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Abstract

The objective of the present review was to present the current knowledge on nitrogen (N) rhizodeposition, including techniques for 15N

labelling of agricultural plants, amounts of N rhizodeposition and its fate in soil. Rhizodeposition is the process of release of organic and

inorganic compounds from living plant roots. It is often quantified in terms of carbon (C) and less often as N derived from

rhizodeposition (NdfR). Rhizodeposition of N can be estimated by labelling plants with 15N and following its fate in soil. Most methods

used for labelling plants with 15N can only be applied after appearance of the first leaf and only allow pulse or multiple pulse labelling.

Only the split-root technique and the application of gaseous 15N allow continuous labelling. All methods available at present have their

flaccidities mostly due to the fact that the application of N is not following its physiological pathway of assimilation or by using artificial

conditions. In the studies reviewed, amounts of N rhizodeposits ranged from 4% to 71% of total assimilated plant N. In legumes the

median was 16% and in cereals it was 14%. Rhizodeposits were 15–96% of the below-ground plant biomass (BGP). In legumes the

median was 73% and in cereal it was 57%. The high variability of these results shows the need for more investigations on N

rhizodeposition looking especially on the factors influencing the amounts released in different plant species under field conditions.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the 1970s, management of nitrogen (N) inputs into
agricultural systems has become of increasing interest, as its
excessive use in intensive agriculture in humid temperate
climates has caused NO3

�-leaching into surface and ground-
water, resulting in eutrophication and loss of N (Vance,
2001). It has also caused gaseous loss as N2O in various
temperate and tropical farming systems, contributing to
global warming (Vance, 2001). However, processes influen-
cing N availability, especially in low-input farming systems
are poorly understood. Maximising crop yields and quality
by simultaneously minimising negative environmental im-
e front matter r 2007 Elsevier Ltd. All rights reserved.
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pacts of N fertilisation therefore requires sophisticated
management (Vance, 2001) based on a better understanding
of carbon (C) and N turnover processes in the soil.
As plants interact with the soil to acquire and mobilise

nutrients, their roots alter the soil biologically, chemically
and physically over variable distances from its surface,
defining the extent of the rhizosphere by the respective
processes considered in space and time (Paterson, 2003;
Gregory, 2006). Nitrate, for example, is transported over
large distances to the root surface by mass flow and
diffusion, therefore inducing a large rhizosphere for
N-acquisition. In contrast, the rhizosphere for P-acquisition
is very narrow (Nielsen, 1994). It has also been shown that
plant roots increase the decomposition of soil organic
matter by stimulating soil microorganisms (Helal and
Sauerbeck, 1986), and consequently influence plant nutrient
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availability, especially in low-fertility soils (Dakora and
Phillips, 2002; Paterson, 2003).

The development of roots is influenced by a wide range
of abiotic and biotic factors, and the rooting depth and
root distribution is influenced by genetic and environ-
mental factors (Weaver, 1926; Gregory, 2006). Addition-
ally, plant roots grow and die continuously during plant
development and are thus subject to permanent microbial
turnover, with most of the plant roots already being dead
at maturity (Steingrobe et al., 2001). Therefore, the amount
of plant-derived below-ground plant biomass N (BGP-N),
especially of legumes, is underestimated when only taking
the N in recoverable roots into account (McNeill et al.,
1997). The same holds true for below-ground plant
biomass C (BGP-C). Apart from the uptake of mostly
inorganic ions, plant roots also release inorganic and
organic compounds by exudation and due to the turnover
of root tissue in the rhizosphere. This loss from living root
systems is often termed rhizodeposition and is on average
15% of the total assimilated C in cereals (Nguyen, 2003;
Kuzyakov and Schneckenberger, 2004). One advantage of
this tremendous loss of C and thus energy from plant roots
lies in an increased nutrient acquisition by stimulation of
soil microorganisms (Helal and Sauerbeck, 1986; Nguyen,
2003). There is a great potential for using different plant
species and genotypes with their diverse root systems and
their exuded chemicals to influence the processes in the
rhizosphere to the benefit of crop production (Watt et al.,
2006), with rhizodeposition being a key factor. It is crucial
to quantitatively estimate rhizodeposition to understand
soil N turnover processes (Mayer et al., 2003a) and the
availability of N for subsequent crops (Russell and Fillery
1996a; Mayer et al., 2003a, 2004).

Recent reviews focussed on the amounts released by
rhizodeposition and the methods for its estimation
(Kuzyakov and Domanski, 2000; Kuzyakov and Schneck-
enberger, 2004), the mechanisms of release and influencing
factors (Nguyen, 2003; Jones et al., 2004), and the impact
of rhizodeposition on nutrient mobilisation (Paterson,
2003). These reviews investigated the rhizodeposition solely
in terms of C. However, there is increasing evidence that
plant roots release significant amounts of N, which
influence the turnover of rhizodeposits. The amounts of
N, the composition of these compounds released into the
soil under in situ conditions and their ecological function
are still not known. The present review therefore gives an
overview of (I) methods for estimating N rhizodeposition
quantitatively, (II) summarises the amounts of N released
from roots of different agricultural crops and (III)
investigates the fate of N rhizodeposits in soil and
highlights the relevance for N dynamics.

2. Definitions and the composition of rhizodeposition

The below-ground plant biomass (BGP) can be sub-
divided into visible fibrous macro-roots and rhizodeposits
(Høgh-Jensen and Schjoerring, 2001). Rhizodeposition is
the process of release of volatile, non-particular and
particular compounds from living plant roots (Table 1)
and these compounds contain a wide range of organic
compounds (Rovira, 1956; Gregory, 2006). These rhizode-
posits can be subdivided according to their origin. The
particular compounds include root border and root cap
cells, sloughed epidermal root cells and root hairs (Rovira,
1956), root fragments and fine roots (Lynch and Whipps,
1990; Whipps, 1990a). Root border cells easily separate
from plant roots as these move through the soil (Hawes,
1990). They are often still viable and beside secretory cells,
contribute large amounts of non-particular compounds
and are therefore sometimes included in the term root
exudates (Hawes, 1990). Non-particular compounds in-
clude passive or controlled diffused root exudates (Nguyen,
2003), secretions, such as mucilage (a secretion released by
cells), lysates and ions released from roots (Uren, 2001).
Rovira (1956) already mentioned that beside the often

investigated non-particular root exudates, plant roots also
release significant amounts of particular compounds during
plant growth, including root border cells, sloughed root
cells and root hairs, especially when growing in soil.
However, he did not provide a definition of rhizodeposi-
tion. A decade later, Shamoot et al. (1968) then defined
rhizodeposition as the release of organic debris from living
roots during plant growth. However, it is unclear whether
root fragments and decaying roots were included in this
term. Later on, many authors dealing with quantitative
estimation of rhizodeposition defined it as the release of C
from plant roots (Lynch and Whipps, 1990; Whipps,
1990a; Meharg, 1994; Marschner, 1995; Kuzyakov and
Domanski, 2000; Nguyen, 2003; Jones et al., 2004;
Kuzyakov and Schneckenberger, 2004). Some authors
relate rhizodeposition only to the organic C compounds
released (Kuzyakov and Domanski, 2000; Nguyen, 2003;
Jones et al., 2004; Kuzyakov and Schneckenberger, 2004),
whereas others include volatile compounds, such as CO2

from root respiration (Lynch and Whipps, 1990; Whipps,
1990a; Meharg, 1994). In addition to sloughed root tissue
and root hairs, sometimes also root fragments and fine
roots are included in the definition of rhizodeposits (Lynch
and Whipps, 1990; Whipps, 1990a, b; Kuzyakov and
Domanski, 2000; Jones et al., 2004; Kuzyakov and
Schneckenberger, 2004). Plant roots also release mineral
nutrients previously taken up (Marschner, 1995), such as N
(e.g. Janzen, 1990; Mayer et al., 2003a). This ultimately
demands a wider definition of rhizodeposition, not only
focussed on the release of C. Uren (2001) therefore
describes rhizodeposition as the release of all kinds of

compounds lost from living plant roots, including ions and

volatile compounds. This definition should be used when
investigating the rhizodeposition of N, because plant roots
release ions, such as NH4

+ and NO3
� (Brophy and Heichel,

1989; Wacquant et al., 1989; Merbach et al., 1999).
Beside categorising rhizodeposits by their origin, they

can also be distinguished by solubility or extractability with
water into water-soluble exudates (e.g. sugars, amino acids,
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Table 1

Compounds released by plant roots included in the concept of rhizodeposition (RD). (hatching ¼ only partly included, unclear)
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organic acids, hormones, and vitamins), and water-
insoluble materials, such as decaying fine-roots, root hairs,
cell walls, sloughed cells, and mucilage (Jensen, 1996a;
Merbach et al., 1999). Close to the root, the water-soluble
root-borne compounds are dominated by carbohydrates
and organic acids, with only small amounts of amino acids
(Merbach et al., 1999; Hütsch et al., 2002). Nevertheless,
these amino acids are probably the main source of water-
soluble N lost from roots (Rroc-o and Mengel, 2000).

Moreover, root exudates are a complex mixture with a
wide range of substances (Rovira, 1956) and can be divided
into low-molecular-weight (LMW) and high-molecular-
weight (HMW) substances (Marschner, 1995). LMW root
exudates are usually dominated by simple sugars, but also
include organic acids, amino sugars, phenolics, and
inorganic compounds, whereas HMW compounds com-
prise exoenzymes and in some definitions root border cells
(Marschner, 1995; Dakora and Phillips, 2002; Nguyen,
2003; Paterson, 2003). Root exudates are all LMW organic
compounds released from roots irrespective of the process,
even though an original definition was related to those
LMW compounds passively diffusing into the soil solution
(Nguyen, 2003). However, it is difficult to separate true
exudates and lysates from decaying cells (Rovira, 1956), in
particular in soil systems.

At maturity, rhizodeposits can be twice as much as
macro-roots and represent a substantial energy transfer
from plants to soil microorganisms (Gregory, 2006).
However, according to Kuzyakov and Domanski (2000),
exudates, secretions, root hairs, and fine-roots make up
1–2% of total assimilated C. Other estimates conclude that
soluble exudates only account for 1–10% of the total C
released by plant roots (Paterson, 2003), resulting in
rhizodeposits mainly being HMW substances. This is in
line with the estimate that 90% of the rhizodeposits are
root debris (Uren, 2001). In contrast, Nguyen (2003)
calculated the amounts deposited by root exudation,
sloughing of border cells, and mucilage, and found that
10–100 times more C is released from roots through
exudation than contributed by border cells and mucilage.
Mucilage is mostly composed of polymerised sugars and of
up to 6% proteins (Nguyen, 2003) (e.g. in maize (Zea mays

L.) mucilage had a C-to-N ratio of 64, with 39% C (Mary
et al., 1993)). However, the C-to-N ratio of soluble
exudates in some grasses was estimated to be 2.0–2.7
(Klein et al., 1988), which would mean that root exudates
contain large amounts of N. This is contradicted by the
observation that root exudates are predominantly sugars
(Deubel et al., 2000; Paterson, 2003) and that the net
release of N from roots is much lower than that of C
(Merbach et al., 1999).
Apart from the release of substances containing C, plant

roots also deposit various N-compounds, such as NO3
�

(Wacquant et al., 1989), NH4
+ (Brophy and Heichel, 1989),

and amino acids (Rovira, 1956). Additionally, cell lysates,
sloughed roots, root hairs and root-derived debris also
contain N-compounds (Jensen, 1996b). Especially small
root fragments, which methodologically cannot be easily
separated from the soil, may represent a significant
proportion of the N released from plant roots (NdfR ¼ N
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derived from rhizodeposition) (Janzen and Bruinsma,
1993). For various plants the dominating N-compounds
exuded are NH4

+ and the amino acids serine and glycine
(Brophy and Heichel, 1989; Ofosu-Budu et al., 1990;
Paynel et al., 2001). In particular, root exudates of legumes
contain NH4

+ (Brophy and Heichel, 1989) and amino acids
(Rovira, 1956) and more amino-N than the root exudates
of non-legumes (Hale et al., 1978). Amino acids were
between 6% and 31% of the total water-soluble exudates in
different plant species (Merbach et al., 1999; Hütsch et al.,
2002). Older pea (Pisum sativum L.) and oat (Avena sativa

L.) plants excreted material richer in amino compounds
with an increasing proportion of specific amino acids (such
as alanine in peas). This indicates that the amino acid
composition of exudates also changed with plant age
(Rovira, 1956).

Leachates of alfalfa (Medicago sativa L.) in sterile sand
culture contained amino acid-N which made up only a
small proportion of the total N lost from roots, with NH4

+-N
released being 50 times higher (Brophy and Heichel, 1989).
Most of the N released from soybean (Glycine max (L.)
Merr.) roots (98.2%) was other forms than amino-N and
NH4

+-N (probably proteins, peptides, and cell debris)
(Brophy and Heichel, 1989). The composition of NdfR
changed after water stress, with more amino-N released
(Brophy and Heichel, 1989). In contrast, most of the total
plant-derived 15N in the soil released from wheat (Triticum

aestivum L.) plants after labelling with gaseous 15NH3 was
hydrolysable organic N with a large proportion of amino
acids and NH4

+-N (Merbach et al., 1999). About 3–5% of
the total plant-derived 15N in the soil was KCl-extractable
and predominantly inorganic N (1/3 NO3

�-N, 2/3 NH4
+-N)

(Merbach et al., 1999). These results show that knowledge
of the quality of N rhizodeposits is still fragmented and
inconsistent. One reason for this is the use of different
methodological approaches, ranging from solution culture
and sterile sand culture to artificial and natural soils.
Nevertheless, the composition of N rhizodeposits is
influenced by plant specific, abiotic and biotic environ-
mental factors.

3. Factors affecting rhizodeposition

3.1. Abiotic factors

Rhizodeposition is a highly variable process and
amounts and quality are influenced by various abiotic
factors such as drought, mechanical impedance, soil
texture, anaerobic conditions, light intensity, day length,
atmospheric CO2 concentration, toxicity and nutrient
deficiency (Rovira, 1956; Merckx et al., 1985; Janzen,
1990; Lynch and Whipps, 1990; Whipps, 1990a, b; Janzen
and Bruinsma, 1993; Marschner, 1995; Nguyen, 2003; de
Graaf et al., 2007). As the influence of biotic and abiotic
factors on amounts and quality of rhizodeposits is diverse
and requires a separate review, we only provide a short
overview of the most important factors influencing
rhizodeposition of N. For a more detailed description of
the abiotic and biotic factors influencing rhizodeposition in
general see Jones et al. (2004).
Soil texture and density influences rhizodeposition by

altering the friction, which influences the sloughing and
thus the production of border cells released into the soil
(Nguyen, 2003). Water deficit did not alter the quantity of
stem injected 15N recovered in roots, but did alter its
transfer into leaves and stem (Götz and Herzog, 2000).
Janzen and Bruinsma (1993) observed that water stress had
no major direct effect on the deposition of N, but indirectly
influenced rhizodeposition due to reduced plant growth
and nutrient uptake. In contrast, osmotic stress resulted in
a different quality of alfalfa root leachates under sterile
conditions, with more amino-N (17.7% of N lost from
roots) being released (Brophy and Heichel, 1989). More-
over, C rhizodeposition increased with increasing water
stress (Martin, 1977), which can be attributed to an
increase in the deposition of mucilage. This has a high
polysaccharide and therefore high C-to-N ratio (Janzen
and Bruinsma, 1993).
In response to environmental conditions, such as

nutrient deficiency or toxicities, the amount and quality
of exudates released into the rhizosphere is altered
(Nguyen, 2003). Nutrient availability influences root
growth of plants and therefore rhizodeposition. The
mineral nutrients potassium and magnesium are crucial
for the transfer of photosynthates from shoot to roots.
Low availability of K and Mg therefore results in
preferential shoot growth, whereas low concentrations of
N, P and S in the plant favour root growth (Ericsson, 1995;
Marschner et al., 1996). Total root production of winter
barley increased under P deficiency, probably aiming at
increasing the soil volume for a better P acquisition
(Steingrobe et al., 2001). In another study, the net NdfR
in non-extractable organic form was on a similar level in
the low-and high-N fertility treatments (20 and
100mgNkg�1 soil), but extractable NdfR was only
measurable in the high-N fertility treatment (Janzen,
1990). Janzen (1990) concluded, that most of the N
released in a low-N fertility treatment was present in
organic form, whereas in the high-N fertility treatment
almost half of the NdfR was present in inorganic form. He
further assumed that part of the inorganic NdfR was
reabsorbed in a low-N fertility environment. In addition,
he observed a higher amount of NdfR in a high-N fertility
treatment and attributed this to reduced reabsorption of
NdfR by the plant and to stronger translocation of N into
the root system, due to excessive accumulation in the
shoot. In another study, the increase in soil N also resulted
in higher amounts of NdfR, probably because the
increasing N status of the plant results in an increasing
proportional translocation of N into the roots (Janzen and
Bruinsma, 1989). The opposite effect was observed for C
translocation, with the proportion of BGP-C decreasing
with increasing N fertilisation. However, due to a higher
total assimilation, a higher total amount of C was
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translocated to the soil (Kuzyakov and Domanski, 2000).
Elevated CO2 concentration in the atmosphere increases C
assimilation especially in C3-plants and therefore results in
increased above-ground and below-ground plant biomass
production (de Graaf et al., 2007). In their study de Graaf
et al. (2007) documented that the increased root production
under elevated CO2 resulted in an increase in N rhizode-
position. However, the quantity of rhizodeposits per gram
of roots was not increased. The correlation of rhizodeposi-
tion and root biomass was also observed as early as 1968
by Shamoot et al.

3.2. Biotic factors

Biotic factors, such as plant species and genotype, their
physiological status, competition between individual
plants, pathogen infection, soil microorganisms, symbiosis
with rhizobia or mycorrhiza and N2-fixation in legumes,
has also been observed to affect rhizodeposition (Van der
Krift et al., 2001; Van Hecke et al., 2005). It has also been
reported that rhizodeposition of C in dicotyledonous
plants was higher than in monocotyledonous plants
(Whipps, 1987), probably due to differences in root
morphology and root biomass. Plants with symbiotic N2-
fixation have a higher energy demand, resulting in
increasing CO2-assimilation and root respiration (Merbach
et al., 1999; Wichern et al., 2004) and therefore contribute
to a higher C rhizodeposition. In red and white clover
(Trifolium pratense L. and Trifolium repens L.), 92% and
95% of plant N was derived from atmospheric N2-fixation,
resulting in the NdfR fraction being mostly N from
atmospheric N2-fixation (Høgh-Jensen and Schjoerring,
2001). Similar results were obtained for other legumes
(Jensen, 1996b; Khan et al. 2002a; Mayer et al., 2003a).

Rhizodeposition also differed between plant species and
genotype because the production of border cells that
contribute to rhizodeposition is genetically influenced
(Nguyen, 2003). Furthermore, NdfR varied with plant
community structure (Høgh-Jensen and Schjoerring, 2001).
Pure stands of red or white clover, for example, released a
higher percentage of NdfR than clover–grass mixtures
(Høgh-Jensen and Schjoerring, 2001), probably because
the grass in the mixture was taking up some of the
deposited N. Associated growth of peas with cereals, on the
other hand, increased the N rhizodeposition of peas
(Virtanen and Miettinen, 1963). However, Kuzyakov and
Domanski (2000) in their review on cereals assumed that C
translocation varies between growth stages rather than
between plant species, with the proportion of assimilated C
transferred below-ground decreasing during plant growth.
One reason for this is the lower root-to-shoot ratio during
the phase of fast vegetative growth (Gedroc et al., 1996;
Yevdokimov et al., 2006). Furthermore, the release of
border cells influences amounts of rhizodeposits. It is
influenced by the amount, radius and branching of roots,
and the senescence of the epidermis and therefore alters the
amount of rhizodeposits during plant growth (Nguyen,
2003). Nguyen (2003) provided a detailed description of the
processes involved in the sloughing of root border cells, the
secretion of mucilage, and root exudation.
Sawatsky and Soper (1991) observed that N rhizodepo-

sits as a percentage of the BGP-N increased during later
plant development stages, because N is translocated from
roots to the above-ground plant parts, leaving a relatively
high proportion of NdfR in the soil which is not
translocated to the above-ground plant parts. However,
Salon et al. (2001) assumed that relocation of N from roots
is not as important as the relocation from leaves and stem
tissue during seed filling. In addition, N from fine-roots is
probably not relocated in the plant, providing a significant
N input into soil when roots die (Gordon and Jackson,
2000; Salon et al., 2001).
The quality of rhizodeposits changed with plant age and

became more recalcitrant (Jensen, 1996b). This is in
particular true for cereals (barley and wheat) where at an
early stage of plant development half of the rhizodeposited
N was mineralised after 15 weeks, but only 23% at
maturity (Jensen, 1996b). The same is true for pea
rhizodeposits, which, however, were more labile, with a
higher proportion being mineralisable (Jensen, 1996b). The
proportion of NdfR as a percentage of total plant N
increased with plant age (Sawatsky and Soper, 1991;
Jensen, 1996b). In a high-N fertility treatment, extractable
NdfR increased from 8% to 38% with plant age (Janzen,
1990). Furthermore, N-transfer from pea to barley
increased with time (Jensen, 1996a). At maturity 46–48%
of the BGP-N was present as rhizodeposits (Sawatsky and
Soper, 1991; Jensen, 1996b). This increase can be attributed
to the decay of macro-roots at later growth stages.
Additionally, rhizodeposition varies with distance from

the root and therefore shaping the extent of the rhizo-
sphere. In pot experiments investigating the presence of
root-derived compounds in different proximity to the root
surface, it was shown that amounts of C and N were
concentrated close to the roots and decreased steeply with
increasing distance from the roots (Helal and Sauerbeck,
1986; Merbach et al., 1999). Amounts of NdfR also
decreased substantially with soil depth under different
stands of clover, grass, and under clover–grass mixtures
and were highest at 0–10 cm depth, but very small below
20 cm depth (Høgh-Jensen and Schjoerring, 2001).

4. Estimating rhizodeposition

4.1. General consideration

Most research on rhizodeposition has focussed on the
quantification of CdfR, with a number of reviews been
published in the past years (Kuzyakov and Domanski,
2000; Nguyen, 2003; Paterson, 2003; Kuzyakov and
Schneckenberger, 2004). Rhizodeposition of N has been
quantified only in a smaller number of investigations, and a
simultaneous investigation of CdfR and NdfR has been
reported rarely (Merbach et al., 1999; Wichern et al.,
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2007a, b). Therefore, the following section deals predomi-
nantly with the estimation of NdfR. Due to the abiotic and
biotic reasons shown above, the loss of root-derived
compounds in soil is higher in comparison to hydroponic
conditions. Accurate estimations of rhizodeposits can only
be obtained from in situ investigations using soil as growth
medium, which is therefore the focus of this review.

Rhizodeposition of C and its fate in the soil is estimated
by labelling plants either with 14CO2 or

13CO2 and tracing
the isotope into the various soil pools. For the investigation
of NdfR and its dynamics in the soil, plants and in
particular BGP is labelled with the stable N isotope 15N.
Isotope tracer techniques give a more accurate estimation
of below-ground plant-C (BGP-C) and N (BGP-N) than
physical recovery of roots (Sawatsky and Soper, 1991;
Khan et al., 2002a; Yasmin et al., 2006). One reason is that
only approximately 30% of the BGP is recovered as intact
roots (Khan et al., 2002a). The estimation of BGP-N by
physical collection of all roots and root fragments, e.g. by
washing, underestimates the actual BGP-N and only
counts for 20–30% of the BGP-N estimated with isotope
methods (Khan et al., 2002a). To estimate NdfR, the plant
has to be labelled with 15N and the 15N-flux is traced into
the roots and soil (Janzen and Bruinsma, 1989). As
rhizodeposits are subject to uptake by plants and microbes,
adsorption on soil particles, and loss from the system,
results always give the net outcome from rhizodeposition
and the related processes (Høgh-Jensen and Schjoerring,
2001). A high enrichment of plants allows a better
detection of the stable isotope even in small soil fractions
such as the microbial biomass.

4.2. Continuous versus pulse labelling

There have been different attempts to label plants with
14C, 13C, or 15N, and quantify their C and N rhizodeposits
mostly in laboratory or pot experiments (Helal and
Sauerbeck, 1984, 1986, 1989; Whipps, 1987; Janzen and
Bruinsma, 1989, 1993; Janzen, 1990; Reining et al. 1995;
Jensen, 1996b; Merbach et al., 2000; Rroc-o and Mengel,
2000; Mayer et al., 2003a) and rarely in field studies
(Swinnen, 1994; Swinnen et al., 1995), especially for 15N
(Høgh-Jensen and Schjoerring, 2001). For a more detailed
discussion regarding labelling plants with C see Meharg
(1994), Kuzyakov and Domanski (2000) or Kuzyakov and
Schneckenberger (2004).

To label plants, either continuous labelling or pulse
labelling, with single or multiple pulses is used. For a
detailed discussion see Meharg (1994). However, after
pulse labelling the distribution of the isotopic label does
not necessarily correspond with the distribution of total
plant C or N in the various plant parts. Pulse labelling
results in new photosynthates being more enriched than
older ones, with the consequence that the label of root-
derived compounds may not be representative for the
whole growth period. Therefore, results tend to represent
the transfer of newly derived compounds obtained from a
specific growth phase, and cannot be transferred to the
whole growing period (Kuzyakov and Domanski, 2000).
Quantitative estimates using pulse labelling have to be
interpreted with caution. Continuous labelling on the other
hand enables a homogeneous and uniform labelling of all
pools, giving a representative estimate of the quantity of
root-derived compounds (Jensen, 1996a, b). Temporal
changes in the enrichment of root exudates and rhizode-
posits can be reduced by this approach (Janzen and
Bruinsma, 1989). However, a very early start of the
labelling procedure and therefore a complete continuous
labelling of plants is often not achieved.
A compromise between pulse and continuous labelling is

provided by the use of multiple pulses (Yasmin et al., 2006;
Wichern et al., 2007a). Multiple pulses diminish the effect
that only parts of the plant are labelled, as it is associated
with a single pulse (Janzen and Bruinsma, 1989). Some of
the error associated with pulse labelling can additionally be
counteracted by using a higher enrichment of the applied
solution and allowing multiple pulse labelling proportional
to the plant growth (Janzen and Bruinsma, 1989) by
frequently harvesting plants growing alongside (Janzen,
1990). The 15N label then represents a constant proportion
of the total plant N (Jensen, 1996b).

4.3. Methods for labelling plants with 15N

Rhizodeposition of N has been estimated using different
approaches (Table 2). Either plants are previously labelled
and transplanted (Merbach et al., 2000; Rroc-o and
Mengel, 2000), or plants are labelled with 15N via roots,
by labelling the shoot and/or leaves selectively with liquid
15N or with gaseous 15N. In recent years there have been
various attempts to compare different 15N labelling
techniques (Merbach et al., 2000; Chalk et al., 2002; Khan
et al., 2002a; Hertenberger and Wanek, 2004; Yasmin
et al., 2006). Here, we describe the various labelling
techniques and their advantages and disadvantages in
estimating N rhizodeposition.

4.3.1. The split-root technique

Following the natural uptake of N in the plant, the split-
root technique was used in a series of experiments
(Sawatsky and Soper, 1991; Reining et al., 1995; Jensen,
1996a, b; Merbach et al., 2000; Schmidtke, 2005a). For this
method, roots are equally split between a compartment
with vermiculite, washed sand or soil containing the 15N-
tracer (e.g. 15NO3

�, 15NH4
+) and a soil compartment to

measure the NdfR. The split-root technique allows a
continuous 15N labelling of various plant species (Sawatsky
and Soper, 1991; Jensen, 1996b), providing a tool for a
continuous labelling of plants using the natural pathway of
N assimilation. This guarantees the incorporation of the
15N label in all N pools of the plant (Jensen, 1996a). The
split-root technique provides a tool to guarantee relatively
constant enrichment of the roots throughout the experi-
ment (Sawatsky and Soper, 1991; Schmidtke, 2005b). The
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Table 2

Methods for labelling plants with 15N and their advantages and disadvantages in relation to the estimation of N rhizodeposition

Labelling

method

Technique Subtype Plants labelled Advantages Disadvantages References

Shoot

labelling

Leaf

feeding

Leaf-flap

feeding

Brassica napus,

Cajanus cajan,

Centaurea jacea, Cicer

arietinum, Lolium

perenne, Medicago

sativa, Ornithopus

compressus, Trifolium

pratense, Trifolium

repens, Trifolium

subterraneum, Triticum

aestivum, Triticum

turdigum, Vicia faba,

Vigna radiata, Zea

mays

Undisturbed root

system; in situ

conditions; fast

solution uptake; can be

used under field

conditions; labelling of

most plants possible;

can be used for

investigating

rhizodeposition at

different growth stages

and the whole growth

phase of plants when

applying multiple

pulses

Lower enrichment of

roots in comparison

with the split-root

technique; preferential

enrichment of leaves;

balance difficult as

losses might occur;

high urea

concentrations cause

leaf damage; soil

contamination by run-

off from leaves;

solution uptake and

root enrichment varies

depending on the

position of the leaf

labelled

Ledgard et al. (1985),

Powlson et al. (1989),

Ta et al. (1989), Palta

et al. (1991a, b),

Zebarth et al. (1991),

McNeill et al. (1997

(1998), Høgh-Jensen

and Schjoerring (2001),

Chalk et al. (2002),

Khan et al. (2002b),

Hertenberger and

Wanek (2004), Yasmin

et al. (2006), de Graaf

et al. (2007)

Leaf-tip

immersion

Leaf

spraying

Petiole

feeding

Cajanus cajan, Cicer

arietinum, Vicia faba,

Vigna radiate

Undisturbed root

system; in situ

conditions; fast

solution uptake; can be

used under field

conditions; labelling of

most plants possible

Contamination of soil

by detached petioles;

lower uptake in

comparison with leaf

feeding

Khan et al. (2002b),

Yasmin et al. (2006)

Stem

feeding

Wick

method

Avena sativa, Brassica

napus, Centaurea jacea,

Cicer arietinum,

Lolium perenne,

Lupinus albus, Lupinus

angustifolius, Pisum

sativum, Vicia faba

Undisturbed root

system; in situ

conditions; can be used

under field conditions;

applied amount known

which makes balance

possible; can be used

for investigating

rhizodeposition at

different growth stages

and the whole growth

phase of plants

Enrichment depends

on solution uptake;

uptake mechanisms

not known; no clear

pulse or continuous

labelling approach;

only plants with stems

can be labelled; cereals

can be labelled only

after appearance of the

first knot

Russell and Fillery

(1996a, b), Mayer et al.

(2003a), Hertenberger

and Wanek (2004),

Yasmin et al. (2006),

Wichern et al.

(2007a, b)

Stem

injection

Vigna unguiculata Easy and fast method;

plant growth stages

can be investigated at

small intervals; precise

pulse labelling

Only small amounts

can be applied; difficult

to use for tracing

plant-derived 15N into

the soil because of low

root enrichment

Götz and Herzog

(2000)

Atmospheric

labelling

15N2 Glycine max, Pisum

sativum

Give most accurate

estimate of N2-

fixation; undisturbed

root system; in situ

conditions

Can only by used for

legumes

Ross et al. (1964),

Oghoghorie and Pate

(1972), Warembourg et

al. (1982), Ta et al.

(1986, 1989), McNeill

et al. (1994)

15NH3 Triticum aestivum Undisturbed root

system; in situ

conditions; can be used

for estimating

rhizodeposition at

different growth stages

and during the whole

growth phase

High concentrations

are toxic; use under

field conditions

difficult

Janzen and Bruinsma

(1989, 1993), Janzen,

(1990), Merbach et al.

(1999), Merbach et al.

(2000)
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Table 2 (continued )

Labelling

method

Technique Subtype Plants labelled Advantages Disadvantages References

Root labelling Pre-cultivation of plants in
15N-solution

Brassica napus,

Centaurea jacea,

Lolium perenne,

Triticum aestivum

Natural N-uptake

pathway;

homogeneous labelling

during pre-cultivation;

high enrichment; can

be used for estimating

rhizodeposition at

different growth stages

No in situ conditions

possible; investigation

of later growth stages

only; continuous in situ

labelling impossible

Merbach et al. (2000),

Rroc-o and Mengel

(2000), Hertenberger

and Wanek (2004)

Split-root technique Hordeum vulgare,

Lathyrus sativus,

Pisum sativum,

Triticum aestivum

Natural N-uptake

pathway; continuous

labelling; high

enrichment; early

growth stages can be

labelled; homogeneous

labelling; can be used

for estimating

rhizodeposition at

different growth stages

and during the whole

growth phase; only

continuous labelling

technique

Only one part of the

root system is

investigated; cannot be

used for plants with

tap-roots; strong

disturbance of the root

system; no field and

complete in situ

conditions; application

of tracer can be a

significant N-input; no

complete balance;

overestimation of N

rhizodeposition

Sawatsky and Soper

(1991), Reining et al.

(1995), Jensen

(1996a, b), Merbach et

al. (2000), Schmidtke

(2005a)
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method also allows an early beginning of plant labelling.
The split-root approach can also be used to estimate the
N-transfer of N rhizodeposits into associated plants (e.g.
from legumes to grasses) (Jensen, 1996a). Moreover, a
model for the split-root technique was developed, which
provides a good tool for planning experiments (Schmidtke,
2005b). The accuracy of determining N rhizodeposits in
legumes using the split-root approach depends on the
amount and 15N enrichment of the fertiliser used as a
tracer, the proportion of plant N derived from soil and
atmospheric N and the ratio of N rhizodeposits to soil N
(Schmidtke, 2005b).

However, the 15N fertiliser is often a significant
proportion of total plant N (Merbach et al., 2000) and
therefore influences rhizodeposition patterns. This strongly
depends on the amount of nutrients added and the
enrichment of the 15N-tracer. Another disadvantage is that
the root system is substantially disturbed by this method
(McNeill et al., 1997; Khan et al., 2002b). Moreover,
quantitative estimation of the NdfR accounts only for a
part of the root system (Rroc-o and Mengel, 2000), making
a complete 15N-balance difficult (Merbach et al., 2000),
even though it was observed that dry matter development
and N uptake of the root system was similar in both
compartments (Schmidtke, 2005a). In addition, the method
is not suitable for field investigations and cannot be used
for plants with taproots without substantially disturbing
the rooting system of the plant.

4.3.2. Shoot labelling techniques

Several shoot labelling techniques have been used to
apply 15N that do not follow the natural pathway of
N-assimilation. Plants are labelled with a single pulse or
multiple pulses either by stem, petiole, leaf or leaf-flap
feeding. Commonly, 15N is applied as highly enriched
15N-urea, 15NH4

+ or 15NO3
�.

Leaf feeding is done by leaf spraying or by leaf, leaf-flap
and leaf-tip immersion. For the latter, leaves are either left
intact, cut at the tip, or cut in half and are placed into a vial
where they are immersed in a solution containing 15N-urea
(Palta et al., 1991a, b; Høgh-Jensen and Schjoerring, 2001;
Yasmin et al., 2006), 15N-KNO3 (de Graaf et al., 2007),
15N-NO3

� or 15N-NH4
+ (Hertenberger and Wanek, 2004).

Pulse labelling of plant leaves resulted in a similar 15N
enrichment of the stem as with a continuous split-root
technique, but 15N enrichment in the roots was much lower
in the leaf-labelled plants (Jensen, 1996a). The leaves where
the labelling solution was applied were obviously highly
enriched and had a higher N content than other plant
parts, which might have caused loss of 15N as NH3,
explaining the low 15N recovery achieved with this
methodology (de Graaf et al., 2007). However, solution
uptake of leaves is fast (de Graaf et al., 2007) and allows
easy application of multiple pulses. Additionally, the
solution remaining in the vials can be detected, allowing
balancing, although unaccounted for loss still occurred (de
Graaf et al., 2007).
When labelling plants using leaf feeding with urea (spray

or mist application) (Powlson et al., 1989; Zebarth et al.,
1991), concentrations have to be low to prevent leaf
damage (Schmidt and Scrimgeour, 2001). Therefore, urea
concentrations used were often below 1.0%, e.g. 0.25%
and 0.4% (McNeill et al., 1997, 1998) or 0.5% (Høgh-
Jensen and Schjoerring, 2001; Khan et al., 2002b). Khan
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et al. (2002b) used highly enriched (98 at%) 15N-urea for
labelling faba bean (Vicia faba L.), chickpea (Cicer

arietinum L.), mung bean (Phaseolus mungo L.), and
pigeon pea (Cajanus cajan L. Huth.). Additionally, clover
and grasses were labelled in multiple pulses using highly
enriched (99 at%) urea by inserting leaves into a solution
(1.0ml of 0.5% v/v) (Høgh-Jensen and Schjoerring, 2001).
Application of a 15N-solution using leaf feeding holds the
potential risk of soil contamination by run-off from foliage
(McNeill et al., 1997; Khan et al., 2002b) even though
precautions can be applied (Zebarth et al., 1991). The same
holds true for petiole feeding, where the highly enriched
petioles might be detached and contaminate the soil
(Khan et al., 2002b). One solution to this problem is to
label single leaves in a vial containing the 15N-solution and
leaving the leave in there (Ledgard et al., 1985; McNeill
et al., 1997). The tip of a single leaf, which was cut under
water, was placed into a 2-ml vial containing 1ml of a
0.25% 15N-labelled (99.6 at%) urea solution and sealed to
prevent solution loss by evaporation (McNeill et al., 1997).
Plants took up less solution when petioles were used
instead of leaves (McNeill et al., 1997). Solution uptake
varied depending on the position of the leaf and the
environmental conditions, which influence the transpira-
tion stream of plants. When comparing leaf-flap feeding
and petiole feeding, leaf-flap feeding resulted in more
consistent levels of root enrichment in mung bean and in
higher enrichment for roots of pigeon pea (Khan et al.,
2002b).

One problem associated with leaf-feeding methods is
that a preferential partitioning of the labelled assimilates
either below-ground or to develop shoot or fruit tissue
occurs, depending on the position of the leaf used for
labelling (Khan et al., 2002b). Khan et al. (2002b)
mentioned that roots were more strongly enriched with
15N when leaves at the base of the stem were used for
labelling chickpea plants. Another problem associated with
these methods is the substantial difference in the uptake of
the solution, which might be due to differences in the leaf
area and the anatomical characteristics of the plant
(Zebarth et al., 1991). However, the method of leaf feeding
is relatively simple and can be applied under field
conditions (McNeill et al., 1997). Solution uptake and
labelling efficiency depends on climatic conditions and
growth stage of the plant, as solution uptake is driven by
the transpiration stream and the actual N accumulation
(Høgh-Jensen and Schjoerring, 2001). Even though 15N-
urea solution was mostly taken up within 2–3 h when using
leaf or petiole feeding, some of the solution remained in the
vials when concentrations were higher (Khan et al., 2002b).
This explained some of the high variability in enrichment
of roots with 15N when using urea solutions at high
concentrations, which was due to lower solution uptake
where plants were damaged (Khan et al., 2002b). In
general, root 15N increased with increasing concentration
of the 15N-urea solution and with a second feeding event
(Khan et al., 2002b).
In one stem-feeding technique plants were labelled by
applying a 15NH4Cl (95%) into the stem using a microliter
syringe (Götz and Herzog, 2000). In this study, the
distribution and utilisation of 15N in different plant organs
was investigated at three growth stages of cowpea (Vigna

unguiculata (L.) Walp.). Very low amounts of tracer were
applied (20 ml solution containing 0.8mg at% 15N excess),
making this method unsuitable for investigating rhizode-
position.
Another stem-feeding technique used for shoot labelling

plants with 15N is the wick method first published by
Russell and Fillery (1996b). The wick method was
developed for labelling plant material and BGP of woody
legumes, such as blue lupin (Lupinus angustifolius L.),
white lupin (Lupinus albus L.), faba bean and peas with
15N in situ (Russell and Fillery 1996a, b; Mayer et al.,
2003a). In situ means that plants are grown and rhizode-
posits are estimated in soil instead of using hydroponics
or washed sand and therefore including the various
natural soil physical, chemical and biological factors
influencing rhizodeposition. The in situ methods have
the advantage of keeping the characteristic spatial dis-
tribution of roots and root-derived material (Zebarth et al.,
1991) and that the contact between soil and root material
with its associated faster root turnover is maintained. The
wick method also provides a tool for double labelling
plants with 13C and 15N in situ, by applying a highly
enriched glucose–urea solution with a defined amount
of 13C and 15N into the plant (Wichern et al., 2007a, b).
It has been shown that oats can also be labelled using
the wick method, however, only after the appearance of
the first knot, which limits the use of this method on
cereals (Wichern, 2007). A stem infiltration method, such
as the wick method has also been successfully used
on Lolium perenne L. (Hertenberger and Wanek,
2004). However, it has been recommended that the stem-
feeding method be used on plants with a thick stem
(Yasmin et al., 2006).
For the wick method, a hole is drilled through the stem

of the plant. Then a cotton wick is passed through the hole
and covered with a silicone tube. The ends of the wick are
passed into a vial containing the labelling solution (e.g.
15N-urea). All connections where solution loss can occur
are sealed with plasticine to prevent solution loss by
transpiration. The solution uptake via the wick is driven by
the transpiration stream (Russell and Fillery, 1996b).
Yasmin et al. (2006) documented a higher solution uptake
using a leaf-feeding method in comparison with stem and
petiole feeding. Like others (Russell and Fillery, 1996a, b;
Mayer et al., 2003a), they also observed a reduced uptake
in the stem-feeding procedure after the second application
of the solution. They concluded that it was due to blockage
of the drilled hole, probably by development of callus
tissue (Russell and Fillery, 1996b). As some plants fail to
take up the solution, they have to be monitored closely
(Russell and Fillery, 1996b) and the number of replicates
should be increased.
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In comparison with other methods, a comparatively
uniform labelling of the plant material and a high recovery
of the applied 15N was achieved when using this method
(Russell and Fillery, 1996b; Mayer et al., 2003a). On the
other hand, Yasmin et al. (2006) observed a non-uniform
enrichment of below-ground and above-ground plant parts
when using the wick method, indicating inhomogeneous
utilisation of the applied N-tracer in the various plant
parts. They documented that leaf feeding resulted in a
preferential enrichment of leaves (21% of recovered 15N) in
comparison with the stem- and petiole-feeding procedures
(8%), as has also been observed by others (Zebarth et al.,
1991; Russell and Fillery, 1996a, b; McNeill et al., 1997;
Khan et al., 2002a). In the study by Yasmin et al. (2006),
the stem generally contained only a small proportion
(2–4%) of the applied 15N in comparison of all three
techniques investigated. The proportion of 15N recovered
in grains was 34–41% of recovered 15N and highest in the
leaf-feeding technique. Recovery of 15N in the soil was
34–55% of recovered 15N and lowest after leaf feeding
the tracer and highest in the petiole-feeding treat-
ment. Hertenberger and Wanek (2004) observed a high
15N-enrichment after labelling plants using a stem labelling
technique and concluded that it gave the best results in
comparison with four other methods. Additionally, in the
same study 15N enrichment and distribution in the plant
were similar after stem infiltration and root application.
However, shoot labelling techniques generally result in the
above-ground plant parts being preferentially labelled
(Hertenberger and Wanek, 2004; Yasmin et al., 2006) with
the position where the labelling occurred probably being
highly enriched. Labelling plants using the wick method
was mostly done at pre-reproductive growth stages using
two pulses, starting labelling at 7–11 weeks after sowing
(Russell and Fillery, 1996a, b; Yasmin et al., 2006). Mayer
et al. (2003a) used four single-labelling events, starting as
early as 28 days after sowing in the ‘6-leaves unfolded’
growth stage. The same growth period was investigated by
Wichern et al. (2007b). They further investigated a period
during early vegetative growth and the generative growth
phase. Russell and Fillery (1996b) observed that the growth
stage at labelling, the frequency of labelling and the time of
sampling and the solution concentration, enrichment and
volume affect the distribution of the 15N in BGP and plant
tops. This has to be taken into account when setting up
experiments, and labelling strategies therefore have to be
adapted to make the comparison of different studies
possible.

Depending on the velocity of solution uptake, the wick
method permits sequential application of 15N-pulses
proportional to the N content in the plant (Russell and
Fillery, 1996b), which is useful to minimise the error of
inhomogeneous enrichment associated with pulse labelling
(Janzen and Bruinsma, 1989; Russell and Fillery, 1996b).
Nevertheless, plants can only be labelled using the wick
method when the stem is thick enough, leaving the very
early plant growth stages unconsidered. In addition,
Yasmin et al. (2006) observed increased root growth when
using the stem-feeding method in comparison with leaf and
petiole feeding, but detected no significant difference in
total root N. However, they had no untreated control for
comparison. No difference between plants treated with the
wick method and untreated control plants was observed in
pot experiments with peas and oats (Wichern, 2007).

4.3.3. Atmospheric labelling

The technique of atmospheric labelling is technically
more demanding than shoot labelling (Khan et al., 2002b).
According to McNeill et al. (1997) it requires expensive
enclosure equipment, which limits application in the field.
Using this method, legumes can be labelled by applying
15N2 which is assimilated symbiotically (Oghoghorie and
Pate, 1972; Warembourg et al., 1982). Such an approach
runs the risk of non-symbiotic 15N2-fixation influencing the
estimates of legume-derived BGP-N (McNeill et al., 1997),
which might be of relevance in some soils. Plant shoots and
leaves can also be labelled by leaf assimilation of 15NH3

when plants are exposed to gaseous NH3 in the atmosphere
(Janzen and Bruinsma, 1989, 1993; Janzen, 1990; Merbach
et al., 1999). The 15NH3 is released from (15NH4)2SO4 after
placement into NaOH (Merbach et al., 1999). Labelling
can be done using multiple pulses (Janzen and Bruinsma,
1989) or a continuous labelling. Short pulses have the
advantage that plants are exposed to NH3 only for a short
period of time, making regulation of the atmospheric
composition unnecessary (Janzen and Bruinsma, 1989).
Atmospheric labelling with 15NH3 requires separation of
soil and plant by sealing the soil surface during exposure to
gas. A further disadvantage is that quantification of the
uptake is difficult, particularly under field conditions.
Moreover, the N application does not follow the physio-
logical pathway of N assimilation, probably resulting in a
different labelling pattern in comparison with the uptake
via roots. After NH3-exposure, an increased total N-uptake
but no total dry matter increase was observed, and an
increase of shoot yield relative to root yield (dry matter and
N) was documented with increasing frequency of NH3-
application (Janzen and Bruinsma, 1989).
Using this method, reasonable uniformity of above-

ground plant parts was achieved with the assimilated NH3

and its derived N-compounds effectively translocated in the
various plant parts (Janzen and Bruinsma, 1989). However,
15N enrichment of roots was lower than enrichment of
shoots (Janzen and Bruinsma, 1989). The application of
15NH3 permits a sequential application of 15N at rates
proportional to plant N uptake during growth (Janzen and
Bruinsma, 1989). Nevertheless, it has also been observed
that only small amounts of 15N were taken up by the plant.
This makes longer investigation periods difficult (Rroc-o
and Mengel, 2000), and does not allow the investigation of
the transfer of 15N into small soil pools such as the
microbial biomass. However, this is relevant when estimat-
ing the turnover of rhizodeposits and resulting nutrient
fluxes.
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4.4. Uniformity of label

The main assumption for the calculation of rhizodeposi-
tion is that the sampled roots have the same isotopic
enrichment as their deposits (Janzen and Bruinsma, 1989;
Janzen, 1990; Jensen, 1996a; Mayer et al., 2003a). There-
fore, a prerequisite for quantifying N rhizodeposition is
a uniform enrichment of all plant parts with 15N (Khan
et al., 2002b). Nevertheless, Russell and Fillery (1996a)
concluded that, even when plant material is not uniformly
labelled between above-ground and below-ground parts,
the estimation of BGP-N is adequate as long as roots are
homogeneously enriched.

The accumulation of N in the various plant parts
depends on the kind and numbers of sinks present during
labelling (Götz and Herzog, 2000), which is influenced by
the nutritional status of the plant and the growth stage. In
grain legumes for example, the accumulation of N is linked
to increased biomass and seed development (Götz and
Herzog, 2000). Especially when using shoot labelling, the
applied 15N is predominantly transferred into stem and
leaves (Götz and Herzog, 2000). In an experiment on
cowpeas, which were labelled by stem injection with a
syringe, about 62% of the recovered 15N was accumulated
in the grain and 35% in the leaf and stem fraction during
pod filling (Götz and Herzog, 2000). When using a leaf- or
petiole-feeding technique on four legume species, fruit
enrichment with 15N was almost always lower in compar-
ison with leaves and stem (Khan et al., 2002b). Non-
uniform 15N enrichment of plant parts might therefore
make these methods impractical for some studies (Zebarth
et al., 1991).

Uniformity of 15N enrichment in legume roots is also
often not achieved, due to dilution in the nodules (Jensen,
1996a). Nodulation in legumes results in lower 15N-
enrichment of the nodules in comparison with the roots
because the label is diluted by the N2 fixed from air (Russell
and Fillery, 1996b; Khan et al., 2002b). There were also
substantial differences in the 15N-enrichment between
nodulated and non-nodulated root parts (Khan et al.,
2002b). Additionally, the enrichment of roots increased
with increasing depth in serradella (Ornithopus compressus

L.), but not in subterranean clover (Trifolium subterraneum

L.) (McNeill et al., 1997). In serradella, this was attributed
to the presence of more of the less enriched nodules in the
upper part of the root system (McNeill et al., 1997).
Furthermore, the 15N enrichment of roots changed during
the time course of the experiment when pulse labelling
plants (McNeill et al., 1997). These examples show that the
15N enrichment of recovered roots and root-derived N, is
not always similar. This might lead to an overestimation of
the NdfR (Khan et al., 2002b).

4.5. Calculation of N rhizodeposition

There are differences in the documentation of results
obtained from experiments looking at plant-derived below-
ground N. Either the proportion of applied 15N derived
from roots is used for comparison of treatments (de Graaf
et al., 2007), or amounts of N rhizodeposition are
calculated according to Janzen and Bruinsma (1989),
where the percentage of NdfR can be calculated as follows:
%NdfR ¼ (ES/ER)� 100, where ES ¼

15N enrichment of
N in the soil and ER ¼

15N enrichment of N in roots at
time of ES. When assessing amounts of rhizodeposits, the
documentation of both figures (%15N and %NdfR) would
allow a broader comparison of obtained data.
When applying tracers, usually the standard SI unit

atom% excess is used. The atom% 15N excess of a soil or
plant fraction is calculated as the atom% 15N of a soil or
plant fraction from an unlabelled control subtracted from
the atom% 15N value of the labelled sample. Consequently,
the percentage of NdfR is

%NdfR ¼
atom% 15N excesssoil

atom% 15N excessroot
� 100.

The amount of N rhizodeposits is estimated as

NdfR ¼ NS �
%NdfR

100
,

where NS ¼ N content in the soil or soil fraction.
The accuracy of estimating N rhizodeposits increases

with increased enrichment of the plant roots and with a
decreasing soil N content (Schmidtke, 2005b). In addition,
the accuracy of estimating N rhizodeposits can be
increased by using more than one plant per pot
(Schmidtke, 2005b). However, it is crucial to include
unlabelled control treatments, where the isotopic composi-
tion of plant and soil pools are measured and used as
background for calculating the 15N atom% excess values
(Schmidtke, 2005a), instead of using the natural 15N
abundance of atmospheric N2 (0.3663 at%

15N).
5. Amounts of N rhizodeposition

Below-ground transfer of N including rhizodeposition of
N is expected to be higher in legumes compared to non-
legumes (e.g. cereals), due to their ability of N2-fixation in
symbiosis with rhizobia. This holds true in total amounts,
because of a higher total N-assimilation of legumes, but
not for the below-ground transfer of N as a percentage of
total plant N (Table 3a, b and 4). These values were on
average in the same range in legumes and in cereals, even
though they varied widely. The BGP-N in cereals varied
between 16% (Rroc-o and Mengel, 2000) and 60% of total
plant N (Khan et al., 2002a) with a median of 36%. In
legumes, these values were between 14% (Mayer et al.,
2003a) and 74% (Wichern et al., 2007b), with a median of
34%. However, also in legumes total N-assimilation
strongly determines amounts of N released from roots. In
one investigation, BGP-N as a percentage of total N in
peas, faba bean and white lupin was in the same range,
whereas amounts were markedly different with faba bean
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Table 3a

Quantities of N rhizodeposition of peas (Pisum sativum L.) from experiments under controlled conditions

Plant

species

Growth stage

or treatment

BGP-N NdfR NdfR

in % of

BGP-N

MBNdfR in

% of MBN

MB15NdfR

in % of
15NdfR

BGP-N Total

plant-N

Comment References

in % of total plant-N (mg plant�1)

Pea 8.7–12 32 Split-root Sawatsky

and Soper

(1991)

16 10.5 65 64 397 Split-root Schmidtke

(2005a)

Whole growth

period

15 12.8 82 8 18 56 360 Pot

experimenta
Mayer et al.

(2003a)

Until flowering 27 4 15 44 165 Split-root Jensen

(1996b)

Until maturity 14 7 48 40 277 Split-root Jensen

(1996b)

Reproductive

growth

36.2 32.1 88 17 16 75 205 Column

exp./field

cond.

Wichern et

al. (2007a)

Reproductive

growth

40.8 36.4 89 15 17 66 161 Wichern et

al. (2007a)

Early

vegetative

74.3 71.1 96 2 1 Column

exp./outdoor

cond.

Wichern et

al. (2007b)

Whole growth

period

33.5 29.2 87 18 23 Wichern et

al. (2007b)

Reproductive

growth

30.0 22.9 76 8 17 Wichern et

al. (2007b)

Range 14–74b 4c–71.1 15c–96 2b–18 1b–23 40–75 161–397

Median 30 13 79 12 17 60 241

Mean 32 22 68 11 15 58 261

BGP-N stands for below-ground plant biomass N, NdfR means nitrogen derived from rhizodeposition, MBN means microbial biomass N.
aOutdoor-conditions, exclusion of rain.
bOnly early vegetative growth.
cOnly vegetative growth stage until late flowering.
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releasing almost four times more N than peas, due to a
higher total N-assimilation (Mayer et al., 2003a).

Amounts of N lost from roots of peas have been
investigated repeatedly (Sawatsky and Soper, 1991; Jensen,
1996b; Mayer et al., 2003a; Schmidtke, 2005a; Wichern
et al., 2007a, b), with estimates of NdfR at maturity varying
between 4% and 71.1% of total plant N (Table 3a). The
mean and median were 22% and 13%. Applying 15N in
multiple pulses equivalent to plant N status using the wick
method, NdfR accounted for 13% of total plant N in peas,
representing 82% of BGP-N (Mayer et al., 2003a).
Contrary, Wichern et al. (2007b) found a higher proportion
of total plant N transferred below-ground and released
from roots (NdfR ¼ 29% of total plant N) when using a
similar approach and investigating the same growth period
in soil columns under outdoor conditions. The reason for
the difference in N rhizodeposits is an increase in root
biomass relative to above-ground biomass, when a larger
soil volume is provided (Wichern et al., 2007a, b).

In another pot experiment with peas, NdfR was only
8.7–12% of the total plant N and increased as the plant
matured (Sawatsky and Soper, 1991). Using continuous
split-root techniques, NdfR of peas was 10.5% (Schmidtke,
2005a) and 7% of total plant N at maturity (Jensen,
1996b). Until late flowering, NdfR accounted for only 4%
of total plant N of peas, representing 15% of BGP-N
(Jensen, 1996b). This indicates that rhizodeposition in-
creases as plants mature, probably due to the increase of
senescing roots. However, a large rhizodeposition was also
observed when investigating a very early growth stage of
peas (3–6 leaves unfolded) (Wichern et al., 2007b). There-
fore, we conclude that amounts of N released by
rhizodeposition follow a different pattern than above-
ground biomass N-accumulation.
Estimates of rhizodeposits in wheat also varied con-

siderably between 4.3% (Merbach et al., 2000) and 56%
(Khan et al., 2002a) of total plant N and were 32–93% of
the BGP-N (Table 4). The median was 13%. In two
experiments (Janzen and Bruinsma, 1989; Janzen, 1990),
NdfR of a low N fertility and an unfertilised treatment was
18% and 25%, respectively, and therefore a lower
proportion than in the high N fertility and N fertilised
(40mgNkg�1 soil) treatments (33% and 32% of total
plant N). Contrary to these findings, NdfR of wheat was
16% of total plant N in a low N fertility (40mgNkg�1 soil)
treatment but only 13% in a high N fertility
(200mgNkg�1 soil) treatment (Janzen and Bruinsma,
1993). In another experiment, wheat plants released 12%
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Table 3b

Quantities of N rhizodeposition of various legumes, including peas, from experiments under controlled conditions

Plant

species

Growth stage

or treatment

BGP-N NdfR NdfR

in % of

BGP-N

MBNdfR

in % MBN

MB15NdfR

in % of
15NdfR

BGP-N Total

plant-N

Comment References

in % of total plant-N (mg plant�1)

Peas see Table 3a

Faba bean 39 23.5 61 291 745 Pot

experiment

Khan et al.

(2002a)

Faba bean 14 13.4 78 22 14 215 1250 Pot

experimenta
Mayer et al.

(2003a)

White

lupin

17 15.8 85 20 14 134 720 Pot

experimenta
Mayer et al.

(2003a)

Blue lupin 28 18.5 65 213 760 Soil columnsa Russell and

Fillery

(1996a)

Alfalfa 4.5 151 Sterile

conditions

Brophy and

Heichel

(1989)

Soybean 10.4 123–233 Sterile

conditions

Brophy and

Heichel

(1989)

Chickpea 53 44.0 88 374 705 Pot

experiment

Khan et al.

(2002a)

Mung bean 20 17.0 85 89 443 Pot

experiment

Khan et al.

(2002a)

Pigeon pea 47 37.0 78 446 948 Pot

experiment

Khan et al.

(2002a)

Grasspea 18 9.2 50 51 278 Split-root Schmidtke

(2005a)

Serradella 37–47 20.0 28–70 Soil columns McNeill et al.

(1997)

Subterranean clover 40–42 10.0 24–25 Soil columns McNeill et al.

(1997)

Range (including peas) 14–74 4–71 15–96 2–22 1–23 40–446 123–1250

Median (including peas) 34 16 73 16 17 82 360

Mean (including peas) 33 20 64 14 15 154 466

BGP-N stands for below-ground plant biomass N, NdfR means nitrogen derived from rhizodeposition, MBN means microbial biomass N.
aOutdoor-conditions, exclusion of rain.
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of their assimilated N as rhizodeposits (Rroc-o and Mengel,
2000). These results show that NdfR as a percentage of
total plant N is governed by the soil N status and probably
by the overall nutrient status of the soil. In general, values
of NdfR varied widely. Reasons for this are the experi-
mental conditions, the methods used, not uniformly
labelled roots and the environmental factors as mentioned
above. The variation in the estimation of NdfR might
partly be attributed to methodological differences in root
recovery and to the fact that many of the investigations
took place using differing controlled conditions with
varying soil volumes. A source of error in field experiments
is the leaching of 15N from leaves and stems as rainfall
might have caused transfer of the tracer into the soil,
resulting in an overestimation of N rhizodeposits (Rroc-o
and Mengel, 2000). However, the magnitude of these errors
is not known.

The amount of N rhizodeposits per ha in peas can be
appraised, using the following general assumptions: Grain
yield ¼ 5 t dry matter ha�1, with the N content in the grains
being 4%; stem and leaves ¼ 5 t dry matter ha�1, with an N
content of 2%; below-ground plant N ¼ 30% of total plant
N (median, see Table 3a); N rhizodeposits ¼ 13% of total
plant N (median, see Table 3a). Consequently, pea plants
release about 129 kgNha�1 in the soil, with rhizodeposi-
tion contributing 56 kgNha�1, which is at the upper end of
the range reported by Mayer et al. (2003a, b) and much
higher than in the reviewed studies (Table 3a). Using this
calculation rhizodeposits are 24% of the N in crop
residues. However, when instead using the value of NdfR
as a percentage of BGP-N (median ¼ 79%, Table 3a),
rhizodeposits would contribute 45% of the residue-N. This
is in the range reported before (Mayer et al., 2003a).
Janzen (1990) calculated that wheat with a plant

population of 200 plantsm�2, released approximately
20 kgNha�1 as rhizodeposits. However, the amount of N
rhizodeposits in wheat can also be appraised on a hectare
basis, using the following assumptions: Grain yield ¼ 6 t
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Table 4

Quantities of N rhizodeposition of cereals (wheat and barley) from experiments under controlled conditions

Plant

species

Growth stage

or treatment

BGP-N NdfR NdfR in

% of

BGP-N

MBNdfR

in % MBN

MB15NdfR

in % of
15NdfR

BGP-N Total

plant-N

Comment References

in % of total plant-N (mg plant�1)

Wheat Ambient CO2 12 11 Pot experiment de Graaf et al.

(2007)

Elevated CO2 15 10 Pot experiment de Graaf et al.

(2007)

60 56 93 25 42 Pot experiment Khan et al.

(2002a)

Maturity 16–24 11–13 47–82 10–17 64–71 Pot experiment Rroc-o and

Mengel (2000)

5.1–6.1 Pot experiment Merbach et

al. (1999)

4.3–5.6 Pot experiment

and split-root

Merbach et

al. (2000)

Unfertilised 44 25 450 Pot experiment Janzen and

Bruinsma

(1989)

N fertilised 53 32 450 Pot experiment Janzen and

Bruinsma

(1989)

Low-N

fertility

34 16 47 21 61 Pot experiment Janzen and

Bruinsma

(1993)

High-N

fertility

30 13 43 45 148 Pot experiment Janzen and

Bruinsma

(1993)

Low-N

fertility

27 18 67 13 48 Pot experiment Janzen (1990)

High-N

fertility

49 33 68 37 76 Pot experiment Janzen (1990)

Water stress 12–19 Pot experiment Janzen and

Bruinsma

(1989)

Range (wheat) 16–60 4.3–56.0 43–93 10–45 42–148

Median (wheat) 34 13 67 21 64

Mean (wheat) 37 17 64 24 73

Barley Ear

emergence

25 8 32 19 75 Split-root Jensen

(1996b)

Maturity 24 20 71 23 83 Jensen

(1996b)

Oats Reproductive 38.7 30.0 78 5 31 19 46 Column exp./

field cond.

Wichern et al.

(2007a)

Reproductive 49.2 20.3 41 5 11 Column exp./

outdoor cond.

Wichern et al.

(2007b)

Whole growth 50.6 4.5 9 1 17 Wichern et al.

(2007b)

Range (wheat, barley, oats) 16–60 4.3–56.0 9–93 1–5 11–31 10–45 42–148

Median (wheat, barley,

oats)

36 14 57 5 11 20 68

Mean (wheat, barley, oats) 37 17 57 4 16 23 71

BGP-N stands for below-ground plant biomass N, NdfR means nitrogen derived from rhizodeposition, MBN means microbial biomass N.

F. Wichern et al. / Soil Biology & Biochemistry 40 (2008) 30–48 43
dry matter ha�1 (Kuzyakov and Schneckenberger, 2004),
with the N content in the grains being 1.5%; stem and
leaves ¼ 6 t dry matter ha�1, with an N content of 0.5%;
below-ground plant N ¼ 36% of total plant N (median, see
Table 4); N rhizodeposits ¼ 14% of total plant N (median,
see Table 4). Consequently, wheat plants leave on average
about 68 kgNha�1 in the soil, with the rhizode-
position contributing 26 kgNha�1. Using this calculation
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rhizodeposits are 27% of the N in crop residues. However,
when instead using the value of NdfR as a percentage of
BGP-N (median ¼ 57%, Table 4), rhizodeposits would
contribute 38% of the residue-N.

It has to be mentioned that most results documented
here derived from pot experiments under controlled
conditions, where plants had a limited soil volume.
Therefore, amounts of rhizodeposition under field condi-
tions can be expected to be higher, because the root-to-
shoot ratio in pot experiments is lower in comparison with
field conditions (Mayer et al., 2003a; Wichern et al.,
2007b). This assumption is supported by the observation
that the amount of rhizodeposition is proportional to root
production (Shamoot et al., 1968, de Graaf et al., 2007).
Moreover, an investigation under field conditions showed
that rhizodeposits of ryegrass (Lolium perenne L.), red
clover (Trifolium pratense L.), white clover Trifolium repens

L.) and clover–grass mixtures, constituted 80–87% of the
BGP-N, and was 56–91% of total plant N (Høgh-Jensen
and Schjoerring, 2001). Therefore, rhizodeposition of N
contributes a significant amount to the N input especially
in clover–grasslands and may substantially exceed the
amount of N removed by harvest and the N retained in
macro-roots and stubble (Høgh-Jensen and Schjoerring,
2001).

6. Function and fate of rhizodeposits

It is still unclear why the often limiting nutrient N is
released by plants, which are competing for it with soil
microorganisms. Rroc-o and Mengel (2000) observed that
wheat roots continuously release N, which has been
assimilated during early plant development, even until
maturation. Some of the plant available N-compounds and
mineralised organic rhizodeposits might be reabsorbed by
the plant (Janzen, 1990), or lost by denitrification (Jensen,
1996b). The gaseous N-loss by denitrification or as NH3

released by plants will probably be very low but is still
difficult to quantify (Merbach et al., 1999). The reabsorp-
tion of rhizodeposited N depends on competition of the
plant with neighbouring plants and soil microorganisms
for available soil N, the capacity of the plant for N uptake,
and the availability of other N sources (Jensen, 1996a).
Nevertheless, a significant amount of NdfR is transferred
into different soil pools, such as the microbial biomass and
the microbial residues (Mayer et al., 2003a, b). However,
few studies have investigated the transfer of NdfR into the
soil microbial biomass (McNeill et al., 1997; Mayer et al.,
2003a; de Graaf et al., 2007; Wichern et al., 2007a, b).
Reasons for this are the methodological uncertainties
associated with the presence of living roots and root
fragments, when using the fumigation-incubation or
fumigation-extraction method for detection of microbial
biomass N. Even after manual recovery of plant roots, root
fragments remain in the soil and will release non-microbial
N and 15N, when fumigated with chloroform (Mueller
et al., 1992). The estimation of microbial biomass N in the
presence of living roots therefore requires either pre-
incubation or pre-extraction (Mueller et al., 1992). How-
ever, pre-incubation is not suitable when investigating the
fate of N rhizodeposits, as these are very labile, ultimately
falsifying the results. Additionally, fumigation-incubation
has severe limitations in soils containing large amounts of
recently added substrate, such as rhizodeposits, and is
declared obsolete (Jenkinson et al., 2004). Therefore,
remaining roots and root fragments should be separated
from the soil by a pre-extraction procedure before
fumigation-extraction (Mueller et al., 1992), even though
some uncertainty in estimating microbial N will remain
(Friedel et al., 2002).
For this reason, studies focussed on looking at the

mineralisation of rhizodeposits in the soil during plant
development and after harvest of crops. In an incubation
experiment, Janzen (1990) found that 36% of the root-
derived organic N of wheat was mineralised after 76 days
at 30 1C. In total, inorganic NdfR accounted for 32% of
the inorganic N. Janzen and Bruinsma (1993) calculated
that 35% of the mineralisable N pool was derived from
rhizodeposition of wheat plants. The labile nature of NdfR
and the resulting high turnover indicates that NdfR is an
important source of plant-available-N, with large amounts
of NdfR contributing to soil N availability (Janzen, 1990).
After 7 weeks of plant growth, N rhizodeposits were

highly labile, with 79% of NdfR of pea and 48% of NdfR
from barley being mineralisable in an incubation experi-
ment at 20 1C (Jensen, 1996b). Root-derived N at maturity,
however, was less labile. Only 30% (peas) and 23%
(barley) of the NdfR were mineralised upon incubation
(Jensen, 1996b). The N-mineralisation in soils was higher
after peas in comparison with barley, resulting in a 36%
larger inorganic N pool after peas (Jensen, 1996b). This
could be attributed to the roots and rhizodeposits of the
crop. After three months, NdfR from pea contributed 35%
of the N mineralised and NdfR from barley contributed
only 12% of the mineralised N, which corresponds to 39%
and 18% of the N present in roots and rhizodeposits at
maturity (Jensen, 1996b). For peas, roots contributed 69%
to the mineralised N, whereas barley roots contributed
only 22%. Mayer et al. (2004) investigating the fate of
rhizodeposits of three grain legumes, found that 21–26% of
the N rhizodeposits was mineralised after 168 days at
15 1C. Additionally, they investigated the effect of rhizo-
deposition on the turnover of crop residues and concluded
that N rhizodeposits and crop residue N become immobi-
lised in the same pool with a similar decomposability.
In addition, N rhizodeposition of legumes may con-

tribute to the N-nutrition of an associated intercropped
non-legume (Jensen, 1996a; Xiao et al., 2004). Transfer of
N from field pea (donor) to spring barley (receiver) was
observed, but no detectable N-transfer from barley to pea
occurred (Jensen, 1996a). The N-transfer from pea to
associated barley increased with time, indicating increased
turnover of rhizodeposits and accelerated turnover of
immobilised NdfR already during plant growth (Jensen,
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1996a). The N-transfer increased from less than 5% of pea-
derived total plant N in barley 45 days after planting, to
19% of total plant N in barley 70 days after planting
(Jensen, 1996a). This demonstrates that N rhizodeposits of
legumes are re-mineralised by the microbial biomass during
plant growth, providing N for an associated crop in mixed
cropping (Jensen, 1996b). These results show that the
continuous turnover of the more labile pea roots con-
tributes to the positive effect on N availability in mixed
cropping.

These findings also indicate the importance of legume
roots and root-derived compounds for the N nutrition of
subsequent crops in crop rotations, explaining the positive
yield effect of grain legumes on subsequent non-legumes
(Chalk, 1998). However, Mayer et al. (2004) found that
only about 10% of residue N is recovered in succeeding
crops. Like C rhizodeposits, N rhizodeposits quickly
become immobilised by soil microorganisms in the rhizo-
sphere (Mayer et al., 2003b, 2004). While the residue-
derived N recovered in the subsequent crop increased from
flowering to maturity, the recovered residue N in the
microbial biomass decreased (Mayer et al., 2003b). This
shows that rhizodeposits and residue N of a preceding crop
are immobilised in the microbial biomass and in microbial
residues (Mayer et al., 2003a, b). The extent of this
immobilisation and subsequent remineralisation is driven
by the amount and the availability of the rhizodeposits and
the activity of the saprotrophic microorganisms (Mayer
et al., 2003a, b; de Graaf et al., 2007). N availability to
subsequent crops is therefore affected by the quality of
residues and rhizodeposits, with a higher availability to soil
microorganisms probably increasing root decomposition
and remineralisation of N. These processes are fuelled by
the availability of C, e.g. from rhizodeposition, which
stimulates soil microorganisms and their ability to compete
for inorganic N (de Graaf et al., 2007). However, the
availability of grain legume residues to soil microorganisms
did not differ between three species (Mayer et al., 2003b),
indicating that variation of N availability for subsequent
crops between grain legume species depends on other
factors, such as total assimilated N and total biomass.
These observations highlight the interdependence of the C
and N dynamics at the soil–plant interface and the ability
of plants to actively influence and control these processes
through the release of C compounds (Knops et al., 2002).
Quantitative evidence of this process is still scarce, in
particular in situ estimates under field conditions are
lacking.

7. Future perspectives

Most quantitative research on rhizodeposition has been
done in laboratory and greenhouse experiments. Future
research should therefore focus on estimating the net
rhizodeposition under field conditions, where the rooting
patterns and biomass distribution is different in compar-
ison with pot experiment, therefore giving a more realistic
quantitative estimate. In addition, abiotic and biotic
factors influencing rhizodeposition should be the focus of
pot experiments under controlled conditions using various
plant species. Moreover, the investigation of genotypic
variation of rhizodeposition in important crops should be
considered, because it is well known that genotypes of
certain plant species differ in nutrient acquisition and root
morphology (Weaver, 1926; Jackson, 1995; Rengel and
Marschner, 2005). This should be done to clarify the
reliability of the results of a recent study, where no strong
differences in N rhizodeposition were detected between
cultivated and wild genotypes of wheat and maize (de
Graaf et al., 2007).
As there is hardly any quantitative data on N transfer

from plants to soil microorganisms, this should be a focus
in future experiments. Moreover, analysing the chemical
composition of the rhizodeposits, especially in combination
with estimates of the soil microbial community structure
and in relation to plant species and genotype, will establish
the relevance of rhizodeposits in nutrient mobilisation
processes. Valuable tools using various compound specific
isotope analyses serve this purpose and have been
developed or improved in the past few years. Additionally,
the role of quantity and quality of rhizodeposition in
relation to soil microbial–faunal interactions should be
considered. In this respect, simultaneous investigation of C
and N rhizodeposition and the transfer into the various soil
compartments might help to increase our understanding of
the turnover processes in the rhizosphere and the role N
rhizodeposits play. A combined labelling of plants with C
and N isotopes provides a useful tool for this purpose and
has been shown to be applicable under outdoor conditions
(Wichern et al., 2007a, b). Nevertheless, uncertainties
associated with labelling methods and root recovery have
to be targeted and critically evaluated.

8. Conclusions

Rhizodeposits are a highly diverse mixture of low- and
high-molecular-weight compounds released by plant roots,
which serve several ecological functions. Most of the
rhizodeposits are an easily available energy and nutrient
source for soil microorganisms, therefore influencing the
turnover processes of plant residues and soil organic matter
in the rhizosphere. It is assumed, that beside C, also N
rhizodeposits are an important easily available nutrient
source for soil microorganisms, which is rapidly incorpo-
rated into the microbial biomass and its residues. However,
quantitative data is still scarce. The ecological function of
this N-release is still unknown. An unknown amount of
soluble N-compounds, such as NH4

+ and amino acids,
might passively diffuse into the rhizosphere. The majority
of N rhizodeposits, however, probably results from
structural proteinaceous root compounds. Nevertheless,
plants release a significant proportion of their assimilated
N into the soil. Legumes, which have a higher total
N-uptake, release larger amounts of N into the soil than
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cereals. However, much of the current knowledge is derived
from lab and pot experiments only, and it is very likely that
the results were biased under artificial conditions. Future
investigations should therefore focus on estimating
amounts of C and N rhizodeposition simultaneously under
field conditions.

Acknowledgements

We thank the German Research Foundation for funding
and Mick Locke for correcting our English. Moreover, we
like to thank two anonymous reviewers for their very useful
comments.

References

Brophy, L.S., Heichel, G.H., 1989. Nitrogen release from roots of alfalfa

and soybean grown in sand culture. Plant and Soil 116, 77–84.

Chalk, P.M., 1998. Dynamics of biologically fixed N in legume–cereal

rotation, a review. Australian Journal of Agricultural Research 49,

303–316.

Chalk, P.M., Ladha, J.K., Padre, A., 2002. Efficacy of three N-15 labelling

techniques for estimating below-ground N in Sesbania rostrata.

Biology and Fertility of Soils 35, 387–389.

Dakora, F.D., Phillips, D.A., 2002. Root exudates as mediators of mineral

acquisition in low-nutrient environments. Plant and Soil 245, 35–47.

de Graaf, M.-A., Six, J., van Kessel, C., 2007. Elevated CO2 increases

nitrogen rhizodeposition and microbial immobilization of root-derived

nitrogen. New Phytologist 173, 778–786.

Deubel, A., Gransee, A., Merbach, W., 2000. Transformation of organic

rhizodepositions by rhizosphere bacteria and its influence on the

availability of tertiary calcium phosphate. Journal of Plant Nutrition

and Soil Science 163, 387–392.

Ericsson, T., 1995. Growth and shoot–root ratio of seedlings in relation to

nutrient availability. Plant and Soil 169, 205–214.

Friedel, J.K., Fiedler, S., Kretzschmar, A., 2002. Limitations when

quantifying microbial carbon and nitrogen by fumigation-extraction in

rooted soils. Journal of Plant Nutrition and Soil Science 165, 589–593.

Gedroc, J.J., McConnaughay, K.D.M., Coleman, J.S., 1996. Plasticity in

root shoot partitioning, optimal, ontogenetic, or both? Functional

Ecology 10, 44–50.

Gordon, W.S., Jackson, R.B., 2000. Nutrient concentrations in fine roots.

Ecology 81, 275–280.
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