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Roots of higher plants, a key functional component of belowground systems and
one of the main soil-forming agents (Jenny, 1941), interact with virtually all soil
components. Processes that are largely controlled or directly influenced by roots
and often occur in the vicinity of the root surface are often referred to as rhizo-
sphere processes. These processes may include root production through growth
and death (root turnover), rhizodeposition, root respiration, and rhizosphere mi-
crobial respiration that is a result of microbial utilization of rhizodeposits. Rhi-
zosphere processes play an important role in the global C cycle (Fig. 7-1). Ter-
restrial ecosystems are intimately connected to atmospheric carbon dioxide (CO,)
levels through photosynthetic fixation of CO,, sequestration of CO, into biomass
and soils, and the subsequent release of C through respiration and decomposition
of organic matter. Considering all the pools and fluxes of C within ecosystems, C
cycling belowground is increasingly being recognized as one of the most signifi-
cant components (Jackson et al., 1997; Zak and Pregitzer, 1998). Globally, the
input of C to the soil has been estimated to be as great as 60 ( 10 g yr~! (Post et
al., 1990). Thus, small changes in the equilibrium between inputs and decomposi-
tion could have a significant impact on atmospheric CO, concentrations, which
may either exacerbate or reduce the consequence of burning of fossil fuels
(Schimel, 1995).

Carbon dioxide efflux from the soil is a combination of two distinct
processes: (i) rhizosphere respiration, including root respiration and microbial
respiration from the metabolism of rhizodeposits and (ii) microbial decomposition
of soil organic matter (SOM). The substrates for rhizosphere respiration come
from C recently fixed through photosynthesis, whereas SOM decomposition is
primarily a function of soil heterotrophic activities using soil C. The two processes
act simultaneously and are also linked through rhizosphere interactions, which
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Fig. 7-1. A conceptual model depicting potential mechanisms controlling rhizosphere C dynamics.
The unit of the numbers is 10" g (annually for fluxes) (Based on Post et al., 1990).

may exert a stimulative (priming effect) or a suppressive influence on SOM de-
composition (Cheng, 1999; Van Veen et al., 1991). The focus of this chapter is on
this linkage and the associated rhizosphere interactions.

Large amounts of C and mineral nutrients contained in plants recycle back
to the soil through rhizosphere processes (Pregitzer et al., 1995). A significant
amount of work has been done quantifying root production (Vogt et al., 1986;
Cheng et al., 1990; Hendrick and Pregitzer, 1993; Eissenstat and Yanai, 1997) and
total rhizodeposition (Lynch and Whipps, 1990; Kuzyakov and Domanski, 2000).
However, only limited effort has been made to link rhizosphere processes with soil
processes such as organic matter decomposition and nutrient transformation. A re-
cent report from the EUROFLUX project clearly illustrates the potential impor-
tance of rhizosphere processes in determining the net C gain or loss in 18 forest
ecosystems in Europe (Janssens et al., 2001). It is challenging to link rhizosphere
processes with soil processes such as organic matter decomposition. Although
studies (e.g., Helal and Sauerbeck, 1984, 1986; Liljeroth et al., 1994) have indi-
cated that input of labile substrates in the rhizosphere may significantly enhance
SOM decomposition as a result of the priming effect (Dalenberg and Jager, 1989),
rates of SOM decomposition are commonly assessed by laboratory incubations of
soil samples with an often implicit assumption that rhizosphere processes have lit-
tle impact on the results. However, the assumption has rarely been rigorously
tested. Many questions remain to be answered. What is the potential effect of the
rhizosphere on SOM decomposition? Is it significant enough to warrant serious in-
vestigation? How does the rhizosphere effect on SOM decomposition change
through time? What biotic and abiotic factors (e.g., N, CO,, light, soil types, and
plant species) control or influence the level of root effects on SOM decomposi-
tion? Which kinds of rhizosphere mechanisms and interactions change the SOM
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decomposition rate? By reviewing published results on this issue, we aim to ad-
dress these questions and describe the current stage of understanding on the mech-
anisms that regulate these root effects.

METHODOLOGY

Studies of root effects on decomposition processes have been restricted by
the limitation of existing methods. Carbon dioxide released by a respiring system
of living roots and soil may have four origins (Fig. 7-2): (i) root respiration, (ii)
microbial respiration using substrates from live roots (rhizo-microbial respira-
tion), (iii) rhizosphere-stimulated (or suppressed) microbial respiration using
SOM as the substrates, and (iv) microbial respiration using SOM without the in-
fluence of live roots (basal respiration), which is often measured in soil incuba-
tions. The third source is also called the “primed decomposition” or the “priming
effect.” Total rhizosphere respiration is defined as the sum of root respiration and
rhizo-microbial respiration. Carbon used in total rhizosphere respiration is all de-
rived from photosynthesis or storage of living plants. Studying root effects on de-
composition requires separation of decomposing sources of focus from sources of
live roots. This has been mostly accomplished by using isotope techniques. Meth-
ods used in published studies can be grouped into five main categories: (i) labelled
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Fig. 7-2. The separation of different sources of carbon dioxide (CO,) evolved from the belowground
system.
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litter, (ii) pulse-labelling of plants, (iii) continuous labelling of plants, (iv) natural
13C tracers, and (v) N budgeting. Without C isotopic labelling and tracing, simple
C budgeting approach is inadequate for studying root/rhizosphere effects on SOM
decomposition because of the unavoidable mixing of C sources from roots and
SOM. However, N budgeting has been used to evaluate the effect of roots on N
mineralization with considerable success (e. g., Wang and Bakken, 1997; Merbach
et al., 1999). Because the quantity of N deposition from living roots is often neg-
ligible compared to the amount of soil mineral N or N taken up by plants, total N
mineralization can be a reasonable measure of SOM decomposition if microbial
N immobilization is also negligible.

With the labelled-litter method, plants are grown in soils mixed with iso-
tope-labelled (C or N) litter, so that the release of the labelled source between the
planted treatment and an unplanted control can be compared. The difference in ei-
ther CO, production or N release allows the determination of root effects on the
rate of litter decomposition if other soil conditions have been kept the same. This
method requires production of uniformly labelled litter before the start of the ex-
periment. Some studies indicate that multiple pulse labelling is an acceptable
alternative to continuous labelling to produce labelled litter for decomposition
studies (Sparling et al., 1982; Sallih and Bottner, 1988). However, the degree of
uniformity of the labelled litter has been an issue of concern because unevenly la-
belled litter may produce seriously biased results. Litter labelled with '#C has been
the most common form in published studies. This method is relatively easy to use.
The major drawback of this method is that it only measures the change in the la-
belled components in litter, and does not necessarily represent the decomposition
of SOM.

The pulse labelling method involves pulse-labelling plants with C isotopes
so that C from the live roots can be separately monitored from the soil C (Kuzyakov
et al., 2001; Kuzyakov and Cheng, 2001). Difference in the rates of soil C loss be-
tween the planted treatment and the unplanted control is a measure of root effect
on the rate of SOM decomposition. This method has not been used often because
it involves complicated calculations and some assumptions (Kuzyakov et al.,
2001). One of the assumptions is that the specific activity of the root-derived CO,
is the same as that of the roots sampled at the end of the experiment, which has not
yet been critically tested. Another assumption is that plant shoots and roots grow
linearly during the period of the experiment. A comparison of the pulse-labelling
method of Kuzyakov and Cheng (2001) with the natural '3C-tracer method of
Cheng (1996) shows that the two methods may give similar results in terms of total
rhizosphere respiration measurements. However, because pulse labelling does not
uniformly label all plant C, total plant-derived C cannot be separated from soil-
derived C in a pulse-labelling experiment.

The continuous labelling method has been used in several studies (e.g., Lil-
jeroth et al., 1994; Helal and Sauerbeck, 1983, 1984, 1986). This method requires
that plants are grown in an atmosphere with labelled C dioxide (13CO, or “CO,) of
a relatively constant specific activity or enrichment throughout an entire experi-
ment so that all plants are uniformly labelled, because photosynthetically fixed CO,
is the sole source of plant C. This continuous labelling method allows separation
of plant-derived C from the soil C. The difference in the rates of soil C loss between
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the planted treatment and the unplanted control is a measure of root effect on the
rate of SOM decomposition. This method focuses on the mineralization of total soil
organic C pool instead of on plant litter C only as in the case of the labelled litter
method. Both '“C pulse labelling and continuous labelling methods have limita-
tions. Continuous 4C labelling requires special facilities that are available at only
a few places in the world. Also, the continuous “C labelling method often requires
transplanting of seedlings which may have considerable unlabelled C reserves,
therefore requiring some time for all plant parts to become uniformly labelled. Be-
cause of the safety issue due to the use of radioactive materials, most '“C-labelling
experiments have been of short duration. The safety issue can be avoided if '4CO,
is replaced with 3CO, in the continuous labelling experiment. However, 13C mass
spectrometry analysis is much more expensive and time consuming than C scin-
tillation counting.

Natural '3C abundance has also been used to trace root effects on SOM de-
composition (Cheng, 1996; Qian et al., 1997; Rochette and Flanagan, 1997). The
principle of the natural !3C tracer method is based on two factors: (a) the differ-
ence in the 3C:12C ratio (often reported in 8'3C value) between plants with the C,
photosynthetic pathway whose mean 8'3C is —27%o and plants with the C, path-
way whose mean 8'3C is —12%o (Smith and Epstein, 1971), and (b) the subse-
quent difference between SOM derived from the two types of plants. SOM derived
from C, plant-dominated vegetation (C,-derived soil) such as tallgrass prairies and
tropical grasslands may have 8!3C values ranging from —12 to —20%o, whereas
813C values of SOM derived from cold and temperate forest (C;-derived soil) may
range from —23 to —27%o. By using C,-derived soil in a C4 plant system or vice
versa, the C entering the soil via live roots will have a different 8!3C value than the
d13C value of SOM. Thus the total amount of C dioxide evolved from the root-soil
system can be separated into the plant-derived source and the soil-derived source.

This natural '3C method eliminates some of the major limitations of earlier
labelling methods and offers a new opportunity for systematic studies of the
mechanisms regulating the quantity and quality of rhizodeposition as well as the
interactions between plant roots and SOM decomposition. As mentioned above,
this method requires the switch of Cs-plants from their original C;-soils to C,-
derived soils or the switch of C,-plants from their original soils to C;-derived soils.
Because of this switch, the composition of soil microbial communities may be dif-
ferent from the original one. Therefore, one untested assumption associated with
this method is that the switches of plant species from their original soils do not
substantially modify rhizosphere processes. Compared to the continuous 4C-
labelling approach, a major drawback of this method is the much higher cost as-
sociated with sample analysis for 3C (Cheng, 1996). Another limitation of this
method is its relatively low sensitivity and low accuracy.

SYNTHESIS OF CURRENT RESULTS

The labelled-litter method has been one of the most common methods used
to study root effects on litter decomposition. This method was employed initially
in several field studies (e.g., Jenkinson, 1977; Shields and Paul, 1973; Fuhr and
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Sauerbeck, 1968). In these field studies, the rate of loss of *C-labelled C was mea-
sured in treatments of planted and unplanted fallow control. One common result
of these studies was that planted treatments significantly reduced labelled litter de-
composition as compared to the fallow control and that the soil moisture level in
the planted treatment was also significantly reduced. Therefore, the reduction in
the rates of litter decomposition was most likely caused by the drier soil conditions
due to plant water uptake and transpiration. In other words, the effect of planting
and root growth on litter decomposition was confounded by their effects on soil
water conditions. In order to resolve this confounding outcome, soil water levels
have to be maintained to a similar level between the planted treatment and the un-
planted control by frequent watering or irrigation. In this synthesis, we exclude re-
sults generated from experiments that did not have adequate soil water control.

For comparisons between different studies, we calculated priming effect
values as percents of the unplanted control (% priming) due to the presence of the
rhizosphere based on the following formula:

% priming = Re ~ Ryp x 100
RNP
where R is the SOM decomposition rate of the planted treatment and R, is the
SOM decomposition rate of the unplanted treatment. The presence of the rhizo-
sphere stimulates SOM decomposition when % priming is a positive value and
suppresses decomposition when it is a negative value.

Labelled Litter Studies

The effect of roots on SOM decomposition, based on labelled litter methods
under controlled water conditions, are summarized in Table 7-1. The % priming
values from these studies ranged from —70% (Sparling et al., 1982) to 23% (Helal
and Sauerbeck, 1987). These results demonstrated that the presence of roots may
either enhance or suppress the decomposition of labelled litter, depending on the
coupling of plant species with soil types, experimental conditions, and the dura-
tion of the experimental period (Sallih and Bottner, 1988). All these results were
obtained from experiments under well-watered and well-aerated conditions and
with limited plant types (all from the Monocotyledonae). The experimental dura-
tion for the studies was <2 mo except for one study that lasted 690 d. Some stud-
ies (Reid and Goss, 1982; Sparling et al., 1982) attempted to estimate root effects
on SOM decomposition by incubating the labelled litter (shoots or roots) in the
soil before planting. However, the labelled materials from the litter would not be
incorporated into the SOM evenly. Therefore, the results should be interpreted as
root effects on litter decomposition instead of SOM decomposition as a whole. In
the report by Cheng and Coleman (1990), the influence of fertilization and micro-
bial biomass was also assessed. They found that the amount of '“C-labelled mi-
crobial biomass C was highly correlated with the amount of 4CO, released dur-
ing their experiment, and thereby speculated that microbial biomass or activities
were the main determinant of the outcomes of root effect on decomposition. Helal
and Sauerbeck (1987) also indicated that there was less !“C-labelled materials re-
maining at the end of the experiment in the planted soil zones than soil zones away
from roots or the unplanted control. Sallih and Bottner (1988) noted that there was
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an inhibition effect of wheat (Triticum aestivum L.) roots during early period
(0-200 d) of the experiment and a positive priming effect of roots during the later
part (200-690 d) of the experiment. There were seven frequent harvests of shoots
and roots during the whole experiment, which might have imposed a high degree
of disturbance to the experimental system. Results of the negative priming effect
were mostly reported by Reid and Goss (1982, 1983) and Sparling et al. (1982).
These studies reported a significant amount of '“C-labelled C was taken up by
plant roots, which might have contributed to the negative priming effect of the
roots on decomposition of the labelled materials.

Continuous Labelling Studies

The magnitude of root effects on SOM decomposition was assessed in four
published studies using continuous labelling methods as found in a literature search
(Table 7-2). In all these studies, soil water was controlled to a similar level between
the planted treatment and the unplanted control by frequent watering. The poten-
tial effect of soil drying in planted treatments was at a minimum. The values of %
priming were estimated using the data/figures reported in these studies. The %
priming values ranged from 33% to as high as 332%. These results demonstrated
that the presence of roots enhanced the decomposition rate of original SOM in all
four studies. The experimental duration was short for all studies (<55 d). Nitrogen
fertilization reduced the priming effect of roots on SOM decomposition rates from
196% priming to 33% for wheat and from 196 to 133% for maize (Zea mays L.)
(Liljerothetal., 1994). Studies by Helal and Sauerbeck (1984, 1986) reported much
higher % priming values (336 and 432%). These higher values were indirectly de-
rived from soil C budgets (!2C-C) instead of direct measurements of soil C loss as
12CQ, as in the case of Liljeroth et al. (1990, 1994). The approach of total soil C
budgeting has much lower sensitivity and accuracy than directly measuring soil C
loss in the form of '>CO, because the inherently high variability of total soil C con-
tents often buries treatment differences in terms of soil C loss. However, the con-
sistently lower amount of soil C remaining in the soil sections with roots or closer

Table 7-2. Magnitude of the root effect on soil organic matter (SOM) decomposition as assessed by
continuous '“C-labeling of plants.

Plant

type Treatment  Soil type, C% PGC{ % Priming: Time (d) Reference

Wheat HighN Loamysand 2%C GC 33 54 Liljeroth et al. (1990)

Maize HighN Loamysand 2% C GC 133 47 Liljeroth et al. (1994)

Wheat HighN Loamysand 2%C GC 33 47 Liljeroth et al. (1994)

Maize Low N Loamysand 2%C GC 196 47 Liljeroth et al. (1994)

Wheat Low N Loamysand, 2% C GC 196 47 Liljeroth et al. (1994)

Maize Chernozemic 1.5%  GC 236 25 Helal and Sauerbeck
sandy loam (1984)

Maize Chernozemic 1.5%  GC 332 30 Helal and Sauerbeck
sandy loam (1986)

FPlant growth conditions: GH = greenhouse; GC = growth chamber.
$Each value is calculated as: (planted 2 unplanted)/unplanted x 100.
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to the rooting zone than sections away from the rooting zone, also indicated a prim-
ing effect by roots in their studies. Soil aggregate destruction by growing roots was
mentioned as the main cause of the priming effect by Helal and Sauerbeck (1987).
These continuous labelling studies were able to assess the root effects on SOM de-
composition, not just litter decomposition. However, the required use of special
continuous labelling facility might have prevented comprehensive investigation of
the root priming effect both because of the short experimental duration permitted
by such facility and because of the limited plant growth space.

Studies Using Natural 13C Tracers

The results of root effects on SOM decomposition were given in Table 7-3
based on six published studies using natural 3C-tracer methods under controlled
soil water conditions. The % priming values were mostly positive, ranging from
—37% to as high as 164%. In a very short (16 d) experiment using soils from a
continuous corn field, the presence of wheat roots was shown to reduce the SOM
decomposition rate by about 37% (Cheng, 1996). In another short (28 d) experi-
ment (Cheng and Johnson, 1998), wheat plants grown under elevated CO, in-
creased rhizosphere priming effects on SOM decomposition when the soil re-
ceived additional N, but decreased rhizosphere priming effects without N addition.
Sunflower (Helianthus annuus L.) plants grown under elevated CO, without N fer-
tilization also produced less rhizosphere priming effects than ambient CO, as
shown by the results from a mesocosm-scale experiment lasting for 53 d (Cheng
et al., 2000). The highest degree of rhizosphere priming effects in this set was re-
ported from the greenhouse study that lasted for 119 d (Cheng et al., 2003); the
rate of SOM decomposition under the influence of soybean [Glycine max (L.)
Merr.] rhizosphere was 164% higher than the no-plant control and 96% higher
with the presence of wheat rhizosphere. Two kinds of plant-soil couplings (C;-
plants grown in a “C,-soil” and C,-plants grown in a “C;-soil”) were compared in
the greenhouse study by Fu and Cheng (2002). The two C, plant species grown in
the “C;-soil” (a coastal annual grassland soil) produced a lower rhizosphere effect
(29 and 27%) on SOM decomposition than the two C; plant species grown in the
“C,-s0il” (a tallgrass prairie soil). This difference could be due to the two soil
types, to the different plant species with two different photosynthetic pathways, or
both. As has been pointed out by Kuzyakov et al. (2000), soils with higher
amounts of labile SOM are more likely to produce priming effects than soils with
less labile SOM. As indicated by its lower basal respiration rate, the coastal grass-
land “C;-soil” probably contained less labile SOM than the tallgrass prairie soil
(C,-soil). It is also possible that plant species with the C,-photosynthetic pathway
produced less rhizosphere-priming than C; plants (Epstein et al., 1998). However,
similar rhizosphere priming effects were reported between maize (a C, species)
and wheat (a C; species) when both received the low level of N fertilization (Lil-
jeroth et al., 1994). In a controlled shading experiment (Kuzyakov and Cheng,
2001), plant photosynthesis, as modified by different day-night cycles, was shown
to exert an important control on rhizosphere priming effects. The SOM decompo-
sition rate of the planted treatment under a regular day-night cycle (12 h light/12
h dark) increased 100% above the no-plant control but decreased to a level of 50%
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below the no-plant control after two long dark periods (60 h dark each, with a
12-h light period in between) were imposed. The study indicated that plant photo-
synthesis controlled total rhizosphere respiration and exudation directly, thereby
influencing the priming effect indirectly by changing the amount of easily de-
composable organic substances in the rhizosphere.

Based on data from several experiments, timing of plant growth or plant
phenological stages seems to be a very important factor influencing the magnitude
of the rhizosphere priming effect (Fig. 7-3) (Cheng et al., 2003; Fu and Cheng,
2002). Rhizosphere priming effects seem low or even negative during the early
growth stages, increases to the highest point at approximately 60 d after planting
or around the flowering stage, and declines to lower levels afterwards. This is log-
ical since the release of substrates in the rhizosphere is also controlled by the tim-
ing of plant growth or plant phenological stages (Warembourg and Estelrich,
2000).

MECHANISMS

As shown in the previous sections, plant roots may strongly influence SOM
decomposition. These root effects can be in the forms of decreasing mineral nu-
trient availability to soil microorganisms due to plant uptake (Schimel et al., 1989;
Schimel and Chapin, 1996), changing the physical and chemical environment in
the rhizosphere (i.e., water, pH, etc.) (Fuhr and Sauerbeck, 1968; Shields and Paul,
1973; Jenkinson, 1977), increasing organic substrates (i.e., exudates, other rhi-
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Fig. 7-3. Change of rhizosphere priming through time of wheat growth. The data points on the left
shorter than 40 d are from three separate experiments using growth chambers (Cheng, 1996; Cheng
and Johnson, 1998; Kuzyakov and Cheng, 2001), and the three data points on the right longer than
40 d are from one greenhouse experiment (Cheng et al., 2003).
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zodeposition) for rhizosphere microorganisms, and enhancing microbial turnover
due to faunal grazing (Ingham et al., 1985; Elliott et al., 1979; Clarholm, 1985a,
1985b; Kuikman et al., 1990). However, direct mechanistic investigations of these
root effects are still sparse.

There are controversies about the mechanisms of root effects on the inten-
sity of SOM decomposition. Some hypotheses have been given in reconciling
these controversies. Plant roots may have dual and counteracting effects on soil
microbial activities and thereby SOM decomposition (Van Veen et al., 1989). The
following mechanisms have been suggested to explain the effect of roots on SOM
decomposition:

* Drying effect hypothesis

* Aggregate destruction hypothesis

* Competition hypothesis

* Preferential substrate utilization hypothesis
* Microbial activation hypothesis

* C uptake hypothesis

These mechanisms are presented and discussed below.

Drying Effect Hypothesis

Water uptake by plants always results in drier soil conditions in planted
treatments than unplanted controls. Although frequent watering can be carried out
to compensate the water difference between the two kinds of treatments, drying—
rewetting cycles occur inevitably more in the planted treatment than the no-plant
control, especially in the topsoil (Sala et al., 1992). According to the results from
some experiments investigating soil drying—rewetting cycles, the change in water
regime tends to induce an increased SOM mineralization (Van Schreven, 1967,
Lundquist et al., 1999). This effect has been attributed to (i) enhanced solubility
of humic substances, (ii) increased microbial death during desiccation and os-
motic shock caused by rewetting followed by an acceleration in decomposition
and mineralization rates during microbial regrowth, and (iii) release of protected
organic matter by disruption of macroaggregates during rewetting due to ‘slaking’
(Magid et al., 1999). Since root hairs are responsible for water uptake as well as
for the exudation of readily available organic substances, these locations contain
high density of bacteria. Therefore the drying of soil particles on the root surface
can also lead to dehydration of some microbial cells. Subsequent rewetting may
enhance the utilization of dead cells and an increased C and N mineralization (Van
Gestel et al., 1993). This mechanism may explain the increased CO, efflux and N
mineralization in the presence of the rhizosphere. On the other hand, low soil
moisture may decrease microbial activities. So, under prolonged dry soil condi-
tions (not a rapid change), the SOM decomposition must decrease. Therefore,
under certain conditions the negative effect of water limitations on microbial ac-
tivities and the positive effect of enhanced substrate availability (as mentioned
above) can be balanced out, resulting in little change in SOM decomposition when
soils are exposed to the drying-rewetting regime (Degens and Sparling, 1995).
This possibility is clearly demonstrated by the results of a recent study (Magid et
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al., 1999), indicating that drying and rewetting a loamy sand soil did not signi-
ficantly alter the rate of native SOM decomposition but reduced plant litter de-
composition, as compared to the constant soil moisture regime. These balancing
mechanisms in the drying—rewetting regime may lower the magnitude of the en-
hanced SOM decomposition compared to the degree of rhizosphere priming ef-
fect. However, the potential contribution of the drying-rewetting in the rhizo-
sphere to the priming of SOM decomposition warrants further investigations.

Aggregate Destruction Hypothesis

Some studies have shown that a portion of labile SOM may be physically
protected from microbial utilization due to the formation of soil aggregates (Beare
et al., 1994; Elliott, 1986; Tisdall and Oades, 1982). If the presence of live roots
promotes the destruction of aggregates rather than their formation, some portion
of the physically protected labile SOM is further exposed to microbial attack,
thereby resulting in positive priming effects of roots on SOM decomposition.
Helal and Sauerbeck (1984, 1986) first put out this hypothesis to explain the pos-
itive priming effect of live roots on SOM decomposition. According to this mech-
anism, destroying aggregates increases the SOM mineralization. Indeed, roots
promote the reorganization of the soil structure: they can destroy some old aggre-
gates as well as contribute to the formation of new ones. However, live roots tend
to promote aggregate formation more than aggregate destruction (Haynes and
Beare, 1997). Roots tend to occupy existing soil pores instead of creating new
ones. This feature of root growth is particularly prevalent in soils or horizons with
fine texture such as clay or clayey loam. However, extreme drying-rewetting cy-
cles, more likely to occur in the presence of live roots than no-root controls in
some experiments, may result in aggregate destruction more than aggregate for-
mation, thereby leading to priming effects on SOM decomposition. In most of the
studies cited in the above section, extreme drying—rewetting cycles were avoided
by frequent watering. Therefore, aggregate destruction may not have been the
main cause of root priming effects on SOM decomposition. However, published
studies of root priming effects on SOM decomposition rarely include assessment
of root effects on soil aggregates simultaneously. Further studies on this issue are
needed before a general conclusion can be reached.

Competition Hypothesis

It is hypothesized that, when plants are grown in soils with low nutrient con-
centrations, nutrient uptake by roots will intensify the competition for mineral nu-
trients in the rhizosphere and decrease microbial growth and metabolism, thereby
depressing SOM decomposition. A similar hypothesis was proposed by Cheng
(1999) to explain how rhizosphere processes change when plants are grown under
elevated CO, conditions. This mechanism has been suggested indirectly by
Schimel et al. (1989) and Ehrenfeld et al. (1997), but the hypothesis has never
been directly tested. The competition hypothesis has been used to explain the neg-
ative effects of roots on SOM decomposition in several studies (e.g., Bottner et al.,
1999). This hypothesis is based on the assumption that N is the most limiting nu-
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trient for plants and microorganisms in terrestrial ecosystems (Vitousek and
Howarth, 1991). Microbial growth in the rhizosphere is especially limited by
available N as well as by some other nutrients (Schimel et al., 1989; Jackson et al.,
1989; Liljeroth et al., 1990). Therefore, under conditions of limited soil mineral
nutrient supply, plant roots and microorganisms compete strongly for available N
resources (Wang and Bakken 1997; Jackson et al., 1989). However, the winner in
this competition may depend on the time period considered. In the short-term
(hours to days), soil microorganisms can capture ammonium (NH,*) or nitrate
(NOj3") two to five times faster than the plant roots (Jackson et al., 1989), because
microorganisms have high substrate affinities, rapid growth rates, and high sur-
face/volume ratios (Rosswall, 1982; Jackson et al., 1989). The short-term immo-
bilization of N added in the form of mineral fertilizer is one of the frequently ob-
served results of this competition (e. g., Bremer and Kuikman, 1997). However, in
the longer-term (weeks to months), plant roots may take up more N from the soil
even in the presence of microbial competition. This competition mechanism can
be represented by a simple model (Fig. 7-4). Because soil microorganisms nor-
mally grow and die (or turnover) at a much faster rate than do most plant roots,
mineral nutrients taken up by microorganisms in the short-term are returned to the
mineral nutrient pool as microorganisms die and decompose, whereas nutrients
taken up by roots are mostly transported to other parts of the plant and little returns
to the soil mineral pool within a growing season. Root exudation of N containing
compounds usually does not exceed 5% of total plant N uptake (Merbach et al.,
1999), which is one to two orders of magnitude lower than the amount of N min-
eralized from microbial biomass turnover. Root turnover can be another source of
plant N loss to the soil within a growing season and should be a small portion of
the total plant N uptake. Because of this difference in turnover rates between plant
materials and soil microbial biomass, the flow between the microbial pool and the
mineral N pool is bi-directional and the flow between the mineral N pool to roots
is unidirectional. In such a system (Fig. 7—4), plants win the competition in terms
of net N uptake in the longer-term, and the amount of net N uptake by microor-
ganisms can be either positive, zero, or negative depending on other sources of N
and C substrates in the system. If the mechanism presented in this simple model
operates widely in natural ecosystems in the longer-term, plants always win the
competition for net N uptake as long as soil microorganisms turnover at a faster
rate. Under N limiting conditions, the removal of available N from the soil pool by
roots may reduce microbial growth due to N limitation, resulting in a decreased
rate of SOM decomposition. This mechanism has been suggested by several stud-

Microbial | <—| Mineral 3 Plant
. — .
Biomass Nitrogen Roots
Higher Turnover Rate LowerTurnover Rate

Fig. 7-4. The box and arrow diagram represents a mechanism of competition for mineral nitrogen (N)
between plant roots and soil microbes.
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ies (Jackson et al., 1989; Schimel et al., 1989; Kaye and Hart, 1997; Hodge et al.,
2000a) and supported by the results of Hodge et al. (2000b). A similar hypothesis
has also been used to explain the competition between soil microorganisms and
forest plant communities (Hobbie, 1992). It has been shown that phosphorus (P)
limitations may also reduce the rate of SOM decomposition (Hobbie and Vi-
tousek, 2000). This competition hypothesis postulates that root effects on SOM
decomposition depend on the level of soil mineral nutrition: (i) under nutrient lim-
iting conditions, SOM decomposition decreases due to competition between roots
and soil microorganisms for mineral nutrients; and (ii) the effect of roots on SOM
decomposition increases when soil mineral nutrients are abundant (Fig. 7-5).

Preferential Substrate Utilization Hypothesis

This hypothesis states that, given abundant mineral nutrient supply, soil mi-
crobes prefer labile root-derived C to SOM-derived C, resulting in a decreased
SOM decomposition in the rhizosphere and that, if mineral nutrients are in short
supply, soil microbes prefer nutrient-rich SOM to root-derived C, resulting in in-
creased SOM decomposition in the rhizosphere (Fig. 7-6). A similar hypothesis
has been given in a review (Cheng, 1999). This hypothesis focuses on the role of
soil mineral nutrition and assumes that all root-derived materials have a much
wider C/N ratio than the SOM. The initial supporting data for this hypothesis
comes from some studies using the continuous '“C-labelling approach (Merckx et
al., 1987; Van Veen et al, 1989; Liljeroth et al., 1994). The decomposition rate of
14C-labelled materials from the current season rhizodeposition appeared to be
higher under the treatment receiving N fertilization (or abundant mineral nutrient
supply) than under the unfertilized treatment (or mineral nutrient limited), and the
decomposition rate of original SOM decreased under the fertilized treatment.
These results seem to support the idea that the microbial preference for substrate

A 4

Mineral Nutrition (Fertility Level)

Rhizosphere effect on SOM decomposition

Fig. 7-5. A graphical presentation of the competition hypothesis in relation to mineral nutrient levels.
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v

Mineral Nutrition (Fertility Level)

Rhizosphere effect on SOM decompositio

Fig. 7-6. A graphical presentation of the preferential substrate utilization hypothesis in relation to the
level of soil mineral nutrients.

utilization switches depending on the level of soil mineral nutrients. This prefer-
ential substrate utilization hypothesis seems contradictory to the competition hy-
pothesis at the first glance but may be explained if both are shown on a gradient of
mineral nutrition (Fig. 7-7). Since the competition hypothesis is primarily based
on results from experiments in nutrient poor soils (pine forests in Ehrenfeld et al.
[1997] and dry grasslands in Schimel et al. [1989]), it belongs to the lower part of
the mineral nutritional gradient (or the very left part of the X-axis). The substrate-
preference hypothesis can be placed to the right part of the X-axis because the ev-
idence supporting the hypothesis mainly came from experiments using very fer-

Competition? Substrate-preference? Or Both?

+ -

Balance-out @

(=]

Rhizosphere effect on SOM decomposition
v

Mineral Nutrition (Fertility Level)

Fig. 7-7. A reconciliation of the preferential substrate utilization hypothesis and the competition hy-
pothesis.
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tile soils from agricultural fields. In other words, the mechanism of competition
dominates under the condition of severe mineral nutrient limitation, the substrate-
preference mechanism dominates when soil mineral nutrients are not so limiting,
and the two mechanisms may balance out in the intermediate level of soil mineral
nutrients. Further work is needed to verify these possibilities.

Microbial Activation Hypothesis

This hypothesis has previously been described by Kuzyakov et al. (2000).
Substances released by roots are readily available for rhizosphere microorgan-
isms. These substrates normally stimulate microbial growth in the rhizosphere.
This increased microbial growth may further lead to an increased co-metabolic de-
composition of SOM, thereby resulting in an increased rate of SOM decomposi-
tion. Microorganisms are the key players for producing this rhizosphere priming
effect, because no real priming effects have been observed under sterile conditions
(Jansson, 1958). Also, the close relationship between microbial growth and the in-
creased mineralization rate indicates a real connection between the dynamics of
microbial activities and real priming effects (Dalenberg and Jager, 1989). There is
also a significant correlation between the amount of N released from SOM and the
level of exocellular enzyme activities, especially the total and soluble protease, as
shown in an experiment studying the effect of glucose addition to the soil (Asmar
et al., 1994). In experiments using soils of high N levels, Schmitt et al. (1991) re-
ported that a pulse input of available substrates such as glucose enhances dehy-
drogenase activity and increases the number of ammonifying and protolytic bac-
teria but decreases the concentration of total organic C in the soil solution. An
increased microbial substrate availability induces enzyme production or increases
enzyme activity, further leading to a co-metabolic decomposition of SOM.

Some studies have suggested that the response of total microbial metabo-
lism determines the effect of roots on SOM decomposition (Fig. 7-8) (Cheng and
Coleman, 1990). Increased microbial biomass is reported when a stimulatory ef-
fect of roots on SOM decomposition occurs (Helal and Sauerbeck, 1986; Sallih
and Bottner, 1988; Cheng and Coleman, 1990). Decreased microbial biomass is
indicated when a negative effect of roots on SOM decomposition is found (Reid
and Goss, 1982; 1983; Sparling et al., 1982; Sallih and Bottner, 1988).

The input of labile root-derived C in the rhizosphere initially may decrease
SOM decomposition due to the increase of microbial growth and immobilization.
But later it may stimulate SOM decomposition and nutrient release due to the
turnover of this newly grown microbial biomass (Fig. 7-9). The quality of the
root-derived substrates is an important determinant of the timing and the magni-
tude of the priming effect. This hypothesis emphasizes the temporal microbial dy-
namics and the quality of the root-derived substrates. This hypothesis can be used
to potentially explain all the results mentioned above if the information on micro-
bial dynamics and the quality of root exudates is available and correct. Unfortu-
nately, such information is difficult to obtain and rarely available. Studies using
14C-labelled substrates have also shown that the priming effect of added labile
substrates on SOM decomposition is mainly due to the stimulation of microbial
growth and subsequent microbial turnover (death) (Dalenberg and Jager, 1989;



136 CHENG & KUZYAKOV

Root effect on SOM decomposition
2

-

Microbial metabolism

Fig. 7-8. Rhizosphere priming affects soil organic matter (SOM) decomposition by changing soil mi-
crobial metabolism. If soil microbial biomass and metabolism are increased by the presence of the
rhizosphere, SOM decomposition is stimulated.
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Fig. 7-9. A graphical presentation of the microbial activition hypothesis and the time course of the
priming effect.

Nicolardot et al., 1994). Microbial biomass turns over faster in the rhizosphere
than in the bulk soil, often resulting from intensified predation by rhizospheric
fauna (Elliott et al., 1988; Clarholm, 1985a; Ingham et al., 1985; Griffiths, 1994).
Interactions between soil microorganisms, soil fauna, and roots are regarded as
one of the keys for understanding SOM decomposition in the rhizosphere (Alphei
et al., 1996). Plant roots increase the microbial activity in the rhizosphere through
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rhizodeposition and thus can enhance N mineralization via activated foodweb in-
teractions in the rhizosphere (Elliott et al., 1979; Clarholm, 1985b; Haider et al.,
1987; Kuikman et al., 1991; Zagal, 1994; Zwart et al., 1994; Kuzyakov et al.,
2001).

Carbon Uptake Hypothesis

If live roots take up SOM in a significant quantity, the SOM absorbed by the
live roots will be removed temporarily from microbial decomposition, resulting in
a lower rate of SOM decomposition compared to SOM decomposition without the
presence of live roots. This mechanism has been suggested in some studies as a
possible cause of the negative rhizosphere effect on SOM decomposition (Spar-
ling et al., 1982; Reid and Goss, 1982; 1983). However, later studies indicate that
the amount of soil C absorbed by roots is often <1% of the total decomposed SOM
(as often measured by CO, efflux) and is too small to be a significant factor influ-
encing rhizosphere effects (Sallih and Bottner, 1988; Cheng and Coleman, 1990;
Hodge et al., 2000a). Results from experiments using solution cultures under ster-
ile conditions suggest that plant roots tend to absorb or re-absorb some quantity of
soluble root exudates (Jones and Darrah, 1992, 1993, 1996) and limited quantity
of dissolved organic N (e.g., amino acids) (Chapin et al., 1993; Kielland, 1994).
However, the quantitative significance of such absorption under realistic condi-
tions remains debatable. The rapid turnover of soluble organic substrates by soil
microorganisms and the poor competitive ability of plant roots may constrain the
quantity of root absorption of soluble organic materials to a relatively low level
(Jones, 1999; Owen and Jones, 2001; Jones and Kielland, 2002).

Mechanism Interactions-A hypothesis

Based on the evidence obtained so far, the most important mechanisms con-
trolling the rhizosphere effect on SOM mineralization are: preferential substrate
utilization, competition for mineral nutrients, and microbial activation. In reality
these mechanisms may operate individually or in combination, and dominate de-
pending on the availability of soil C and N at different spatial and temporal scales.
Four scenarios can be given depending on which nutrient (C or N) is limiting the
microbial growth (Table 7-4). Microbial growth in non-rhizosphere soils is often
limited by the C, i1 (€-2., Wardle, 1992; Grayston et al., 1996), but, under cer-

tain conditions, C,,i;.pie 1N the rhizosphere may surpass the threshold of limitation

Table 7—4. Hypothesized dominating mechanism under different combination of carbon (C) and
nitrogen (N) availability to microbial growth.

Soil conditions N limited N not limited

Cvailable limited Competition dominates Substrate preference dominates
(negative rhizosphere priming) (negative rhizosphere priming)

Cvailable DOt limited Microbial activation or Microbial activation dominates
Nutrient competition dominates (+ or — rhizosphere priming)

(+ or — rhizosphere priming)
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to microbial growth (Cheng et al., 1996) and then N, ;. becomes a limiting factor
(Merckx et al., 1987; Van Veen et al., 1989). If soil microbial growth is limited by
both C,,ijanie a1d Ny, the competition between plants and microorganisms for
N,;, dominates, leading to a decreased microbial activity, and, as a result, SOM
decomposition decreases. If only C,,ij.pie limits microbial growth, microbes may
preferentially use rhizodeposits instead of SOM decomposition, then the mecha-
nism of the preferential substrate utilization dominates. In the case that microbial
growth is limited by N_;, but not limited by C,,i1.p1e> the rhizodeposition of easily
available organic compounds may either activate total microbial activity or pro-
voke competition for mineral nutrients between roots and microbes, or both. When
both C,,i1abie and N, are not limiting microbial growth, the fast microbial growth
invokes an enhanced faunal predation in the rhizosphere, resulting in an increased
SOM decomposition and the domination by the microbial activation mechanism.

SUMMARY AND FUTURE RESEARCH

Based on results from experiments under laboratory or greenhouse condi-
tions, root effects on the rate of SOM decomposition can range from negative 70%
to as high as 330% above the unplanted control. It is clear that the rhizosphere sig-
nificantly controls SOM decomposition. In all real terrestrial ecosystems, SOM
decomposition always occurs with plant roots, thereby inevitably entangles with
both the soil component and the plant component. This entanglement seriously
challenges the reliability of existing assessments on the rates of SOM decomposi-
tion that often come from measurements using root exclusions or soil incubations
without the presence of plant roots (e. g., Bolker et al., 1998; Dalias et al., 2001;
Parton et al., 1987).

Virtually all published data cited in this chapter come from experiments
using herbaceous plant species. How tree roots may affect SOM decomposition
remains to be investigated. Since forests constitute a major portion of the global C
cycle, understanding tree root effects on SOM decomposition may bear more sig-
nificance in terms of quantifying the potential of C sequestration into forest
ecosystems at the global scale. Therefore, the effect of tree roots on SOM decom-
position warrants future research.

Based on scattered studies, both biotic and abiotic factors, for example, N,
CO,, soil moisture, light, soil types, plant species, and plant phenological stages,
are found to significantly control or influence the level of root effects on SOM de-
composition. Because rhizosphere processes are intimately connected with both
the plant system and the soil system (Hogberg et al., 2001; Kuzyakov and Cheng,
2001), any environmental conditions that affect either the plant functions or the
soil functions or both, inevitably modulate root effects on SOM decomposition.
Comprehensive future studies are clearly needed to integrate all these important
factors into a general model of understanding on this issue.

Studies of root effects on SOM decomposition have mostly been con-
strained by the availability of research methods. What emerges from the discus-
sion on methods is the need for the development of innovative methods that allow
realistic investigation of root effects on SOM decomposition in situ. Before such
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new methods become available, our understanding of root effects on SOM de-
composition will have to rely on results from either greenhouse or laboratory stud-
ies. Natural 13C tracers have been used in field-based studies for separating rhi-
zosphere respiration from soil respiration (e.g., Rochette and Flanagan, 1997;
Andrews et al., 1999). It is logical that these natural tracers can also be used for
investigating root effects on SOM decomposition if soil moistures can be ade-
quately controlled in both the rooted plots and the no-plant control plots.

The six mechanisms identified as potentially responsible for causing root ef-
fects on SOM decomposition are preliminary in nature, and need to be rigorously
tested. For example, relevant to the drying effect hypothesis, the issue of differen-
tial drying or wetting between the no-plant control and the planted treatments re-
mains to be carefully investigated. Does frequent (e.g., daily) watering adequately
eliminate the drying/wetting effect on SOM decomposition with or without roots?
This potential drying/wetting effect may also disturb soil aggregate structures,
thereby further influence SOM decomposition. The soil structure aspect of root
effects on decomposition definitely needs more research before a general under-
standing can be achieved. Microbial dynamics are either directly or indirectly in-
volved in the six mechanistic hypotheses discussed above. Therefore, measure-
ments of microbial community structure, growth and turnover, substrate use, and
the level of root-microbe associations are essential for reliable testing of these hy-
potheses in the future.

Evidence from studies cited in this review supports a general belief that the
root effect on SOM decomposition can be large in magnitude and significant in
mediating plant-soil interactions. However, very little is known about the role of
the rhizosphere effect in shaping plant adaptation to various soil environments in
the long-term. If the rhizosphere effect are closely connected to plant photosyn-
thesis and rhizodeposition (Hogberg et al., 2001; Kuzyakov and Cheng, 2001), it
is conceivable that the rhizosphere effect should be largely beneficial to plants, and
thereby enhancing their fitness. Among possible benefits, enhanced nutrient ac-
quisition is often suggested (Clarholm, 1985a; Ingham et al., 1985). Other bene-
fits may include suppression of root pathogens by supporting healthy microbial
communities (Hu et al., 1997), conditioning of soil paths for root growth, and im-
proving soil structures and chemical environment such as pH adjustment
(Schaller, 1987; Gahoonia and Nielsen, 1992). If all these benefits are true, the rhi-
zosphere effect on SOM decomposition should be a result of evolutionary
processes operating between plants and soil organisms in the overall rhizosphere
continuum from incidental to highly symbiotic. Different rhizosphere mecha-
nisms should be selected under different plant and soil environments. This argu-
ment seems to be supported by the fact that different plant-soil couplings produce
different rhizosphere effects on SOM decomposition (Fu and Cheng, 2002; Cheng
et al., 2003). Future research is needed to fully illuminate the evolutionary aspects
of the rhizosphere effect.
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