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Summary - Zusammenfassung

Living plants change the local environment in the rhizosphere and
consequently affect the rate of soil organic matter (SOM)
decomposition. The rate may increase for 3- to 5-folds, or decrease
by 10 % to 30 % by plant cultivation. Such short-term changes of
rate (intensity) of SOM decomposition are due to the priming
effect. In the presence of plants, a priming effect occurs in the
direct vicinity of the living roots, and it is called rhizosphere
priming effect (RPE). Plant-mediated and environmental factors,
such as, plant species, development stage, soil organic matter
content, photosynthesis intensity, and N fertilization which affect
RPE are reviewed and discussed in this paper. It was concluded
that root growth dynamics and photosynthesis intensity are the most
important plant-mediated factors affecting RPE. Environmental
factors such as amount of decomposable C in soil and N,;, content
are responsible for the switch between following mechanisms of
RPE: concurrence for N, between roots and microorganisms,
microbial activation or preferential substrate utilization. Succession
of mechanisms of RPE along the growing root in accordance with
the rhizodeposition types is suggested. Different hypotheses for
mechanisms of filling up the C amount loss by RPE are suggested.

The ecosystematic relevance of priming effects by rhizodeposition
relates to the connection between exudation of organic substances by
roots, the increase of microbial activity in the rhizosphere through
utilization of additional easily available C sources, and the subsequent
intensive microbial mobilization of nutrients from the soil organic matter.

Key words: carbon turnover / exudation / humus mineralization / soil
organic matter decomposition / rhizosphere priming effect / rhizodepo-
sition / root effects / '“C / *C / °N

1 Introduction

Carbon (C) input by plants into the soil is the primary
source of soil organic matter (SOM). In the past decades, we
have gained considerable insight into below-ground C
allocation by plants (reviewed by Lynch and Whipps,
1990; Whipps, 1990; Kuzyakov and Domanski, 2000). About
one-third to half of total assimilated C (net assimilated +
shoot respiration) is allocated below-ground. Subsequently,
between 10 and 15 % of below-ground allocated C is
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Einflussfaktoren auf Priming-Effekte in der
Rhizosphére

Waurzeln lebender Pflanzen veridndern die lokale Umgebung in der
Rhizosphédre und beeinflussen oft die Intensitit des Abbaus der
organischen Bodensubstanz (OBS). Beim Anbau von Pflanzen kann
die OBS-Mineralisation um das 3- bis 5-fache im Vergleich zur
Schwarzbrache ansteigen oder um 10 % bis 30 % abnehmen.
Solche kurzfristigen Anderungen der Intensitit des OBS-Abbaus
gehoren zum Phénomen des Priming-Effektes. Da beim Pflanzen-
wachstum die Priming-Effekte in unmittelbarer Nidhe von lebenden
Wurzeln stattfinden, werden sie Rhizosphire-Priming-Effekte
(RPE) genannt. Dieser Artikel gibt eine kritische Analyse und
Diskussion des Erkenntnisstandes iiber die Faktoren, die die RPE
beeinflussen. Dazu gehoren Faktoren, die iiber die Pflanze bzw. die
Umwelt wirken, wie Pflanzentyp und -entwicklung, Photosyn-
theseintensitdt, Gehalt an organischer Bodensubstanz und N-
Diingung. Es kann geschlussfolgert werden, dass die Dynamik
des Wurzelwachstums und die Intensitit der Photosynthese die
wichtigsten {iiber die Pflanze wirkenden Faktoren sind. Die
Umweltfaktoren wie der Gehalt an umsetzbarem Kohlenstoff und
mineralischem Stickstoff (N,;,) im Boden bedingen den Wechsel
zwischen folgenden Mechanismen der RPE: (1) Konkurrenz fiir
Niin zwischen den Wurzeln und den Mikroorganismen, (2)
Aktivierung der Rhizosphidrenmikroorganismen durch die Wurzel-
exsudate und (3) bevorzugte Nutzung der Rhizodeposite als
leichtverfiigbares Substrat und nicht der OBS. Dieser Wechsel
wird, in Ubereinstimmung mit den Typen der Rhizodeposite und
der Sukzession der Mikroorganismen, durch die rdumliche Abfolge
der RPE entlang der wachsenden Wurzel erklart. Unterschiedliche
Mechanismen der Auffiillung der C-Verluste der OBS, die wihrend
der RPE entstehen, werden diskutiert. Die 6kosystemare Bedeutung
der Priming-Effekte durch die Rhizodeposition besteht in der
Stimulation der Rhizosphidrenmikroorganismen durch den leicht-
verfiigbaren Kohlenstoff zum intensiven mikrobiellen Abbau der
organischen Bodensubstanz und in der Mobilisation zusitzlicher
Nihrstoffe speziell in Perioden des intensiven Pflanzenwachstums.

respired by roots to generate metabolic energy which is used
for growth, maintenance and transport processes. About
15 % to 25 % of below-ground allocated C is exuded from
the roots into the soil. These exuded organic substances
induce fast C turnover in the vicinity of the roots. The
rhizosphere is characterized by very intensive C turnover
forced by microorganisms (Hiltner, 1904). Rhizosphere
microorganisms utilize these substances as easily available
C and energy sources for fast growth and reproduction.
Because microorganisms are not limited by available C in
rhizosphere, the number of microorganisms in the rhizo-
sphere is 19- to 32-times larger than in the root-free soil
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(Bodelier et al., 1997). However, this surplus of easily
available source in the rhizosphere is typical only for C.
Despite the exudation of some nitrogen- (N) containing
organic compounds, mostly amino acids (Merbach et al.,
1999; Hiitsch et al., 2002), the C:N ratio of whole
rhizodeposits is higher than that of microorganisms
(bacteria), which have the C:N ratio of 5:1 to 6:1 (Fenchel,
1982). It is important to note, that most of the results about
C:N ratio in rhizodeposits have been obtained from nutrient
solution studies, in which only exudates (definition see
below) having low C:N ratio are considered. The C:N ratio
of exudates is about 2.5 to 13.0 (Mench and Martin, 1991;
Van de Geijn and Van Veen, 1993). Other parts of
rhizodeposition such as sloughed root cells, root hairs,
lysates, and mucilage (all with high C:N) are strongly
underestimated in nutrient solution studies compared to soil
conditions. Therefore, the C:N ratio of rhizodeposits
released under non-sterilized soil conditions is much higher
than that of exudates. Consequently, compared to C, all other
nutrients, including N, are strongly limited in the rhizo-
sphere (Kuikman et al., 1990; Liljeroth et al., 1990; Breland
and Bakken, 1991). Additionally, root uptake and intensive
microbial growth on easily available C sources lead to
temporary immobilization of all accessible nutrients into
growing plant and microbial cells. In contrast, in a root-free
soil easily available C is limiting for microbial growth and
all nutrients are usually not limiting (Wardle, 1992). Both
factors: surplus of easily available C and strong nutrient
limitation produce the local environment in the rhizo-
sphere strongly different from that of the root-free soil.
Fast turnover of C and microorganisms in the rhizosphere
may locally change the rate of microbial SOM decom-
position. The increasing or decreasing decomposition of
SOM compared with the SOM decomposition in root-free
soil (Fig. 1) belongs to the phenomena of priming effects
(Parnas, 1976; Kuzyakov et al., 2000). A priming effect

fallow soil ;).Ianféd planted soil
Positive
priming effect

Negative
priming effect

Figure 1: Schematization of the priming effect — non-additive interactions
between root growth and decomposition of soil organic matter (SOM): (a)
acceleration of SOM decomposition — positive priming effect; (b)
retardation of SOM decomposition — negative priming effect (Kuzyakov
et al., 2000, changed)

Abbildung 1: Vereinfachte Darstellung der Priming-Effekte — der nicht-
additiven Wechselwirkungen zwischen dem Wurzelwachstum und dem
Abbau der organischen Bodensubstanz (OBS): (a) Beschleunigung des
OBS-Abbaus — positiver Priming-Effekt; (b) Verlangsamung des OBS-
Abbaus — negativer Priming-Effekt (Kuzyakov et al., 2000, veridndert)
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(PE) is a short-term change in the turnover intensity (e.g.
decomposition) of SOM caused by different factors such as
fertilization, plant cultivation etc. The mechanisms of PEs
caused by mineral and organic fertilization have been
reviewed earlier (Jenkinson, 1966; Jenkinson et al., 1985;
Kuzyakov et al., 2000) and are not included in this review.

In case of plant cultivation, PEs occur in the direct vicinity
of living roots. Therefore, they are called rhizosphere
priming effect (RPE). The negative RPE cannot be lower
than —100 %, because 100 % decrease corresponds to the
absence of SOM decomposition. However, in many studies
negative RPE of about —10 % to —30 % were measured.
Positive RPE could be much higher than 100 %. For
example, in one of the pioneer priming effects study, 4- to
11-fold increase of SOM decomposition was recorded as
CO, efflux after addition of '>C labeled sudan grass
(Broadbent and Norman, 1946). Also in later studies RPE
of about 200 % to 400 % were frequently reported.

2 Mechanisms of rhizosphere priming effects

Seven possible mechanisms of rhizosphere priming effects
caused by living root have been suggested:
1) Drying effect or drying / rewetting hypothesis:
Compared to unplanted soil, water uptake by plants always
results in drier soil conditions, which reduces SOM
decomposition (Van Schreven, 1967; Reid and Gross,
1982a). However, drying-rewetting cycles in cultivated soil,
and especially in the topsoil, could increase SOM decom-
position compared to unplanted soil (Sala et al., 1992).
2) Aggregate destruction hypothesis: Growing roots may
promote the destruction of aggregates more than their
formation. Therefore, some portion of the physically
protected labile SOM is then exposed to microbial attack,
which may increase SOM decomposition (Reid and Gross,
1981, 1982b; Helal and Sauerbeck, 1984, 1986).

3) Root uptake of soluble organic substances: If roots
take up the released exudates in a significant quantity, the
microbial activity in the rhizosphere will be decreased
because of reduction of C source; the SOM decomposition
decreases subsequently (Sparling et al., 1982; Reid and
Goss, 1982b; 1983).

4) Enhancing microbial turnover due to faunal grazing
(Ingham et al., 1985; Clarholm, 1985a, b; Elliot et al., 1988;
Kuikman et al., 1990, 1991; Griffiths, 1994; Alphei et al.,
1996). Faunal predation of microorganisms in the rhizo-
sphere may increase microbial turnover, and consequently
increase the release of mineral N (N,,;,) and CO,. Strictly
speaking, this mechanism is due the release of CO, and
nutrients from dying microorganisms and not from SOM.
5) Competition for N,;, between plant roots and rhizo-
sphere microorganisms: Microbial growth in the rhizo-
sphere is limited by available N. Therefore, root uptake of N
raises the competition for nutrients and decreases the
microbial growth and metabolism, thereby depressing
SOM decomposition (Schimel et al., 1989; Wang and
Bakken, 1989, 1997; Ehrenfeld et al., 1997; Bottner et al.,
1999).
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6) Preferential substrate utilization: If two substrates with
very different availability (e.g. exudates and SOM) are
present at one location, microorganisms prefer to utilize at
first the easily available rhizodeposits and then SOM,
resulting in a decrease in SOM decomposition during the
first period (Sparling et al., 1982; Billes et al., 1988).

7) Microbial activation: Easily available substances
released by roots stimulate microbial growth in the rhizo-
sphere and lead to an increased decomposition of SOM
probably to get limiting N, or to “unintentional” co-
metabolic decomposition of SOM (Helal and Sauerbeck,
1986; Sallih and Bottner, 1988; Cheng and Coleman, 1990).
According to Nobili et al. (2001), even very low amount (g
g™') of some primers such as exudates, may stimulate
microbial biomass to stronger SOM decomposition.

These mechanisms were reviewed in detail by Dormaar
(1990) and Cheng and Kuzyakov (2002). It has been
concluded, that biological rather than physical factors are
responsible for RPE (Dormaar, 1990) and that (1) microbial
activation, (2) preferential substrate utilization, and (3)
concurrence of demand for mineral N between plant roots
and microorganisms, are the most important mechanisms of
rhizosphere priming (Cheng and Kuzyakov, 2002). Also it
has been stated that easily decomposable Core and Ny, in
the soil determine the presence and magnitude of these
mechanisms. Beside these two parameters controlling
mechanisms of RPE, there are some other environmental
and plant-mediated factors responsible for RPE which have
not been summarized before. Therefore, the first aim of this
article is to discuss the factors affecting RPE.

It is important to note here, that not only microbial enhance
of SOM decomposition, but also direct chemical effects,
such as pH and redox change, complexation, chelatization,
and solubilization of some elements (e.g. P, Fe, Mn, Zn, Cu,
S etc.) by exuded substances (especially organic acids,
exoenzymes) may increase availability of some nutrients in
soil (Jauregui and Reisenauer, 1982; Uren and Reisenauer,
1988; Marschner, 1991, 1995; Vaughan et al., 1993;
Merbach et al., 1999; Gahoonia et al., 1992; Jungk and
Claassen, 1997; Schilling et al., 1998). These chemical
causes of RPE are not reviewed in this article (see
Marschner, 1995).

Positive PEs were observed in the most studies investigat-
ing effects of roots on the SOM decomposition (Cheng and
Kuzyakov, 2002). It means that SOM decomposition in
rooted soil is faster compared to that in root-free soil.
Therefore, plant cultivation may lead to the depletion of
SOM. In contrast, all long-term field experiments show that
fallow plots always have lower C; content compared to
planted plots (Korschens, 1998; Powlson et al., 1998). Thus,
the second aim was to suggest mechanisms explaining the
replacement and rebuilding the losses of C and other
nutrients induced by positive RPE.

3 Methods estimating rhizosphere priming effects

Several direct and indirect methods were used to estimate
priming effects in the rhizosphere. The direct methods
estimate either C,, changes or differences in mineral
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nutrients, mainly N, before and after cultivation and
compare these changes with that of the fallow soil samples
for the same investigation period. Simultaneous measure-
ments of both (Cog and Nyy,in) were used very seldom (Sallih
etal., 1987; Billes et al., 1988; Zagal, 1994). High variability
of C,e content and its very low changes during short-term
experiments decrease the applicability of direct methods.
Measuring dissolved organic C (DOC) or other forms of
labile C could improve validity of the direct methods
(Martin, 1987; Lasserre-Joulin et al., 2001) because the
changes in decomposable labile C are much stronger than
that of total Coy.

Indirect methods are based on the comparison between the
SOM-derived CO, efflux from planted and unplanted soil.
The total CO, efflux from planted soil consists of two main
sources: i) root-derived CO, which is the sum of root
respiration and microbial respiration decomposing rhizode-
posits and ii) SOM-derived CO, evolved by microbial
decomposition of SOM. Firstly, it is important to separate
these two sources. Secondly, the CO, evolved by microbial
decomposition of SOM from the planted soil is compared
with the total CO, efflux from unplanted soil (consisting
only from one source: microbial SOM decomposition).

Using different C isotopes techniques is the only way to
separate root-derived and SOM-derived CO, evolved from
the planted soil. Continuous labeling of plants during the
whole plant development in "*CO, or '*CO, atmosphere
with constant specific "*C activity or '>C enrichment and
subsequent measuring of '*C or '*C in CO, evolved from
soil is a reliable method for this aim (Liljeroth et al., 1990,
1994; Helal und Sauerbeck, 1981, 1983). The exact
separation of SOM-derived and root-derived CO, occurs
according to the reduction of specific '*C activity of CO,
evolved from soil compared to activity of CO, offered for
assimilation. However, the equipment needed for continuous
labeling is difficult and expensive, and it can be applied only
in a few laboratories in the world.

An important modification for continuous labeling tech-
niques was introduced by Cheng (1996) and Rochette and
Flanagan (1997) using the differences in '>C discrimination
by C; and C, plants. Cultivation of C; plant on C, soil
(Cheng, 1996) or vice versa (Rochette and Flanagan, 1997)
and subsequent monitoring of 8'°C values of CO, from the
soil allow the separation of SOM and root-derived CO,
without special equipment for continuous '“C or *C
labeling. The '*C natural abundance method has important
advantages over other techniques (Rochette et al., 1999)
since: (1) all C pools of the plant are labeled, (2) it is a non-
intrusive method, and (3) it does not involve handling of
radioactive material. This method can be used under field
conditions (Rochette and Flanagan, 1997). Meanwhile, this
method is used in many studies as standard procedure
allowing separation of root-derived and SOM-derived CO,
(Qian et al., 1997; Rochette et al., 1999; Flessa et al., 2000;
Kuzyakov and Cheng, 2001; Fu et al., 2002; Fu and Cheng,
2002). The principle of the '*C natural abundance method
allows an exact calculation of the proportion of the root-
derived and SOM-derived CO, in the total CO, efflux from
soil. However, some important limitations of BC natural
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abundance method limit its application. Soil-plant pairs
impose limitations to the '*C natural abundance method
through C; plants growing in a C4 soil or vice versa are
unusual. Hence, the field application of this method is
restricted to places where soils developed under Cj
vegetation allow the growth of C4 plants and vice versa.
This limit of the §'>C method was overcome by the use of
the Free Air CO, Enrichment (FACE) experiment with
shifted C isotopic composition (Leavitt et al., 1996; Andrew
et al., 1999; Kessel et al., 2000). In most cases the CO,
depletion in *C (8'*C & 40 %o) produced by combustion of
fossil sources of energy is used for FACE. High-resolution
and high-sensitivity mass-spectrometry is necessary for '*C
analyses, because a maximal range of only ~14 %o is
available for all variations of the >C : '2C ratio in CO, (it is
calculated as the difference between the 8'°C value of cell
tissue of C3 and C, plants). At the same time, the variability
of 8"°C value in soil or plant is at least about % 1 %o—2 %o
(Cheng, 1996) or more (Farquhar et al., 1989). Additionally,
the '>C discrimination by plants is depending on the
environmental conditions, such as temperature, water deficit
(Farquhar et al., 1989; Hogh-Jensen and Schjoerring, 1997,
Lucero et al., 2000), air humidity (Ekblad and Hodberg,
2001), N supply (Hogh-Jensen and Schjoerring, 1997), light
intensity (Pate and Arthur, 1998), and specific root length
(Poorter and Farquhar, 1994). Also CO, diffusion in soil
leads to isotopes fractionation (Cerling et al., 1991). Similar
to the labeling methods, application of '*C natural
abundance method require a gas-tight isolation of soil from
the atmosphere, which have §'°C of about 6 %o to 7 %o.
These limitations of the '*C natural abundance method limit
its wider application and an exact estimation of root-derived
and SOM-derived CO,.

There is another method for separating the root-derived
from the SOM-derived CO, which is based on the pulse
labeling of shoots in '*CO, atmosphere and calculation of
the amount of root-derived and SOM-derived CO, according
14C specific activity in different plant parts (Kuzyakov et al.,
1999a, 2001). This method assumes that the partitioning
pattern of assimilated C does not change significantly during
the monitoring period. This assumption is accomplishable
only during vegetative growth stages. The '*C distribution
applied at one growth stage cannot be applied to another
because partitioning patterns undergo changes during plant
growth, especially by transition to generative stage.
Therefore, the pulse labeling allows only very rough
estimation of the root derived CO, because of continual
dilution of the labeled photosyntates with new unlabelled
photosyntates. However, series of labeling pulses applied at
regular intervals during plant growth have been found to
provide a reasonable estimate of the cumulative below-
ground C input (Keith et al., 1986; Gregory and Atwell,
1991; Jensen, 1993; Swinnen et al., 1994; Warembourg and
Estelrich, 2000; Kuzyakov et al., 1999a, 2001, 2002). The
calculation of the root-derived CO, according to '*C
distribution after pulse labeling could not be used under
conditions that rapidly change '“*C incorporation into the
shoots (i.e. defoliation, strong reduced photosynthesis, etc.).
As it has been shown by Hodge and Millard (1998) *C pulse
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chase methodology is an important physiological tool,
although it should not be used in isolation.

In spite of the great variation between results observed in
different laboratories, Kuzyakov and Cheng (2001) have
shown that '*C natural abundance method and '*C pulse
labeling produce similar values for separating the root-
derived and SOM-derived CO,. Each method separating
root-derived and SOM-derived CO, has some limitations
(Killham and Yeomans, 2001). Besides, results obtained with
each of these three methods will be discussed in the
following.

It is important to mention that the estimations of root-
derived and SOM-derived CO, based on the root exclusion
techniques (Rochette et al., 1999) primary accept that no
RPE are induced by plant growth. Therefore these results
cannot be reviewed here.

4 Rhizodeposition components in respect to rhizo-
sphere priming effects

Total input of organic C by plant roots into the soils
consists of two main forms: (1) root biomass which
contribute to C budget of the soils after the plant has died,
and (2) rhizodeposition including whole organic C released
by living roots into the soil (exudations, secretions, sloughed
off cells, C released by root turnover). The contribution of
the first source is well known and there are many studies on
decomposition, mineralization, and humification rates of
root residues in the soil. Compared to rhizodeposits, roots
are decomposed much slower. Therefore, they do not induce
strong PE. Moreover, a wide C:N ratio of roots can provoke
N immobilization or negative PE during their decomposition
(Kuzyakov et al., 1999b).

The lack of simple methods limit the estimation of the
second source, the rhizodeposition under undisturbed soil
conditions. The difficulties are connected with fast decom-
position of the most rhizodeposits, their losses by common
separation methods (e.g. root washing) and their disregard-
ing by some optical methods (rhizotron studies), as well as
difficult differentiation between the SOM-derived and root-
derived organic substances. Different isotopic methods
which allow distinguishing between SOM-derived C and C
deposited by roots into the soil have been used successfully
(see above). The amounts of C released as rhizodeposits and
estimated by isotopic methods are reviewed earlier (Lynch
and Whipps, 1990; Whipps, 1990; Kuzyakov and Domanski,
2000; Kuzyakov, 2001).

It is generally accepted that rhizodeposition comprise of
several groups, depending on the mode of release and their
chemical composition (Lynch and Whipps, 1990; Whipps,
1990; Marschner, 1995; Graystone et al., 1996):

(1) Water soluble exudates, consisting of low molecular
weight substances (mainly sugars and molecular organic
acids), which are lost passively along a concentration
gradient without metabolic activity (Burstrom, 1955; Bowen
and Rovira, 1991);

(2) Secretions comprising mostly of higher molecular
weight substances (carbohydrates, lipids, and proteins),
released depending on the metabolic processes against
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electrochemical potential and chemical gradients (Hale et
al., 1978);

(3) Mucilage which covers the plant roots and is composed
mainly of polysaccharides and polygalacturonic acids of
high molecular weight (Watt et al., 1993; Marschner, 1995);
(4) Lysates released from cells after autolysis and comprise
the components of sloughed-off cells, and within time, the
whole root (Whipps, 1990);

(5) Gases such as CO,, ethylene etc. evolved by roots may
also be accepted as rhizodeposits (Rovira, 1969, 1973;
Graystone et al., 1996). According to the definition, that
only organic substances belong to rhizodeposits, these gases
are not considered here. Also, gases evolved by roots play a
marginal role in the C turnover in the rhizosphere.

These rhizodeposits groups were arranged above according
to their availability for microorganisms as C source and
correspond to their possibility to induce RPE. Thus, low
molecular weight exudates (group 1) are utilized by
microorganisms during few hours (Kuzyakov and Demin,
1998). Their solubility in water, mobility, as well as ability
to direct incorporation in growing microbial cells make
exudates most important primer in the rhizosphere. As
shown by Nobili et al. (2001), almost very low amounts of
glucose and amino acids could trigger biomass activation
and 2- to 5-fold increase of SOM decomposition. High
relevance of exudates for microorganisms shows the fact
that exudates are the group of rhizodeposits which is mostly
increased in non-sterile conditions compared to other
rhizodeposits groups (Schonwitz and Ziegler, 1982; Kloss
et al., 1984). Secretes and mucilage (group 2 and 3) need
longer time for uptake and utilization by microorganisms.
Lysates (group 4), especially cell walls and other high
molecular organic substances cannot be consumed within a
few hours. Therefore, lysates are less important for priming
microbial biomass.

Dalenberg and Jager (1989) also divided the organic
substances they studied into two classes. Substances
belonging to the first class (amino acid, glutamate, aspartate)
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lead to positive C priming effects when decomposed. These
substances are similar to exudates. Substances of the second
class, which are similar to cell lysates and mucilage, were
high molecular and slowly decomposable substances such as
cellulose or wheat straw caused negative priming effects.

5 Factors affecting rhizosphere priming effects

Different factors can influence the physical and chemical
conditions in the rhizosphere and thereby change the C
utilization by microorganisms. Because RPEs depend on the
rhizodeposition and especial on the exudation intensity, all
factors affecting rhizodeposition as well as microbial
turnover in the rhizosphere should also affect RPE. In the
following, results from the literature and own studies will be
discussed to outline the effects of shoot and root growth,
plant species and soil types, soil fertility and N,;, content,
and photosynthesis intensity on C and N release during plant
induced changes of SOM decomposition.

5.1 Plant-mediated factors
5.1.1 Shoot and root growth

Shoot and root development are the most important plant-
mediated factors controlling rhizodeposition. Most studies
observed the maximal exudation intensity for young roots
(Fu et al., 2002). Root senescence leads to the decrease of
the amount of exuded substances related to the root mass
unit. However, the decrease of exudation intensity at the
beginning is slower than the root growth and therefore the
total amount of exuded substances increases. For most
annual plants, the total rhizodeposition increases until the
end of tillering. In the generative stage the amount of
exudates decrease rapidly (Warembourg and Esterlich,
2001). In this context, the RPE must increase until begin
of generative stage, and then they must decrease very fast.
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Figure 2: SOM-derived CO, efflux from the soil
with Lolium perenne and from the bare soil and
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et al., 2000a).
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According to this statement, Kuzyakov et al. (2001) found
an increase of RPE induced by Lolium during 3.5 months
(Fig. 2). During first half of the observation period a small
non-significant negative PE was observed. After 2.5 month
of vegetative growth of Lolium, the RPE became positive
and 60 kg CO,-C ha™' d' was released additionally. Similar
dynamics of RPE was measured during the whole develop-
ment of wheat by Cheng (1996), Cheng and Johnson (1998),
and Kuzyakov and Cheng (2001). At the beginning of wheat
growth a negative PE of about 30 % was observed, followed
by a strong increase up to 300 % at the end of the second
month, and leveling out at 50 % of the control (Cheng and
Kuzyakov, 2002).

Earlier investigated combination of three soils and two
plants (Kuzyakov et al., 1999a, 2001; Siniakina and
Kuzyakov, 2002) allowed to study the dependence of the
extra decomposition of SOM on the plant age (Fig. 3). The
decrease of decomposition of SOM was measured in our
experiments only in a few cases. The fully developed plants
increase the extra decomposition of SOM more strongly than
the younger plants. This seems to disagree with the well-
known fact, that young roots exude organic substances more
intensively than old roots. This apparent contradiction can
be explained by larger occupation of much more soil space
by roots of fully developed plants compared to the young
seedlings. It overcompensates the decreased exudation per
root mass unit by old plants. In conclusion, exudation of
organic substances during fast root growth phases may lead
to strong SOM decomposition and mobilization of nutrients.

5.1.2 Plant and soil types

There are only a few studies investigating the effects of
different plants or soils on the decomposition of soil organic
matter in one experiment. Therefore a direct comparison of
results obtained under different conditions is difficult. From
this point of view, it is being promised to compare studies
obtained in the same laboratory, because equipment,
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Figure 3: Effect of plant age (presented as days after sowing) of Lolium
perenne and lettuce on the decomposition intensity of SOM (combined
from Kuzyakov et al., 1999a, 2001; Siniakina and Kuzyakov, 2002).
Abbildung 3: Einfluss des Pflanzenalters (Tage nach der Aussaat) von
Lolium perenne und Kopfsalat (Lactuca sativa) auf die Intensitit des OBS-
Abbaus (kombinierte Ergebnisse aus Kuzyakov et al., 1999a, 2001;
Siniakina and Kuzyakov, 2002).
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methods, and environmental conditions are frequently the
same. Using a natural abundance '*C method, Fu and Cheng
(2002) and Fu et al. (2002) showed that two C; plants,
soybean and sunflower, growing on a C4 Haplic Chernozem
induce 40 % to 70 % faster SOM decomposition. Under the
same experimental conditions two C,4 plants, sorghum and
amaranthus, slightly decreased the mineralization of organic
matter of a C3 Chromic Luvisol for about 5 % to 10 %.
Furthermore, the RPE depended on the plant development
stage. The authors concluded that in a C4 soil — C3 plant
system positive priming will be observed and in a system Cj
soil — C4 plant the direction of priming effect depends on
plant development stage. However, the content of decom-
posable C in both soils, responsible for the direction of RPE,
was not considered in this study. Probably the Haplic
Chernozem had a higher amount of decomposable C, and
root exudates induced some additional mineralization of the
decomposable C. Inert C in Chromic Luvisol could hardly be
used by rhizosphere microorganisms. Therefore, they
switched on to easily available exudates and the SOM
decomposition decreased. This means that the amount of
decomposable C in soil determines the direction of RPE.

Nevertheless, the physiological differences between C; and
C,4 plants may probably have an effect on rhizosphere
processes due to different amount and probably quality of
exuded substances. C, plants have a higher efficiency of
nutrient use. It means that they need fewer nutrients for the
production of the same amount of organic substances
compared to Cj3 plants. Therefore, C, plants invest less C
in the below ground processes, and probably exude less
organic substances from the roots. However, this remains a
hypothesis until the amounts and quality of organic
substances released by roots of C; and C,4 plants will be
investigated comparatively.

Regarding the variation between plants, the amount of
roots, and the type of root system must have an effect of
SOM decomposition. Most experiments were conducted
with plants having fibrous root system. However, studies
were found in which plants with different root systems were
compared in one experiment. Fu and Cheng (2002) found
positive correlation between root biomass and the amount of
primed C (only for C4 soil — C; plant system). Therefore
plants with well-developed and branched root system must
stronger increase SOM decomposition.

5.2 Environmental factors
5.2.1 C,,4 content in the soil

Two contrasting hypotheses could explain the effects of
Core content in a soil on the amount of RPE. (1) The high
content of organic substances leads to high amounts of easily
available C which can be mineralized by microorganisms
during RPE. (2) N and other nutrients are not so strongly
limited as compared with a low fertile soil. Therefore, plants
as well as microorganisms growing on a soil rich in C,,, are
less dependent on enhanced SOM mineralization to obtain
nutrient surplus.

Experiments that were conducted in our laboratory showed
that a fine loamy Gleyic Cambisol containing 4.7 % of Coyg
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had 30- to 100-times higher RPE compared to a sandy
Gleyic Camisol with 0.7 % C,, (Kuzyakov et al., 2001;
Siniakina and Kuzyakov, 2002). However, different plants
(Lolium and lettuce) were used in these experiments which
limits the comparability.

Warembourg and Esterlich (2001) showed that in a soil
poor in C,,, grasses allocated a higher portion of net
assimilated C below ground and released more C as exudates
compared to soil richer in C,,,. The ecological application of
this fact is that plants try to stimulate rhizosphere micro-
organism to increase SOM mineralization and nutrient
mobilization due to the higher exudation especially in the
low fertile soils.

5.2.2 Photosynthesis intensity

Up to now, only few studies have investigated the effect of
photosynthesis on below-ground processes and C turnover in
the rhizosphere. They have shown that the intensity of
photosynthesis is the main factor controlling below-ground
C allocation, exudation, as well as CO, efflux from the soil
(Whipps, 1984; Zagal, 1994; Todorovic et al., 1999; Craine
et al.,, 1999; Hogberg et al., 2001; Kuzyakov and Cheng,
2001). An increase in the total CO, efflux from the soil with
using plants growing under better light conditions was
observed in all these studies. An important portion of the
CO, increase is explained by the higher transfer of easy
available organic compounds in the rhizosphere by roots at
better light conditions (Whipps, 1984). However, the SOM
decomposition could also be changed. Using the natural '°C
abundance method, Kuzyakov and Cheng (2001) separated
root-derived and SOM-derived CO, and observed a strong
RPE that was induced by wheat grown on a C, Haplic
Chernozem (C, rich soil) under normal light conditions
(Fig. 4, left part). In this soil, microbial activation must be
responsible for the positive RPE. Three days without light
led to an exhaust of exudates as C and energy sources for
microorganisms and to a decrease of RPE to zero. New light-
on event after 2.5 days darkness led to a fast release of easily
available organic compounds in the rhizosphere and resulted
in a switch of microbial biomass from SOM decomposition
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Figure 4: Effect of easily available rhizodeposits as controlled by
photosynthesis intensity on the rhizosphere priming effect and its
mechanisms (Kuzyakov and Cheng, 2001, changed).

Abbildung 4: Mechanismen der Rhizosphére-Priming-Effekte in Abhin-
gigkeit von der Photosynthese (Kuzyakov und Cheng, 2001, verindert).
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to the utilization of easily available organic compounds.
Probably, preferential substrate utilization was responsible
for the negative PE observed after light-on event from the
day 4 (Fig. 4). Diurnal dynamics of CO, efflux from the soil
with a constant day/night temperature is also an indirect
evidence of photosynthesis effects on SOM decomposition
(Kuzyakov and Cheng, 2001). Similar diurnal cycles and
effect of photosynthesis on processes in rhizosphere of
Glyceria maxima was observed by lengthening photoperiod
for the O, release by roots, induced denitrification and a
higher C exudation (Bodelier et al., 1997).

Reduction of light intensity changes the amount of root-
derived '“C in the rhizosphere and in microorganisms
reflecting a deficiency of energy and C needed by
heterotrophic microflora. This results in a decrease of >N
mineralization from SOM and, consequently, a lower N
uptake by barley was measured (Zagal, 1994). A shorter
photoperiod has a similar effect and results additionally in
smaller numbers of bacteria in the rhizosphere (Whipps,
1984).

It could be concluded that the absence of light for plants or
worse assimilation conditions can change the direction of
RPE from strongly positive (under normal light conditions)
to no RPE or negative (without light) only during 4-5 days.
This causal relationship holds for short periods (days).
Longer lasting changes in light condition could have a
physiological effect. For instance, perennial grasses begin to
store more C below-ground under a shorter day period which
simulates autumn (Todorovic et al., 1999).

5.2.3 Npuin content in soil and N fertilization

Mineral N fertilization changes the local environment in
the rhizosphere directly and indirectly. Directly, added
mineral N reduces the N limitation in the rhizosphere.
Therefore, the concurrence for N,;, between the roots and
microorganisms is weaker, the growth conditions for
microorganisms become better, the number of microorgan-
isms increases (Marschner, 1995), and the C use efficiency
of exudates increases (Liljeroth et al., 1990). Therefore, less
SOM is necessity to be decomposed mobilizing additional
N.

The indirect changes occur due to the response of plants to
a better N supply. On one side, the net assimilation increases
(Warembourg and Esterlich, 2001) and plants grow faster.
On the other side, the portion of C allocated below-ground
decreases (Paterson and Sim, 1999; Chapin, 1980; Coleman
et al., 1983; Warembourg and Estelrich, 2001). These
opposite tendencies of (1) a higher photosynthesis and (2) a
lower portion of below-ground translocated C by better N
supply complicate the prediction of total C transferred into
the rhizosphere by N fertilization. Frequently, the increase of
total assimilation by higher N,,;, supply over-compensates
the reduction of the C part translocated below-ground and
the increase in total rhizodeposition (Liljeroth et al., 1994;
Van der Krift et al., 2001).

If one accepts that the total amount of C allocated into the
soil by mineral N input remains similar as without N
fertilization, then the RPE will decrease after fertilization,
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because the local N limitation decrease. This means that
additional SOM mineralization in the planted unfertilized
soil (= natural ecosystem) will be higher than in the fertilized
soil (= agricultural ecosystem). Such reduction of rhizo-
sphere priming effect by application of N fertilizer was
observed in many studies (Cheng and Coleman, 1990;
Liljeroth et al., 1994). Additionally, low N;, content alters
root morphology. Much more fine roots were produced, the
specific root length increased by about three times, and the
exudation related to root mass increased (Hodge et al., 1996;
Paterson and Sim, 1999). Therefore, the local C surplus,
especially rhizodeposits inducing PE (see above), and N
limitation are much higher pronounced in the rhizosphere of
unfertilized plants than that of fertilized ones. Therefore
RPE must be stronger in an unfertilized soil. This was
confirmed by Kessel et al. (2000) who showed in FACE with
depleted 8'°C that Lolium perenne, which cannot fix N,
induced a stronger SOM decomposition than Trifolium
repens which symbiotically fix N,.

However, a very low N,;, amounts in the soil may have an
opposite effect. Under strong N, limitation, additional
Niin depletion by root uptake leads to a decrease of
microbial biomass (Merckx et al., 1985, 1987; Hu et al.,
2001; Wang and Bakken, 1997; Bottner et al., 1999). Roots
are strongly effective competitors with microorganisms for
N (Hodge et al., 2000) and are winning during long-term
periods. Under this strong concurrence for N,,;,, rhizosphere
microorganisms cannot benefit from organics released by
roots (Merckx et al., 1985, 1987; Van Veen et al., 1989).
Thus the immobilization of N, after straw addition also
decreased the additional SOM decomposition and N
mineralization induced by wheat roots (Bremer and Kuik-
man, 1997; Wang and Bakken, 1997).

5.2.4 N mineralization by extra decomposition of SOM

In the previous discussion the RPE for C was reviewed.
However, the extra SOM decomposition leads to the release
of Np,in. Probably, N acquisition is most the important goal
for microorganisms which decompose SOM in the rhizo-
sphere. Clarholm (1989) showed that about 21 % of total N
in barley plants originated from root-induced N mineraliza-
tion of SOM. Experimental evidence showing that plants can
enhance the net mineralization of soil organic N has been
reported by several workers (Billes et. al., 1988; Clarholm,
1985b; Haider et al., 1987, 1991; Kuikman and Van Veen,
1989; Wheatley et al., 1990). The N mineralization in the
rhizosphere was associated with an increase in casein-
hydrolyzing and L-histidine-deaminating activities (Bada-
lucco et al., 1997). In contrast to C, mineralized N can
remain in soil, be taken up by plants, immobilized by
microbial biomass, or leached. Therefore, processes of N
turnover in the rhizosphere are more complicated compared
to those of C, and many pools have to be considered in
investigating the priming effect for N (= extra N mineraliza-
tion from SOM). Additionally, N fertilizers frequently
used as tracer showed an apparent increase in the SOM-
derived N (apparent N priming effect) by processes of pool
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substitution or isotopic exchange (Jenkinson et al., 1985;
Kuzyakov et al., 2000).

The priming effect for N strongly depends on the N,
content of soil or on the added N fertilizer. In accordance to
this point of view, Bremer and Kuikman (1997) observed a
strong decrease in N mineralization from SOM after '’NO;~
addition to wheat. The extent of N priming effect decreases
during the plant development of ryegrass by rising N
supplies (Fig. 5). The extra N mineralization from SOM
increases without N fertilization from 40 up to more than
100 kg N ha™'. This phenomenon is connected with a
decrease in the exudation amount by increasing N supply.
The same effect of decreasing portion of below-ground
translocated C or exuded organic substances was observed in
some investigations for N (Merckx et al., 1987; Johansson,
1992; Zagal et al., 1993; Zagal, 1994, Swinnen et al., 1995;
Van Ginkel et al., 1997; Stewart and Metherell, 1999;
Kuzyakov et al., 1999a), for potassium (Kraffczyk et al.,
1984), and for phosphorus (Foehse and Jungk, 1983;
Wittenmayer et al., 1995; Schilling et al., 1998; Stewart
and Metherell, 1999). These studies have shown that in soils
well supplied with all nutrients, the necessity for plants to
invest C for the below-ground organs and exudation
decreases.

5.2.5 Elevated atmospheric CO, concentrations

Many studies have shown that the amount of assimilated C
as well as C allocated below-ground was increased under
elevated CO,. Additionally, it was observed frequently that
the rhizodeposition and root-derived CO, increased stronger
than the C allocation to roots. Therefore, the C surplus and N
limitation in the rhizosphere under elevated CO, concen-
trations were stronger pronounced than under ambient CO,.
From these relationships it can be expected that an increased
amount of C in the rhizosphere could have an effect on the
SOM decomposition. However, in contrast to PE, changes in
SOM content induced by elevated CO, concentrations will
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Figure 5: Effect of N fertilization on the additional N mineralization from
SOM by growing Lolium perenne (unpublished data from the experiment
Kuzyakov et al., 2001).

Abbildung 5: Einfluss der N-Diingung auf die zusitzliche N-Minerali-
sierung aus der OBS wihrend des Wachstums von Lolium perenne (nicht
veroffentlichte Ergebnisse aus dem Experiment Kuzyakov et al., 2001).
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have a rather long-term effect. Strictly speaking, a new
equilibrium between high C input by plants into the soil, its
humification rates and SOM mineralization can be expected.
The PE is a short-term change according to the definition in
the introduction. As shown earlier, positive and/or negative
PE were leveled out, when longer observation periods were
considered (Fiihr and Sauerbeck, 1968; Bottner et al., 1999).
Therefore, long-term changes of SOM decomposition rates
under elevated CO, concentrations do not belong to the
priming effect and, thus, will not be described here. Other
reviews could be recommended for this aim (Kirschbaum,
2000).

6 Synthesis

6.1 Mechanisms of RPE depending on the amount of
decomposable C and N,,;, in soil

As it is shown above, decomposable organic C in soil and
the N, content are the most important soil factors
determining the direction and the amplitude of the RPE.
Now, suggestions are given how the mechanisms of RPE can
switch depending on the amount of decomposable organic C
and N,,;, in soil (Fig. 6). Two axes represent incremental
amounts of decomposable C and N,,;, in the soil, and the
mechanisms of RPE are placed according to the both
environmental factors.

(1) At low contents of both nutrients (C and N,;,), a strong
concurrence for mineral N between roots and microorgan-
isms retard SOM decomposition (concurrence for N,in
between roots and microorganisms).

(2) Higher amounts of decomposable C correspond to a
better C availability for microorganisms and to their high
activity. Additional input of easily available rhizodeposits
with low C:N ratio primes microorganisms to decompose
SOM for achieving additional N (microbial activation).
(3) At the low contents of decomposable C and high Ny,
contents, SOM decomposition is not necessary for obtaining
additional N. Therefore, the input of easily available
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Figure 6: Hypothesized dominating mechanism of priming effects (PE) in
the rhizosphere under different combination of decomposable C (Cg..) and
Ninin in soil. MO: microorganisms; SOM: soil organic matter.
Abbildung 6: Dominierende Mechanismen der Priming-Effekte (PE) in
der Rhizosphire bei unterschiedlicher Kombination des umsetzbaren C
(Cgec) und Ny, im Boden. MO: Mikroorganismen; SOM: organische
Bodensubstanz.
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rhizodeposits leads to a switch from the SOM decomposition
to the decomposition of recent rhizodeposits (preferential
substrate utilization).

(4) If both factors, decomposable organic C and N,;,, are
not limited in soil, no RPE will be observed because
microorganisms have optimal growth conditions and addi-
tional rhizodeposits cannot stimulate or suppress them.

As described in the introduction, low contents of N,,;, and
other nutrients as well as a surplus of easily available C are
typical for rhizosphere conditions. Therefore, activation of
microorganisms by rhizodeposits (mechanism 2) is most
common for RPE in natural ecosystems. Frequent plough-
ing, exhausting decomposable C, and high N input in
agricultural soils favor a switch of the main mechanism of
RPE. Probably, preferential substrate utilization is the main
mechanism controlling RPE in agricultural ecosystems.
Further research is required to quantify the threshold values
of decomposable C and N,,;;, which lead to the switch from
one kind of mechanisms to the others.

6.2 Mechanisms of RPE depending on localization along
the roots

In the most soil ecology studies investigating the
distribution of organic substances, enzymes etc. depending
on the distance from the roots, it is tacitly accepted that
different part of the roots have similar exudation activity. So,
the distribution of substances in the root-free soil is usually
investigated depending on the distance from the rooted soil
layer. However, the maximum rhizodeposition occurs in the
most active root parts, not far from the root tip (Marschner,
1995). Additionally, various root zones release different
rhizodeposite types. Dead root cap cells will be sloughed
from the root cap (Fig. 7). Mucilage and slime are secreted
around the root cap and the cell division zone. Low
molecular weight organic substances are exuded in the
elongation zone. In the root hair zone, and cork zone cell
lysates are typical rhizodeposits (Marschner, 1995).

According to this scheme as well as to the microbial growth
intensity, different effects of substances that are released by
roots could be expected. As it is shown in Fig. 7, the most
easily decomposable substances are released between root
tips and the beginning of the root hair zone. Therefore, the
maximum intensity of the microbial growth is also typical
for this zone. Usually, this zone is located at places firstly
occupied by roots. Mineral N is not depleted by root uptake.
Surplus of available C and fast microbial growth lead to fast
immobilization of N in rhizosphere microorganisms in this
zone. Because of sufficient amounts of decomposable C
(assumed for Fig. 7) and the growth of microorganisms in
this zone, microorganisms begin to decompose intensively
SOM to obtain N (microbial activation). Consequently, a
positive RPE is expected in the first zone.

In the second zone, protozoa feed microorganisms, and a
part of N stored in microorganisms is released. Roots take up
this mineral N in this as well as in the next zone. In the
second zone, the concurrence between microorganisms and
roots for Ny, is maximal. The amount of easily available
exudates decreases and exudates are replaced by slowly
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decomposable cell lysates. Hence, strong concurrence and
bacterial starvation lead to a decrease of SOM decom-
position (= negative RPE).

Similar wavelike patterns of microbial populations in the
rhizosphere along the growing roots were experimentally
observed by Semenov et al. (1999) and Bruggen et al. (2000),
and were modeled according growing root as a moving
source of easily available C (Zelenev et al., 2000).

This scheme shows, that different mechanisms are replaced
during the root growth. It is important, that especially the
young roots induce the priming effect. Usually the volume
occupied by roots is about 1 % in the upper soil horizons
(Marschner, 1995) and about 10 % in the rhizosphere.
Therefore, the values of RPE that are presented in the first
part of the review must be actually related to the small soil
volume around the young roots rather than to the whole soil
volume. Consequently, the local increase of SOM decom-
position intensity will be at least 5- to 10-times higher!

6.3 Hypotheses for replenishing of C losses induced
by RPE

As mentioned in the introduction and shown by Cheng and
Kuzyakov (2002), positive RPEs were observed in most
short-term studies and were pronounced much stronger than
negative RPEs. This means, that the plant growth decreases
the content of soil C,. Contrary, all long-term field
experiments show an accumulation or stationary level of
SOM by cultivation (Korschens, 1998; Powlson et al., 1998).
This apparent controversy needs to be explaned.

It is undoubted that plants accelerate the turnover of SOM
(Zagal, 1994). On the one hand, plants induce mostly
positive RPE and, thus, an accelerated SOM decomposition.
On the other hand, plant-derived organic C that remained in
soil after plant death and C exuded during the life are the
most important sources for humification. Therefore, accel-
erated decomposition and higher C input result in an
acceleration of SOM turnover by cultivation.

Not only high C inputs, but also other mechanisms are
responsible for the replenishment of C losses that are
induced by RPE. I suggest three different mechanisms:

1) Time hypothesis: positive PE (increased decomposition)
and preferred humification occur at different time
periods. Most studies investigating RPE were conducted
for a short time period, usually 2 to 4 months, simulating
the spring season. In this period (spring under natural
conditions) the root growth is mostly intensive, the
required nutrient amounts are at maximum, and the roots
exude the maximum quantity of organic substances to
stimulate microorganisms for SOM decomposition (Fig.
8). Further plant development and transition in the
generative stage (occurring in summer or autumn under
natural conditions) strongly decrease root growth as well
as the exudation. Hence, the plant-mediated decomposi-
tion of SOM decreases. More dead plant residues (slowly
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Figure 8: Annual SOM dynamics as explained by RPE and humification
of plant residues dominating in SOM turnover at different time periods.
Explanation in text.

Abbildung 8: Jihrliche OBS-Dynamik erklart durch die RPE und
Humifikation der Pflanzenreste, die zu unterschiedlichen Zeitperioden
dominieren. Erkldrungen im Text.
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decomposable compared to rhizodeposits) remain in the
soil and are preferably converted to SOM (Fig. 8). This
stage of plant development (simulating late summer and
autumn) was very seldom investigated in the scope of
RPE studies. This hypothesis explains annual dynamics
of many parameters measured in some long-term studies
such as SOM (Dormaar et al., 1984; Leinweber et al.,
1994), easily available organic C (Leinweber et al.,
1995), microbial biomass (Diaz-Ravina et al., 1993),
enzyme activities (Dormaar et al., 1984), and nutrient
content (Vaughn et al., 1986; Diaz-Ravina et al., 1993).
In these studies, the decrease of SOM similar to that
presented on Fig. 8 was measured in the spring and in the
beginning of summer. Thereafter, an increase in SOM
content and its maximum in the winter period were
observed.

2) Localization hypothesis: SOM decomposition occurs
preferably in the rhizosphere and humification mostly in
the root-free soil. This hypothesis corresponds to many
studies showing that living plants stimulate SOM
decomposition in the rhizosphere compared to the
decomposition in the root-free soil.

3) Quality hypothesis: different qualities of organic sub-
stances referred to humification:
a. Easily decomposable N-free, low-molecular weight
organic substances such as sugars, organic acids etc.
induce a fast microbial growth and provoke a positive
PE.
b. Some substances could be incorporated chemically in
humus molecules (e.g. amino acids) or will be decom-
posed slowly and will be stronger humified compared to
group “a”.

This hypothesis assumes that the humification coef-
ficients of different substance classes are different. It
means that some substances, probably more important
for the ecosystem, were preferably selected by humifi-
cation. A similar approach, concerning priming effects
and not humification, was suggested by Dalenberg and
Jager (1989), who divided some organic substances into
two classes, causing either positive or negative priming
effects.

7 Conclusions

There are no doubts that plants change the environment at
each level, the global, the ecosystem, the soil horizon, and
the rhizosphere level. In most ecosystems, plants modify
soils making and maintaining the habitat more favorable for
growth and surviving in stress conditions (Van Breemen,
1993). These biotic changes of abiotic environment include
some new processes and also modify the rates of existing
processes. Concerning C turnover in soil, plants may
increase or decrease the rate of microbial SOM decom-
position compared to that in root-free soil. In most cases an
acceleration of SOM turnover by plant cultivation was
observed. This C turnover is especially intensive in the
rhizosphere, and differs from root-free soil by a high amount
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of C that is easily available for microorganisms, and by a low
content of N,,,;, and other nutrients.

Since photosynthesis intensity and root growth rate are the
most important plant-mediated factors controlling rhizode-
position, plants may directly influence synchronization
between nutrient demand during intensive growth phases
and nutrient mobilization. “This synchronization occurs by
stimulating N mineralization during active growth by
stimulating microbial activity and suppressing N minerali-
zation during periods of inactivity by depositing N-deficient
residues” (Bremer and Kuikman, 1997). Therefore, exuda-
tion of organic substances by roots in the rhizosphere is not a
wasteful C and energy losses for the plants, but an
evolutionary developed mechanism of indirect symbiosis
with rhizosphere microorganisms. The ecosystematic rele-
vance of PEs by rhizodeposition relates to the connection
between exudation of organic substances by roots, the
increase of microbial activity in the rhizosphere through
utilization of additional easily available C sources, and the
subsequent intensive microbial mobilization of nutrients
from SOM. Also the plants compensate C losses in the
rhizosphere by increasing nutrients uptake and photosyn-
thesis intensity. Plants also benefit from the increased
mobilization through the indirect additional nutrient acquis-
ition. Similar symbiosis between N, fixing bacteria and
legume plants is accepted for a long time (Warembourg and
Roumet, 1989; Lynch and Whipps, 1990). Probably, RPE is
an important mechanism for nutrient mobilization especially
in natural ecosystems that have high levels of decomposable
C in the soil and strong interspecific concurrence for
nutrients. N fertilization and frequently exhausted soil
fertility in ploughed soils diminish the importance of RPE
in agricultural ecosystems or lead to negative RPE
(preferential substrate utilization).

Easily decomposable C in the soil as a part of SOM and the
Npnin amount determine the mechanism that dominates in the
specific conditions. Preferential substrate utilization and
concurrence between roots and microorganisms for N ,;, are
other mechanisms crucial for RPEs. The triggers of these
and possibly some other mechanisms of nutrient mobiliza-
tion in the rhizosphere remain unknown and need further
investigation. The amounts of C lost during RPE is replaced
by the C remaining for humification in the cultivated soil
after plant death, different qualities of substances for
humification, different C turnover in cultivated and fallow
soil as well as shift of periods with preferred mobilization
and humification.
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