plant Soil 116:77-84. doi:10.1007
/BF02327259

Brophy LS, Heichel GH, Russelle MP (1987) Nitrogen transfer from
forage legumes to grass in a systematic planting design. Crop Sci
27:753. doi:10.2135/cropscil987.0011183X002700040030x

Burity HA, Ta TC, Faris MA, Coulman BE (1989) Estimation of nitrogen
fixation and transfer from alfalfa to associated grasses in mixed
swards under field conditions. Plant Soil 114:249-255.
doi:10.1007/BF02220805

Carlsson G, Huss-Danell K (2014) Does nitrogen transfer between plants
confound "*N-based quantifications of N, fixation? Plant Soil 374:
345-358. doi:10.1007/s11104-013-1802-1


http://dx.doi.org/10.1093/emboj/18.2.281
http://dx.doi.org/10.1371/journal.pone.0029825
http://dx.doi.org/10.1371/journal.pone.0029825
http://dx.doi.org/10.1111/j.1461-0248.2004.00604.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00604.x
http://dx.doi.org/10.1111/j.1365-2435.2006.01227.x
http://dx.doi.org/10.1111/j.1365-2435.2006.01227.x
http://dx.doi.org/10.1111/j.1365-3040.2009.01926.x
http://dx.doi.org/10.1111/j.1365-3040.2009.01926.x
http://dx.doi.org/10.1046/j.1461-0248.1999.00001.x
http://dx.doi.org/10.1023/A:1024810630275
http://dx.doi.org/10.1007/BF02327259
http://dx.doi.org/10.1007/BF02327259
http://dx.doi.org/10.2135/cropsci1987.0011183X002700040030x
http://dx.doi.org/10.1007/BF02220805
http://dx.doi.org/10.1007/s11104-013-1802-1

Agron. Sustain. Dev. (2016) 36:58

Page 13 of 16 58

Carranca C (2013) Legumes: properties and symbiosis. In: Camisao AH,
Pedroso CC (eds) Symbiosis: evolution, biology and ecological ef-
fects. Animal science, issues and professions. Nova Science
Publishers, New York. ISBN 978-1-62257-211-3

Carranca C, Torres MO, Madeira M (2015) Underestimated role of le-
gume roots for soil N fertility. Agron Sustain Dev 35:1095-1102.
doi:10.1007/513593-015-0297-y

Carrillo Y, Jordan CF, Jacobsen KL et al (2011) Shoot pruning of a
hedgerow perennial legume alters the availability and temporal dy-
namics of root-derived nitrogen in a subtropical setting. Plant Soil
345:59-68. doi:10.1007/s11104-011-0760-8

Cavagnaro TR, Barrios-Masias FH, Jackson LE (2012) Arbuscular my-
corrhizas and their role in plant growth, nitrogen interception and
soil gas efflux in an organic production system. Plant Soil 353:181—
194. doi:10.1007/s11104-011-1021-6

Chalk PM, Peoples MB, Mcneill AM et al (2014) Methodologies for
estimating nitrogen transfer between legumes and companion spe-
cies in agro-ecosystems: a review of '°N-enriched techniques. Soil
Biol Biochem 73:10-21. doi:10.1016/j.s0ilbi0.2014.02.005

Chapagain T, Riseman A (2014) Barley—pea intercropping: effects on
land productivity, carbon and nitrogen transformations. Field Crop
Res 166:18-25. doi:10.1016/5.fcr.2014.06.014

Chapagain T, Riseman A (2015) Nitrogen and carbon transformations,
water use efficiency and ecosystem productivity in monocultures
and wheat-bean intercropping systems. Nutr Cycl Agroecosyst
101:107-121. doi:10.1007/s10705-014-9647-4

Chaparro JM, Badri DV, Bakker MG et al (2013) Root exudation of
phytochemicals in arabidopsis follows specific patterns that are de-
velopmentally programmed and correlate with soil microbial func-
tions. PLoS One 8:¢55731. doi:10.1371/journal.pone.005573 1

Chesney P, Nygren P (2002) Fine root and nodule dynamics of Erythrina
poeppigiana in an alley cropping system in Costa Rica. Agrofor
Syst 56:259-269. doi:10.1023/A:1021343928125

Chmelikova L, Hejcman M (2012) Root system variability in common
legumes in central Europe. Biologia (Bratisl) 67:116—125.
doi:10.2478/s11756-011-0138-7

Chu GX, Shen QR, Cao JL (2004) Nitrogen fixation and N transfer from
peanut to rice cultivated in aerobic soil in an intercropping system
and its effect on soil N fertility. Plant Soil 40:17-27. doi:10.1007/
s00374-004-0737-3

Chung I-M, Miller DA (1995) Allelopathic influence of nine forage grass
extracts on germination and seedling growth of alfalfa. Agron J 87:
767-772. doi:10.2134/agronj1995.00021962008700040026x

Dahlin AS, Martensson AM (2008) Cutting regime determines allocation
of fixed nitrogen in white clover. Biol Fertil Soils 45:199-204.
doi:10.1007/S00374-008-0328-9

Dahlin AS, Stenberg M (2010a) Transfer of N from red clover to peren-
nial ryegrass in mixed stands under different cutting strategies. Eur J
Agron 33:149-156. doi:10.1016/j.€ja.2010.04.006

Dahlin AS, Stenberg M (2010b) Cutting regime affects the amount and
allocation of symbiotically fixed N in green manure leys. Plant Soil
331:401-412. doi:10.1007/s11104-009-0261-1

Dakora FD, Phillips DA (2002) Root exudates as mediators of mineral
acquisition in low-nutrient environments. Plant Soil 245:35-47.
doi:10.1023/A:1020809400075

Daudin D, Sierra J (2008) Spatial and temporal variation of below-ground
N transfer from a leguminous tree to an associated grass in an agro-
forestry system. Agric Ecosyst Environ 126:275-280. doi:10.1016/
j-agee.2008.02.009

Dromph KM, Cook R, Ostle NJ, Bardgett RD (2006) Root parasite in-
duced nitrogen transfer between plants is density dependent. Soil
Biol Biochem 38:2495-2498. doi:10.1016/j.50ilbi0.2006.02.005

Dubach M, Russelle MP (1994) Forage legume roots and nodules and
their role in nitrogen transfer. Agron J 86:259-266. doi:10.2134/
agronj1994.00021962008600020010x

Ehrmann J, Ritz K (2013) Plant: soil interactions in temperate multi-
cropping production systems. Plant Soil 376:1-29. doi:10.1007/
s11104-013-1921-8

Elgersma A, Schlepers H, Nassiri M (2000) Interactions between
perennial ryegrass (Lolium perenne L.) and white clover
(Trifolium repens L.) under contrasting nitrogen availability:
productivity, seasonal patterns of species composition, N, fixa-
tion, N transfer and N recovery. Plant Soil 221:281-299.
doi:10.1023/A:1004797106981

Farnham DE, George JR (1993) Dinitrogen fixation and nitrogen transfer
among red clover cultivars. Can J Plant Sci 73:1047-1054.
doi:10.4141/cjps93-136

Fierer N, Schimel JP (2002) Effects of drying-rewetting frequency on soil
carbon and nitrogen transformations. Soil Biol Biochem 34:777—
787. doi:10.1016/S0038-0717(02)00007-X

Frankow-Lindberg BE, Dahlin AS (2013) N, fixation, N transfer, and
yield in grassland communities including a deep-rooted legume or
non-legume species. Plant Soil 370:567-581. doi:10.1007/s11104-
013-1650-z

Frey B, Schuepp H (1992) Transfer of symbiotically fixed nitrogen from
berseem (Trifolium alexandrinum L.) to maize via vesicular-
arbuscular mycorrhizal hyphae. New Phytol 122:447-454.
doi:10.1111/5.1469-8137.1992.tb00072.x

Fujita K, Ogata S, Matsumoto K et al (1990) Nitrogen transfer and dry
matter production in soybean and sorghum mixed cropping system
at different population densities. Soil Sci Plant Nutr 36:233-241.
doi:10.1080/00380768.1990.10414988

Fujita K, Ofosu-Budu KG, Ogata S (1992) Biological nitrogen fixation in
mixed legume-cereal cropping systems. Plant Soil 141:155-175.
doi:10.1007/BF00011315

Fustec J, Lesuffleur F, Mahieu S, Cliquet JB (2010) Nitrogen
rhizodeposition of legumes. A review. Agron Sustain Dev 30:57—
66. doi:10.1051/agro/2009003

Gogorcena Y, Iturbe-Ormaetxe I, Escuredo PR, Becana M (1995)
Antioxidant defenses against activated oxygen in pea nodules sub-
jected to water stress. Plant Physiol 108:753—759. doi:10.1104/
pp.108.2.753

Goodman PJ (1988) Nitrogen fixation, transfer and turnover in upland
and lowland grass-clover swards, using '*N isotope dilution. Plant
Soil 112:247-254. doi:10.1007/BF02140002

Gylfadottir T, Helgadottir A, Hogh-Jensen H (2007) Consequences of
including adapted white clover in northern European grassland:
transfer and deposition of nitrogen. Plant Soil 297:93-104.
doi:10.1007/s11104-007-9323-4

Haby VA, Stout SA, Hons FM, Leonard AT (2006) Nitrogen fixation and
transfer in a mixed stand of alfalfa and bermudagrass. Agron J 98:
890-898. doi:10.2134/agronj2005.0084

Hamel C, Barrantes-Cartin U, Furlan V, Smith D (1991)
Endomycorrhizal fungi in nitrogen transfer from soybean to maize.
Plant Soil 138:33-40. doi:10.1007/BF00011805

Hamilton EW, Frank DA, Hinchey PM, Murray TR (2008) Defoliation
induces root exudation and triggers positive rhizospheric feedbacks
in a temperate grassland. Soil Biol Biochem 40:2865-2873.
doi:10.1016/j.50ilbi0.2008.08.007

Hatch DJ, Murray PJ (1994) Transfer of nitrogen from damaged roots of
white clover (Trifolium repens L.) to closely associated roots of
intact perennial ryegrass (Lolium perenne L.). Plant Soil 166:181—
185. doi:10.1007/BF00008331

Haystead A, Malajczuk N, Grove T (1988) Underground transfer of ni-
trogen between pasture plants infected with vesicular-arbuscular
mycorrhizal fungi. New Phytol 108:417-423. doi:10.1111/j.1469-
8137.1988.tb04182.x

He M, Dijkstra FA (2014) Drought effect on plant nitrogen and phospho-
rus: a meta-analysis. New Phytol 204:924-931. doi:10.1111/
nph.12952

IN?A @ Springer

SCIENCE & IMPACT


http://dx.doi.org/10.1007/s13593-015-0297-y
http://dx.doi.org/10.1007/s11104-011-0760-8
http://dx.doi.org/10.1007/s11104-011-1021-6
http://dx.doi.org/10.1016/j.soilbio.2014.02.005
http://dx.doi.org/10.1016/j.fcr.2014.06.014
http://dx.doi.org/10.1007/s10705-014-9647-4
http://dx.doi.org/10.1371/journal.pone.0055731
http://dx.doi.org/10.1023/A:1021343928125
http://dx.doi.org/10.2478/s11756-011-0138-7
http://dx.doi.org/10.1007/s00374-004-0737-3
http://dx.doi.org/10.1007/s00374-004-0737-3
http://dx.doi.org/10.2134/agronj1995.00021962008700040026x
http://dx.doi.org/10.1007/S00374-008-0328-9
http://dx.doi.org/10.1016/j.eja.2010.04.006
http://dx.doi.org/10.1007/s11104-009-0261-1
http://dx.doi.org/10.1023/A:1020809400075
http://dx.doi.org/10.1016/j.agee.2008.02.009
http://dx.doi.org/10.1016/j.agee.2008.02.009
http://dx.doi.org/10.1016/j.soilbio.2006.02.005
http://dx.doi.org/10.2134/agronj1994.00021962008600020010x
http://dx.doi.org/10.2134/agronj1994.00021962008600020010x
http://dx.doi.org/10.1007/s11104-013-1921-8
http://dx.doi.org/10.1007/s11104-013-1921-8
http://dx.doi.org/10.1023/A:1004797106981
http://dx.doi.org/10.4141/cjps93-136
http://dx.doi.org/10.1016/S0038-0717(02)00007-X
http://dx.doi.org/10.1007/s11104-013-1650-z
http://dx.doi.org/10.1007/s11104-013-1650-z
http://dx.doi.org/10.1111/j.1469-8137.1992.tb00072.x
http://dx.doi.org/10.1080/00380768.1990.10414988
http://dx.doi.org/10.1007/BF00011315
http://dx.doi.org/10.1051/agro/2009003
http://dx.doi.org/10.1104/pp.108.2.753
http://dx.doi.org/10.1104/pp.108.2.753
http://dx.doi.org/10.1007/BF02140002
http://dx.doi.org/10.1007/s11104-007-9323-4
http://dx.doi.org/10.2134/agronj2005.0084
http://dx.doi.org/10.1007/BF00011805
http://dx.doi.org/10.1016/j.soilbio.2008.08.007
http://dx.doi.org/10.1007/BF00008331
http://dx.doi.org/10.1111/j.1469-8137.1988.tb04182.x
http://dx.doi.org/10.1111/j.1469-8137.1988.tb04182.x
http://dx.doi.org/10.1111/nph.12952
http://dx.doi.org/10.1111/nph.12952

58 Page 14 of 16

Agron. Sustain. Dev. (2016) 36:58

He XH, Critchley C, Bledsoe C (2003) Nitrogen transfer within and
between plants through common mycorrhizal networks (CMNS).
Crit Rev Plant Sci 22:531-567. doi:10.1080/713608315

He X, Xu M, Qiu GY, Zhou J (2009) Use of '*N stable isotope to quantify
nitrogen transfer between mycorrhizal plants. J Plant Ecol 2:107—
118. doi:10.1093/jpe/rtp015

Hegde RS, Miller DA (1990) Allelopathy and autotoxicity in alfalfa:
characterization and effects of preceding crops and residue incorpo-
ration. Crop Sci 30:1255-1259

Heichel GH, Henjum KI (1991) Dinitrogen fixation, nitrogen transfer,
and productivity of forage legume-grass communities. Crop Sci
31:202-208. doi:10.2135/cropscil 991.0011183X003100010045x

Hernandez-Jiménez MJ, Lucas MM, de Felipe MR (2002) Antioxidant
defence and damage in senescing lupin nodules. Plant Physiol
Biochem 40:645-657. doi:10.1016/S0981-9428(02)01422-5

Hodge A, Fitter AH (2010) Substantial nitrogen acquisition by arbuscular
mycorrhizal fungi from organic material has implications for N cy-
cling. Proc Natl Acad Sci U S A 107:13754-13759. doi:10.1073/
pnas.1005874107

Hegh-Jensen H (2006) The nitrogen transfer between plants: an important
but difficult flux to quantify. Plant Soil 282:1-5. doi:10.1007/
s11104-005-2613-9

Hogh-Jensen H, Schjoerring JK (1994) Measurement of biological
dinitrogen fixation in grassland: comparison of the enriched >N
dilution and the natural '*N abundance methods at different nitrogen
application rates and defoliation frequencies. Plant Soil 166:153—
163. doi:10.1007/bf00008328

Hogh-Jensen H, Schjoerring JK (1997) Interactions between white clover
and ryegrass under contrasting nitrogen availability: N, fixation, N
fertilizer recovery, N transfer and water use efficiency. Plant Soil
197:187-199. doi:10.1023/A:1004289512040

Hogh-Jensen H, Schjoerring JK (2000) Below-ground nitrogen transfer
between different grassland species: direct quantification by '°N leaf
feeding compared with indirect dilution of soil '’N. Plant Soil 227
171-183. doi:10.1023/A:1026535401773

Hogh-Jensen H, Schjoerring JK (2001) Rhizodeposition of nitrogen by
red clover, white clover and ryegrass leys. Soil Biol Biochem 33:
439-448. doi:10.1016/S0038-0717(00)00183-8

Jalonen R, Nygren P, Sierra J (2009a) Transfer of nitrogen from a tropical
legume tree to an associated fodder grass via root exudation and
common mycelial networks. Plant Cell Environ 32:1366-1376.
doi:10.1111/5.1365-3040.2009.02004.x

Jalonen R, Nygren P, Sierra J (2009b) Root exudates of a legume tree as a
nitrogen source for a tropical fodder grass. Nutr Cycl Agroecosyst
85:203-213. doi:10.1111/1.1365-3040.2009.02004.x

Jannoura R, Kleikamp B, Dyckmans J, Joergensen RG (2012) Impact of
pea growth and arbuscular mycorrhizal fungi on the decomposition
of ’N-labeled maize residues. Biol Fertil Soils 48:547—560.
doi:10.1007/500374-011-0647-0

Jensen ES (1996) Rhizodeposition of N by pea and barley and its effect
on soil N dynamics. Soil Biol Biochem 28:65-71. doi:10.1016/
0038-0717(95)00116-6

Johansen A, Jensen ES (1996) Transfer of N and P from intact or
decomposing roots of pea to barley interconnected by an arbuscular
mycorrhizal fungus. Soil Biol Biochem 28:73-81. doi:10.1016/
0038-0717(95)00117-4

Jorgensen FV, Jensen ES, Schjoerring JK (1999) Dinitrogen fixation in
white clover grown in pure stand and mixture with ryegrass estimat-
ed by the immobilized "N isotope dilution method. Plant Soil 208:
293-305. doi:10.1023/A:1004533430467

Kuzyakov Y, Friedel JK, Stahr K (2000) Review of mechanisms and
quantification of priming effects. Soil Biol Biochem 32:1485—
1498. doi:10.1016/S0038-0717(00)00084-5

Kuzyakov Y, Xu X (2013) Competition between roots and microorgan-
isms for nitrogen: Mechanisms and ecological relevance. New
Phytol 198:656—669. doi:10.1111/nph.12235

@ Springer
SCIENCE & IMPACT

Laberge G, Haussmann BIG, Ambus P, Hegh-Jensen H (2011) Cowpea
N rhizodeposition and its below-ground transfer to a co-existing and
to a subsequent millet crop on a sandy soil of the Sudano-Sahelian
eco-zone. Plant Soil 340:369-382. doi:10.1007/s11104-010-0609-6

Ladrera R, Marino D, Larrainzar E et al (2007) Reduced carbon avail-
ability to bacteroids and elevated ureides in nodules, but not in
shoots, are involved in the nitrogen fixation response to early
drought in soybean. Plant Physiol 145:539-546. doi:10.1104/
pp-107.102491

Laidlaw A, Christie P, Lee H (1996) Effect of white clover cultivar on
apparent transfer of nitrogen from clover to grass and estimation of
relative turnover rates of nitrogen in roots. Plant Soil 243:243-253.
doi:10.1007/BF00009334

Lambers H, Raven JA, Shaver GR, Smith SE (2008) Plant nutrient-
acquisition strategies change with soil age. Trends Ecol Evol 23:
95-103. doi:10.1016/j.tree.2007.10.008

Ledgard SF (1991) Transfer of fixed nitrogen from white clover to asso-
ciated grasses in swards grazed by dairy cows, estimated using '°N
methods. Plant Soil 131:215-223. doi:10.1007/BF00009451

Ledgard SF (2001) Nitrogen cycling in low input legume-based agricul-
ture, with emphasis on legume/grass pastures. Plant Soil 228:43-59.
doi:10.1023/A:1004810620983

Ledgard SF, Steele KW (1992) Biological nitrogen-fixation in mixed
legume grass pastures. Plant Soil 141:137-153. doi:10.1007/
bf00011314

Leigh J, Hodge A, Fitter AH (2009) Arbuscular mycorrhizal fungi can
transfer substantial amounts of nitrogen to their host plant from
organic material. New Phytol 181:199-207. doi:10.1111/5.1469-
8137.2008.02630.x

Lesuffleur F, Cliquet JB (2010) Characterisation of root amino acid exu-
dation in white clover (Zrifolium repens L.). Plant Soil 333:191—
201. doi:10.1007/s11104-010-0334-1

Lesuffleur F, Paynel F, Bataillé MP et al (2007) Root amino acid exuda-
tion: measurement of high efflux rates of glycine and serine from six
different plant species. Plant Soil 294:235-246. doi:10.1007/
s11104-007-9249-x

Lesuffleur F, Salon C, Jeudy C, Cliquet JB (2013) Use of a 15N2 labelling
technique to estimate exudation by white clover and transfer to com-
panion ryegrass of symbiotically fixed N. Plant Soil 369:187-197.
doi:10.1007/s11104-012-1562-3

Li Y, Ran W, Zhang R et al (2009) Facilitated legume nodulation, phos-
phate uptake and nitrogen transfer by arbuscular inoculation in an
upland rice and mung bean intercropping system. Plant Soil 315:
285-296. doi:10.1007/s11104-008-9751-9

Li Q, Song Y, Li G et al (2015) Grass-legume mixtures impact soil N,
species recruitment, and productivity in temperate steppe grassland.
Plant Soil 394:271-285. doi:10.1007/s11104-015-2525-2

Liu Q, Xu R, Yan Z et al (2013) Phytotoxic allelochemicals from roots
and root exudates of Trifolium pratense. J Agric Food Chem 61:
6321-6327. doi:10.1021/jf401241e

Louarn G, Pereira-lopes E, Fustec J et al (2015) The amounts and dy-
namics of nitrogen transfer to grasses differ in alfalfa and white
clover-based grass-legume mixtures as a result of rooting strategies
and rhizodeposit quality. Plant Soil 389:289-305. doi:10.1007/
s11104-014-2354-8

Mahieu S, Germon F, Aveline A et al (2009) The influence of water stress
on biomass and N accumulation, N partitioning between above and
below ground parts and on N rhizodeposition during reproductive
growth of pea (Pisum sativum L.). Soil Biol Biochem 41:380-387.
doi:10.1016/.s0ilbi0.2008.11.021

Mallarino AP, Wedin WF, Perdomo CH et al (1990) Nitrogen transfer from
white clover, red clover, and birdsfoot trefoil to associated grass. Agron
J 82:790-795. doi:10.2134/agronj1990.00021962008200040027x

Marty C, Pornon A, Escaravage N et al (2009) Complex interactions
between a legume and two grasses in a subalpine meadow. Am J
Bot 96:1814-1820. doi:10.3732/ajb.0800405


http://dx.doi.org/10.1080/713608315
http://dx.doi.org/10.1093/jpe/rtp015
http://dx.doi.org/10.2135/cropsci1991.0011183X003100010045x
http://dx.doi.org/10.1016/S0981-9428(02)01422-5
http://dx.doi.org/10.1073/pnas.1005874107
http://dx.doi.org/10.1073/pnas.1005874107
http://dx.doi.org/10.1007/s11104-005-2613-9
http://dx.doi.org/10.1007/s11104-005-2613-9
http://dx.doi.org/10.1007/bf00008328
http://dx.doi.org/10.1023/A:1004289512040
http://dx.doi.org/10.1023/A:1026535401773
http://dx.doi.org/10.1016/S0038-0717(00)00183-8
http://dx.doi.org/10.1111/j.1365-3040.2009.02004.x
http://dx.doi.org/10.1111/j.1365-3040.2009.02004.x
http://dx.doi.org/10.1007/s00374-011-0647-0
http://dx.doi.org/10.1016/0038-0717(95)00116-6
http://dx.doi.org/10.1016/0038-0717(95)00116-6
http://dx.doi.org/10.1016/0038-0717(95)00117-4
http://dx.doi.org/10.1016/0038-0717(95)00117-4
http://dx.doi.org/10.1023/A:1004533430467
http://dx.doi.org/10.1016/S0038-0717(00)00084-5
http://dx.doi.org/10.1111/nph.12235
http://dx.doi.org/10.1007/s11104-010-0609-6
http://dx.doi.org/10.1104/pp.107.102491
http://dx.doi.org/10.1104/pp.107.102491
http://dx.doi.org/10.1007/BF00009334
http://dx.doi.org/10.1016/j.tree.2007.10.008
http://dx.doi.org/10.1007/BF00009451
http://dx.doi.org/10.1023/A:1004810620983
http://dx.doi.org/10.1007/bf00011314
http://dx.doi.org/10.1007/bf00011314
http://dx.doi.org/10.1111/j.1469-8137.2008.02630.x
http://dx.doi.org/10.1111/j.1469-8137.2008.02630.x
http://dx.doi.org/10.1007/s11104-010-0334-1
http://dx.doi.org/10.1007/s11104-007-9249-x
http://dx.doi.org/10.1007/s11104-007-9249-x
http://dx.doi.org/10.1007/s11104-012-1562-3
http://dx.doi.org/10.1007/s11104-008-9751-9
http://dx.doi.org/10.1007/s11104-015-2525-2
http://dx.doi.org/10.1021/jf401241e
http://dx.doi.org/10.1007/s11104-014-2354-8
http://dx.doi.org/10.1007/s11104-014-2354-8
http://dx.doi.org/10.1016/j.soilbio.2008.11.021
http://dx.doi.org/10.2134/agronj1990.00021962008200040027x
http://dx.doi.org/10.3732/ajb.0800405

Agron. Sustain. Dev. (2016) 36:58

Page 15 of 16 58

Meng L, Zhang A, Wang F et al (2015) Arbuscular mycorrhizal fungi and
rhizobium facilitate nitrogen uptake and transfer in soybean/maize
intercropping system. Front Plant Sci 6:1-10. doi:10.3389/
fpls.2015.00339

Merbach W, Mirus E, Knof G et al (1999) Release of carbon and nitrogen
compounds by plant roots and their possible ecological importance.
J Plant Nutr Soil Sci 162:373-383. doi:10.1002/(sici)1522-
26210.1002/(SICI)1522-2624(199908)162:4<373::AID-JPLN373
>3.0.CO2-#

Mhadhbi H, Dje N, Chihaoui S et al (2011) Nodule senescence in
Medicago truncatula—Sinorhizobium symbiosis under abiotic con-
straints: biochemical and structural processes involved in maintain-
ing nitrogen-fixing capacity. J Plant Growth Regul 30:480—489.
doi:10.1007/500344-011-9210-3

Miller DA (1996) Allelopathy in forage crop systems. Agron J 88:854—
859. doi:10.2134/agronj1996.00021962003600060003x

Moyer-Henry KA, Burton JW, Isracl DW, Rufty TW (2006) Nitrogen
transfer between plants: a '°N natural abundance study with crop
and weed species. Plant Soil 282:7-20. doi:10.1007/s11104-005-
3081-y

Munroe JW, Isaac ME (2014) N,-fixing trees and the transfer of fixed-N
for sustainable agroforestry: a review. Agron Sustain Dev 34:417—
427. doi:10.1007/s13593-013-0190-5

Nasholm T, Kielland K, Ganeteg U (2008) Uptake of organic nitrogen by
plants. New Phytol 182:31-48. doi:10.1111/).1469-8137.2008.02751.x

Naudin C, Corre-Hellou G, Pineau S et al (2010) The effect of various
dynamics of N availability on winter pea-wheat intercrops: crop
growth, N partitioning and symbiotic N, fixation. Field Crop Res
119:2-11. doi:10.1016/5.£cr.2010.06.002

Nyfeler D, Huguenin-Elie O, Suter M et al (2011) Grass-legume mixtures
can yield more nitrogen than legume pure stands due to mutual
stimulation of nitrogen uptake from symbiotic and non-symbiotic
sources. Agric Ecosyst Environ 140:155-163. doi:10.1016/j.
agee.2010.11.022

Nygren P, Leblanc HA (2015) Dinitrogen fixation by legume shade trees
and direct transfer of fixed N to associated cacao in a tropical agro-
forestry system. Tree Physiol 00:1-14. doi:10.1093/treephys/tpul16

Oberson A, Frossard E, Bithlmann C et al (2013) Nitrogen fixation and
transfer in grass-clover leys under organic and conventional
cropping systems. Plant Soil 371:237-255. doi:10.1007/s11104-
013-1666-4

Ofosu-Budu KG, Fujita K, Ogata S (1990) Excretion of ureide and other
nitrogenous compounds by the root system of soybean at different
growth stages. Plant Soil 128:135-142. doi:10.1007/BF00011102

Ofosu-Budu KG, Noumura K, Fujita K (1995a) N, fixation, N
transfer and biomass production of soybean cv. Bragg or its
supernodulating nts1007 and sorghum mixed-cropping at two
rates of N fertilizer. Soil Biol Biochem 27:311-317.
doi:10.1016/0038-0717(94)00177-3

Ofosu-budu KG, Saneoka H, Fujita K (1995b) Analysis of factors con-
trolling dinitrogen fixation and nitrogen release in soybean using
pod removal, stem girdling, and defoliation. Soil Sci Plant Nutr
41:407-416. doi:10.1080/00380768.1995.10419603

Ofosu-budu KG, Saneoka H, Fujita K (1995¢) Factors controlling the
release of nitrogenous compounds from roots of soybean. Soil Sci
Plant Nutr 41:625-633. doi:10.1080/00380768.1995.10417013

Parniske M (2008) Arbuscular mycorrhiza: the mother of plant root en-
dosymbioses. Nat Rev Microbiol 6:763-775. doi:10.1038/
nrmicro1987

Paynel F, Cliquet JB (2003) N transfer from white clover to perennial
ryegrass, via exudation of nitrogenous compounds. Agronomie 23:
503-510. doi:10.1051/agro

Paynel F, Murray PJ, Cliquet JB (2001) Root exudates: a pathway for
short-term N transfer from clover and ryegrass. Plant Soil 229:235—
243. doi:10.1023/A:1004877214831

Paynel F, Lesuffleur F, Bigot J et al (2008) A study of '°N transfer
between legumes and grasses. Agron Sustain Dev 28:281-290.
doi:10.1051/agro:2007061

Pélissier HC, Frerich A, Desimone M et al (2004) PvUPSI, an allantoin
transporter in nodulated roots of French bean. Plant Physiol 134:
664-675. doi:10.1104/pp.103.033365

Peoples MB, Chalk PM, Unkovich MJ, Boddey RM (2015) Can differ-
ences in "°N natural abundance be used to quantify the transfer of
nitrogen from legumes to neighbouring non-legume plant species?
Soil Biol Biochem 87:97-109. doi:10.1016/j.s0ilbio.2015.04.010

Pérez Guerra JC, Coussens G, De Keyser A et al (2010) Comparison of
developmental and stress-induced nodule senescence in Medicago
truncatula. Plant Physiol 152:1574-1584. doi:10.1104/
pp.109.151399

Phillips DA, Fox TC, King MD et al (2004) Microbial products trigger
amino acid exudation from plant roots. Plant Physiol 136:2887—
2894. doi:10.1104/pp.104.044222

Pirhofer-Walzl K, Rasmussen J, Hogh-Jensen H et al (2012) Nitrogen
transfer from forage legumes to nine neighbouring plants in a
multi-species grassland. Plant Soil 350:71-84. doi:10.1007/
s11104-011-0882-z

Prithiviraj B, Paschke MW, Vivanco JM (2007) Root communication: the
role of root exudates. Encycl Plant Crop Sci. doi:10.1081/E-EPCS-
120042072

Rasmussen J, Gylfadottir T, Loges R et al (2013) Spatial and temporal
variation in N transfer in grass-white clover mixtures at three
Northern European field sites. Soil Biol Biochem 57:654-662.
doi:10.1016/j.50ilbi0.2012.07.004

Rouquette FM, Smith GR (2010) Review: effects of biological nitrogen
fixation and nutrient cycling on stocking strategies for cow-calf and
stocker programs. Prof Anim Sci 26:131-141

Ryalls JMW, Riegler M, Moore BD et al (2013) Effects of elevated
temperature and CO, on aboveground-belowground systems: a case
study with plants, their mutualistic bacteria and root/shoot herbi-
vores. Front Plant Sci 4:1-7. doi:10.3389/fpls.2013.00445

Saggar S, Andrew RM, Tate KR et al (2004) Modelling nitrous oxide
emissions from dairy-grazed pastures. Nutr Cycl Agroecosyst 68:
243-255. doi:10.1023/B:FRES.0000019463.92440.a3

Saj S, Mikola J, Ekelund F (2008) Legume defoliation affects rhizosphere
decomposers, but not the uptake of organic matter N by a
neighbouring grass. Plant Soil 311:141-149. doi:10.1007/s11104-
008-9665-6

San-nai J, Ming-pu Z (2000) Nitrogen transfer between N,-fixing plant
and non-N,-fixing plant. J For Res 11:75-80. doi:10.1007/
BF02856678

Schenck zu Schweinsberg-Mickan M, Joergensen RG, Miiller T (2010)
Fate of '*C- and '*N-labelled rhizodeposition of Lolium perenne as
function of the distance to the root surface. Soil Biol Biochem 42:
910-918. doi:10.1016/.s0ilbi0.2010.02.007

Scherer-Lorenzen M, Palmborg C, Prinz A, Schulze ED (2003) The role
of plant diversity and composition for nitrate leaching in grasslands.
Ecology 84:1539-1552. doi:10.1890/0012-9658(2003)084[1539
:TROPDA]2.0.CO;2

Schimel J, Balser TC, Wallenstein M (2007) Microbial stress-response
physiology and its implications for ecosystem function. Ecology 88:
1386-1394. doi:10.1890/06-0219

Schroth MN, Weinhold AR, Hayman DS (1996) The effect of tempera-
ture on quantitative differences in exudates from germinating seeds
of bean, pea, and cotton. Can J Bot 44:1429-1432

Segonzac C, Boyer J-C, Ipotesi E et al (2007) Nitrate efflux at the
root plasma membrane: identification of an arabidopsis excre-
tion transporter. Plant Cell Online 19:3760-3777. doi:10.1105/
tpc.106.048173

Seker H, Rowe DE, Brink GE (2003) White clover morphology changes
with stress treatments. Crop Sci 43:2218-2225. doi:10.2135/
cropsci2003.2218

IN?A @ Springer

SCIENCE & IMPACT


http://dx.doi.org/10.3389/fpls.2015.00339
http://dx.doi.org/10.3389/fpls.2015.00339
http://dx.doi.org/10.1002/(sici)1522-26210.1002/(SICI)1522-2624(199908)162:4%3C373::AID-JPLN373%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/(sici)1522-26210.1002/(SICI)1522-2624(199908)162:4%3C373::AID-JPLN373%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/(sici)1522-26210.1002/(SICI)1522-2624(199908)162:4%3C373::AID-JPLN373%3E3.0.CO;2-%23
http://dx.doi.org/10.1007/s00344-011-9210-3
http://dx.doi.org/10.2134/agronj1996.00021962003600060003x
http://dx.doi.org/10.1007/s11104-005-3081-y
http://dx.doi.org/10.1007/s11104-005-3081-y
http://dx.doi.org/10.1007/s13593-013-0190-5
http://dx.doi.org/10.1111/j.1469-8137.2008.02751.x
http://dx.doi.org/10.1016/j.fcr.2010.06.002
http://dx.doi.org/10.1016/j.agee.2010.11.022
http://dx.doi.org/10.1016/j.agee.2010.11.022
http://dx.doi.org/10.1093/treephys/tpu116
http://dx.doi.org/10.1007/s11104-013-1666-4
http://dx.doi.org/10.1007/s11104-013-1666-4
http://dx.doi.org/10.1007/BF00011102
http://dx.doi.org/10.1016/0038-0717(94)00177-3
http://dx.doi.org/10.1080/00380768.1995.10419603
http://dx.doi.org/10.1080/00380768.1995.10417013
http://dx.doi.org/10.1038/nrmicro1987
http://dx.doi.org/10.1038/nrmicro1987
http://dx.doi.org/10.1051/agro
http://dx.doi.org/10.1023/A:1004877214831
http://dx.doi.org/10.1051/agro:2007061
http://dx.doi.org/10.1104/pp.103.033365
http://dx.doi.org/10.1016/j.soilbio.2015.04.010
http://dx.doi.org/10.1104/pp.109.151399
http://dx.doi.org/10.1104/pp.109.151399
http://dx.doi.org/10.1104/pp.104.044222
http://dx.doi.org/10.1007/s11104-011-0882-z
http://dx.doi.org/10.1007/s11104-011-0882-z
http://dx.doi.org/10.1081/E-EPCS-120042072
http://dx.doi.org/10.1081/E-EPCS-120042072
http://dx.doi.org/10.1016/j.soilbio.2012.07.004
http://dx.doi.org/10.3389/fpls.2013.00445
http://dx.doi.org/10.1023/B:FRES.0000019463.92440.a3
http://dx.doi.org/10.1007/s11104-008-9665-6
http://dx.doi.org/10.1007/s11104-008-9665-6
http://dx.doi.org/10.1007/BF02856678
http://dx.doi.org/10.1007/BF02856678
http://dx.doi.org/10.1016/j.soilbio.2010.02.007
http://dx.doi.org/10.1890/0012-9658(2003)084%5B1539:TROPDA%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2003)084%5B1539:TROPDA%5D2.0.CO;2
http://dx.doi.org/10.1890/06-0219
http://dx.doi.org/10.1105/tpc.106.048173
http://dx.doi.org/10.1105/tpc.106.048173
http://dx.doi.org/10.2135/cropsci2003.2218
http://dx.doi.org/10.2135/cropsci2003.2218

58 Page 16 of 16

Agron. Sustain. Dev. (2016) 36:58

Serraj R, Sinclair TR, Purcell LC (1999) Symbiotic N, fixation response
to drought. J Exp Bot 50:143—155. doi:10.1093/jxb/50.331.143
Sierra J, Daudin D, Domenach AM et al (2007) Nitrogen transfer from a
legume tree to the associated grass estimated by the isotopic signa-
ture of tree root exudates: a comparison of the '°N leaf feeding and
natural '’N abundance methods. Eur J Agron 27:178-186.
doi:10.1016/j.€ja.2007.03.003

Sincik M, Acikgoz E (2007) Effects of white clover inclusion on turf
characteristics, nitrogen fixation, and nitrogen transfer from white
clover to grass species in turf mixtures. Commun Soil Sci Plant Anal
38:1861-1877. doi:10.1080/00103620701435621

Smykal P, Coyne CJ, Ambrose MJ et al (2015) Legume crops phylogeny
and genetic diversity for science and breeding. Crit Rev Plant Sci 34:
43-104. doi:10.1080/07352689.2014.897904

Stern WR (1993) Nitrogen fixation and transfer in intercrop systems.
Field Crop Res 34:335-356. doi:10.1016/0378-4290(93)90121-3

Sturite I, Henriksen TM, Breland TA (2007) Longevity of white clover
(Trifolium repens) leaves, stolons and roots, and consequences for
nitrogen dynamics under northern temperate climatic conditions.
Ann Bot 100:33—40. doi:10.1093/aob/mcm078

Suter M, Connolly J, Finn JA et al (2015) Nitrogen yield advantage from
grass—legume mixtures is robust over a wide range of legume pro-
portions and environmental conditions. Glob Chang Biol 21:2424—
2438. doi:10.1111/gcb.12880

Ta TC, Faris MA (1987) Species variation in the fixation and transfer of
nitrogen from legumes to associated grasses. Plant Soil 274:265—
274. doi:10.1007/BF02374830

Ta TC, Faris MA (1988) Effects of environmental conditions on the
fixation and transfer of nitrogen from alfalfa to associated timothy.
Plant Soil 107:25-30. doi:10.1007/bf02371540

Tarui A, Matsumura A, Asakura S et al (2013) Enhancement of nitrogen
uptake in oat by cutting hairy vetch grown as an associated crop.
Plant Roots 7:83-91. doi:10.3117/plantroot.7.83

Thilakarathna RMMS (2016) Genotypic variability among diverse red
clover cultivars for nitrogen fixation and transfer. PhD Thesis.
Dalhousie Killam library

Thilakarathna RMMS, Papadopoulos YA, Fillmore SAE, Prithiviraj B
(2012a) Genotypic differences in root hair deformation and subse-
quent nodulation for red clover under different additions of starter N
fertilization. J Agron Crop Sci 198:295-303. doi:10.1111/5.1439-
037X.2012.00505.x

Thilakarathna RMMS, Papadopoulos YA, Rodd AV et al (2012b)
Characterizing nitrogen transfer from red clover populations to com-
panion bluegrass under field conditions. Can J Plant Sci 92:1163—
1173. doi:10.4141/cjps2012-036

Thilakarathna MS, Papadopoulos YA, Rodd AV et al (2016) Nitrogen
fixation and transfer of red clover genotypes under legume—grass
forage based production systems. Nutr Cycl Agroecosyst
doi:10.1007/510705-016-9802-1

Trannin WS, Urquiaga S, Guerra G et al (2000) Interspecies competition
and N transfer in a tropical grass-legume mixture. Biol Fertil Soils
32:441-448. doi:10.1007/s003740000271

@ Springer
SCIENCE & IMPACT

Uselman SM, Qualls RG, Thomas RB (2000) Effects of increased atmo-
spheric CO,, temperature, and soil N availability on root exudation
of dissolved organic carbon by a N-fixing tree (Robinia
pseudoacacia L.). Plant Soil 222:191-202. doi:10.1023/
A:1004705416108

van der Heijden MGA, Horton TR (2009) Socialism in soil? The impor-
tance of mycorrhizal fungal networks for facilitation in natural eco-
systems. J Ecol 97:1139-1150. doi:10.1111/j.1365-
2745.2009.01570.x

Van Der Krift TAJ, Kuikman PJ, Moller F, Berendse F (2001) Plant
species and nutritional-mediated control over rhizodeposition and
root decomposition. Plant Soil 228:191-200. doi:10.1023/
A:1004834128220

van Kessel CV, Singleton PW, Hoben HJ (1985) Enhanced N-transfer
from a soybean to maize by vesicular arbuscular mycorrhizal
(VAM) fungi. Plant Physiol 79:562—563. doi:10.1104/pp.79.2.562

van Kessel C, Clough T, van Groenigen JW (2009) Dissolved organic
nitrogen: an overlooked pathway of nitrogen loss from agricultural
systems? J Environ Qual 38:393-401. doi:10.2134/jeq2008.0277

Vance CP, Heichel GH, Barnes DK et al (1979) Nitrogen fixation, nodule
development, and vegetative regrowth of alfalfa (Medicago sativa
L.) following harvest. Plant Physiol 64:1-8. doi:10.1104/pp.64.1.1

Viera-Vargas MS, Souto CM, Urquiaga S, Boddey RM (1995)
Quantification of the contribution of N, fixation to tropical forage
legumes and transfer to associated grass. Soil Biol Biochem 27:
1193-1200. doi:10.1016/0038-0717(95)00022-7

von Wirén N, Gazzarrini S, Frommer WB (1997) Regulation of mineral
nitrogen uptake in plants. Plant Soil 196:191-199. doi:10.1023/
A:1004241722172

Walker TS, Bais HP, Grotewold E, Vivanco JM (2003) Root exudation
and rhizosphere biology. Plant Physiol 132:44-51. doi:10.1104
/pp.102.019661

Warembourg FR, Lafont F, Fernandez MP (1997) Economy of symbiot-
ically fixed nitrogen in red clover (Trifolium pratense L.). Ann Bot
80:515-523. doi:10.1006/anbo.1997.0484

White J, Prell J, James EK, Poole P (2007) Nutrient sharing between
symbionts. Plant Physiol 144:604—614. doi:10.1104/pp.107.097741

Wichern F, Eberhardt E, Mayer J et al (2008) Nitrogen rhizodeposition in
agricultural crops: methods, estimates and future prospects. Soil
Biol Biochem 40:30-48. doi:10.1016/j.s0ilbi0.2007.08.010

Xiao YB, Li L, Zhang FS (2004) Effect of root contact on interspecific
competition and N transfer between wheat and fabacean using direct
and indirect N-15 techniques. Plant Soil 262:45-54. doi:10.1023/
B:PLS0.0000037019.34719.0d

Yong T, Liu X, Yang F et al (2015) Characteristics of nitrogen uptake, use
and transfer in a wheat-maize-soybean relay intercropping system.
Plant Prod Sci 18:388-397. doi:10.1626/pps.18.388

Zang H, Yang X, Feng X et al (2015) Rhizodeposition of nitrogen and
carbon by mungbean (Vigna radiata L.) and its contribution to
intercropped oats (Avena nuda L.). PLoS One e0121132.
doi:10.1371/journal.pone.0121132


http://dx.doi.org/10.1093/jxb/50.331.143
http://dx.doi.org/10.1016/j.eja.2007.03.003
http://dx.doi.org/10.1080/00103620701435621
http://dx.doi.org/10.1080/07352689.2014.897904
http://dx.doi.org/10.1016/0378-4290(93)90121-3
http://dx.doi.org/10.1093/aob/mcm078
http://dx.doi.org/10.1111/gcb.12880
http://dx.doi.org/10.1007/BF02374830
http://dx.doi.org/10.1007/bf02371540
http://dx.doi.org/10.3117/plantroot.7.83
http://dx.doi.org/10.1111/j.1439-037X.2012.00505.x
http://dx.doi.org/10.1111/j.1439-037X.2012.00505.x
http://dx.doi.org/10.4141/cjps2012-036
http://dx.doi.org/10.1007/s10705-016-9802-1
http://dx.doi.org/10.1007/s003740000271
http://dx.doi.org/10.1023/A:1004705416108
http://dx.doi.org/10.1023/A:1004705416108
http://dx.doi.org/10.1111/j.1365-2745.2009.01570.x
http://dx.doi.org/10.1111/j.1365-2745.2009.01570.x
http://dx.doi.org/10.1023/A:1004834128220
http://dx.doi.org/10.1023/A:1004834128220
http://dx.doi.org/10.1104/pp.79.2.562
http://dx.doi.org/10.2134/jeq2008.0277
http://dx.doi.org/10.1104/pp.64.1.1
http://dx.doi.org/10.1016/0038-0717(95)00022-7
http://dx.doi.org/10.1023/A:1004241722172
http://dx.doi.org/10.1023/A:1004241722172
http://dx.doi.org/10.1104/pp.102.019661.Although
http://dx.doi.org/10.1104/pp.102.019661.Although
http://dx.doi.org/10.1006/anbo.1997.0484
http://dx.doi.org/10.1104/pp.107.097741
http://dx.doi.org/10.1016/j.soilbio.2007.08.010
http://dx.doi.org/10.1023/B:PLSO.0000037019.34719.0d
http://dx.doi.org/10.1023/B:PLSO.0000037019.34719.0d
http://dx.doi.org/10.1626/pps.18.388
http://dx.doi.org/10.1371/journal.pone.0121132

	Belowground nitrogen transfer from legumes to non-legumes under managed herbaceous cropping systems. A review
	Abstract
	Introduction
	Nitrogen transfer mechanisms
	Nitrogen transfer through senescence and decomposition of roots and nodules
	Nitrogen transfer through root exudates
	Mycorrhiza-mediated nitrogen transfer

	Factors affecting nitrogen transfer
	Abiotic factors
	Water stress
	Temperature and light
	Soil nitrogen availability and application of nitrogen fertilizer

	Biotic factors
	Root contact
	Legume–non-legume plant density
	Plant growth stages and production years
	Defoliation stress
	Root herbivory


	Plant genetic variability for nitrogen transfer
	Forage legume species
	Forage legume cultivars
	Non-legume species

	Conclusion
	References


