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CHAPTER 2

Carbon Fluxes in the Rhizosphere

Weixin Cheng and Alexander Gershenson

2.1 INTRODUCTION

Terrestrial ecosystems are intimately connected to atmospheric CO2 levels
through photosynthetic fixation of CO2, sequestration of C into biomass and
soils, and the subsequent release of CO2 through respiration and decompo-
sition 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 significant components of the carbon cycle (e.g., Zak and Pregitzer
1998). Globally, the input of C to the soil has been estimated to be as great as
60×1015 g yr−1, approximately one order of magnitude larger than the global
annual rate of fossil fuel burning and other anthropogenic emissions, which is
at 6×1015 g yr−1currently (Post et al. 1990). Thus, small changes in the equi-
librium between sinputs and decomposition could have a significant impact
on atmospheric CO2 concentrations, which may either exacerbate or reduce
the consequence of burning of fossil fuels (Schimel 1995). Belowground CO2

efflux can be partitioned into two distinct processes: (1) rhizosphere respira-
tion or root-derived CO2, including root respiration and microbial respiration
utilizing materials released from live roots and (2) microbial decomposition
of soil organic matter (SOM), or soil-derived CO2. While the two processes
act separately, they may also be linked through rhizosphere interactions,
which may exert a stimulative (priming effect) or a suppressive influence on
SOM decomposition (Cheng 1999). As a measure of main energy use for the
acquisition of belowground resources (e.g., nutrients and water), rhizosphere
respiration may range from 30 to 80 percent of total belowground CO2 efflux
(Hanson et al. 2000) in various ecosystems. Root-associated C fluxes represent
a major portion of the input to and the output from the belowground C pool
(Schimel 1995).

29



Elsevier US Chapter: 0trh02 1-11-2006 9:25p.m. Page:30 Trim:6in×9in

Basal Font:Berkley Margins:Top:4pc Gutter:5pc Font Size:10/12 Text Width:40pc Depth:42 Lines

30 2. Carbon Fluxes in the Rhizosphere

The rhizosphere harbors very high numbers and activities of organisms.
Concentrations of microbes in the rhizosphere can reach 1010–1012 per gram
of rhizosphere soil as compared to often <108 in the bulk soil (Foster 1988).
Invertebrate density in the rhizosphere is at least two orders of magnitude
greater than in the bulk soil. This highly active system associated with plant
roots is mainly supported by the carbon input from live roots, which may
include sloughed-off materials (cells and mucilage), dead root hairs, and root
exudates. This input, along with root turnover, may account for up to 50
percent of the net primary production in various ecosystems (Whipps 1990).
The flow of energy and the function of this carbon flux within ecosystems
constitute a major area of interest in ecology. To understand the interactions
between the three biotic components of the soil, that is roots, microflora and
fauna, a necessary first step is to determine how much organic material is
contributed to the soil by roots.

In order to facilitate discussion on the various kinds of carbon input into
the rhizosphere from roots, we need to first briefly describe the main categories
of rhizosphere carbon input and their relationships (Figure 2.1). Among the
plant-derived carbon allocated belowground via roots, there are three main
components:

1. Roots mass, either alive or dead, which can be normally assessed by
physical sampling.

2. Other materials of plant origin remaining in the rhizosphere or the
surrounding soil, often called rhizodeposits, which are readily utilized

Total Belowground Allocation

Rhizodeposition CO2Root Mass

Root 
respiration

Rhizomicrobial
respiration

Live roots

Dead roots

Exudates
Secretions
Slough-offs

Residue

Heterotrophic 
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FIGURE 2.1 Main categories of rhizodeposits and their interrelationships.
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and transformed by rhizosphere biota and simultaneously mixed with
soil organic materials.

3. Carbon dioxide either from respiration of roots and root symbionts, such
as mycorrhizae and nodules, or from rhizosphere microbial respiration
utilizing root-derived substrates.

Therefore, studying carbon fluxes in the rhizosphere requires investigation
of all three categories mentioned above, in addition to aboveground compo-
nents. Input by root growth and turnover is extensively covered in Chapter 6.
This chapter will primarily focus on the second and the third categories –
rhizodeposition and CO2 efflux. Because these materials are intimately mixed
with soil-derived carbon sources and simultaneously transformed by soil
microorganisms, investigating these carbon fluxes requires a suite of methods
that either eliminate the soil components, such as using a sterile liquid cul-
ture technique, or are capable of tracing root-derived sources separately from
soil-derived sources, such as isotope labeling. One of the greatest challenges
in rhizosphere research, dictated in large part by the nature of the medium
itself, is observation of processes in situ. The methodologies currently avail-
able to us often do not allow for such direct observation; however, existing and
recently developed methods offer us the opportunity to examine rhizosphere
processes with ever-increasing sophistication and approximation of actual soil
conditions.

2.2 QUANTITY AND QUALITY OF RHIZODEPOSITS

Rhizodeposition was first defined by Whipps and Lynch (1985) as all material
lost from plant roots, including water-soluble exudates, secretions of insoluble
materials, lysates, dead fine roots, and gases, such as CO2 and ethylene.
Because several reviews on this topic have been published (e.g., Whipps
1990; Kuzyakov and Domanski 2000; Nguyen 2003), only a brief summary is
included in this chapter.

The sources of organic C-input from roots can be divided into two main
groups: (1) water-soluble exudates, for example sugars, amino acids, organic
acids, and so on; and (2) water-insoluble materials, for example sloughed
cells and mucilage. Materials in the first group are rapidly metabolized by
rhizosphere microorganisms. There are three sources of CO2 released by a
system of living roots and soil: (1) root respiration; (2) microbial respiration
utilizing root-derived materials (rhizo-microbial respiration); and (3) micro-
bial respiration using original soil carbon. This intimate association of root
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respiration and exudation with rhizo-microbial respiration has made studies
of root respiration, root exudation, and rhizo-microbial respiration in natural
soils very difficult.

The quality or chemical composition of rhizodeposits is an important deter-
minant of the functions and ecological consequences of rhizodeposition. Our
understanding of the chemical composition of root exudates and other rhi-
zodeposits is virtually all based on data from experiments using sterile liquid
culture methods. Much of the literature on this topic has been reviewed
previously (e.g., Whipps 1990). Virtually all kinds of plant molecules and
materials can be found in rhizodeposits, although lower molecular weight
compounds seem to dominate. Even though labeling methods have been
increasingly used to study rhizospheric carbon fluxes, our understanding of
the chemical composition of rhizodeposits has not advanced much in the past
few decades due to the limitation of available methods. Although the use of
Gas Chromatography–Mass Spectrometry (GC–MS) analysis for identification
of compounds exuded by roots (Bertin et al. 2003) offers potentially excit-
ing developments in this area, such methodologies still depend heavily on
significant simplifications of the rhizosphere system. Studying the chemical
composition of rhizodeposits under real soil conditions remains a challenge
because of the intimate coupling of microbial utilization and transformation
of rhizodeposits.

To provide some examples for the strong effect of the particular method-
ologies used, if we consider that in the case of using nutrient solution cultures
under gnotobiotic conditions, the amount of rhizodeposition has been quanti-
fied to be less than 0�6mg g−1 of root dry weight (Lambers 1987) for seedlings
a few weeks old. Due to these highly artificial conditions, this value must
represent considerable underestimation. By increasing complexity within the
experimental system, for instance by using solid media and adding micro-
organisms, the amount of rhizodeposition significantly increases (e.g., Barber
and Gunn 1974). Using 14C-labeling techniques, rhizodeposition has been
quantified under more realistic conditions. Values of rhizodeposition, mea-
sured by this labeling technique, may range between 30 and 90 percent of
the carbon transferred to belowground components of various plant–soil sys-
tems (Whipps 1990). Differences in soil type, plant species, plant growth
stage, and other experimental conditions employed in various studies may
have caused the wide range. For young plants of wheat, barley, or pasture
grasses, approximately 20–50 percent of net assimilated carbon is transferred
into belowground components, including root biomass (∼50%), rhizosphere-
derived CO2 (∼30%), and soil residues (∼20%) (Kuzyakov and Domanski
2000). Given that these percentages are averaged across results from labeling
experiments using mostly young plants and various experimental conditions,
the distribution pattern for carbon allocated belowground seems relatively
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consistent. However, the relative distribution among belowground compo-
nents is most likely time-dependent, because of carbon transfer from root
biomass to CO2 and soil residues via root turnover as the plant ages. The
results mentioned above are mostly drawn from experiments using young
plants under laboratory conditions. Further studies with longer time span and
under settings that bring us closer to in situ conditions are needed to address
this issue.

Realistic assessment of the quantity of rhizodeposits in ecosystems remains
a challenging task. In the review by Nguyen (2003), data from experiments
using both continuous labeling and pulse labeling techniques are compiled and
analyzed. The metaanalysis suggests that the total quantity of rhizodeposits is
significantly influenced by plant species, plant age, the presence or absence of
rhizosphere microorganisms, soil texture, and nitrogen availability. Based on a
recent study of 12 Mediterranean species of herbaceous plants (Warembourg
et al. 2003), the percentage of assimilated C allocated to belowground differs
significantly between major groups of species (i.e., grasses, legumes, and non-
legume forbs), but not significantly different between plant species within
each group. Less carbon is allocated belowground as plants age, based on
data mostly from annual plant species. The presence of rhizosphere microor-
ganisms substantially increases the quantity of rhizodeposits, as compared to
sterile cultures, indicating that sterile cultures should not be used to realis-
tically quantify total rhizodeposits or total carbon allocation to belowground
components, although such techniques may allow a qualitative assessment of
the types of compounds exuded. Relatively higher (up to 15%) soil clay con-
tents seem to increase total rhizodeposits; however, nitrogen fertilization is
likely to significantly reduce total rhizodeposits. As clearly pointed out in the
review by Farrar and Jones (2000), plant carbon allocation imposes the first
level of control on the total quantity of rhizodeposits. Therefore, any biotic
or environmental conditions that may affect plant carbon allocation will exert
controls on rhizodeposition. For example, pulse growth of aboveground com-
ponents of Quercus rubra seems to vary inversely with rhizosphere respiration,
supposedly due to the change of plant C allocation between aboveground and
belowground components (Cardon et al. 2002).

A cautionary note is necessary for a reliable use of the above-mentioned
results for the assessment of the quantity of rhizodeposits. The majority of
the data is taken from experiments of relatively short duration with young
plants. Therefore, the interpretation of the data should be limited to such
circumstances. The quantitative assessment of rhizodeposits is also method-
dependent (Whipps 1990; Kuzyakov and Domanski 2000). Method limitations
are considered later in a separate section of this chapter.
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2.3 RHIZOSPHERE CARBON FLUXES UNDER
ELEVATED CO2

Plants grown under elevated CO2 conditions often exhibit increased growth
and a disproportional increase in C allocation to roots (Norby et al. 1986;
Matamala and Schlesinger 2000; Norby et al. 2002), total rhizosphere respi-
ration (Cheng et al. 2000), and rhizodeposition (Kuikman et al. 1991; Billes
et al. 1993). By using carbon isotope tracers in CO2 enrichment experiments
at the small-pot scale, several studies have demonstrated that, compared to
ambient CO2 levels, elevated CO2 increased the amount of carbon allocated to
the rhizosphere by enhanced root deposition or total rhizosphere respiration
(Hungate et al. 1997; Cheng and Johnson 1998). In general, total carbon input
to the rhizosphere is significantly increased when plants are grown under
elevated CO2 (Table 2.1) (also see Chapter 6).

The degree of CO2 enhancement of rhizosphere respiration could be much
higher than enhancement of root biomass (Table 2.2). In a continuous 14C-
labeling study using wheat, Lekkerkerk et al. (1990) reported that the wheat
plants grown under the elevated CO2 treatment produced 74 percent more
rhizosphere-respired C and only 17 percent more root biomass compared to
the ambient treatment. Hungate et al. (1997), in a microcosm experiment
with mixed grasses, reported that elevated CO2 enhanced total rhizosphere
deposition by 56 percent and root biomass by less than 15 percent. Cheng
and Johnson (1998) reported that, compared with the ambient CO2 treatment,
wheat rhizosphere respiration rate increased 60 percent and root biomass
increased only 26 percent under the elevated CO2 treatment. Two potential
mechanisms could be posited as potential causes of these results. First, roots
grown under elevated CO2 exuded more and had higher turnover rates than
roots grown under the ambient treatment, resulting in a more than propor-
tional increase in total rhizosphere respiration under elevated CO2. Second,
rhizosphere microbial associations were more enhanced under elevated CO2

than under ambient CO2, resulting in higher rhizosphere microbial activities
per unit of root growth.

Some evidence supports the first hypothesis. Using the isotopic trapping
method (Cheng et al. 1993, 1994), approximately a 60 percent increase in
soluble C concentration was found in the rhizosphere when wheat plants were
grown under elevated CO2 compared to ambient CO2, indicating that roots
grown under elevated CO2 exuded more soluble C (Cheng and Johnson 1998).
Pregitzer et al.’s (see Chapter 6) review evidence that root turnover rates are
higher for plants grown under elevated CO2 than under ambient. However,
the amount of extra C input to the rhizosphere due to the enhanced root
turnover under elevated CO2 was expected to be low in most tracer studies
of short duration, since the life span of the roots was probably longer than
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TABLE 2.2 Percent increase of root biomass and rhizosphere CO2

efflux in response to elevated atmospheric CO2 concentrations,
calculated as (Elevated-Ambient)/Ambient ×100

Root biomass Rhizosphere CO2 Reference

17 74 Lekkerkerk et al. 1990
15 56 Hungate et al. 1997
26 60 Cheng & Johnson 1998
50 96 Cheng et al. 2000

the duration of the experiment (Eissenstat and Yanai 1997). Enhanced root
exudation was probably the major component of this extra C input to the rhi-
zosphere in these short experiments. Enhanced root turnover under elevated
CO2 for forest ecosystems might contribute more since root turnover was one
of the important processes responsible for C input in forests (see Chapter 6).
In a deconvolution analysis of soil CO2 data from the Duke Free-Air CO2

Enrichment (FACE) experiment, Luo et al. (2001) indicated that fine root
turnover is a major process adding C to the rhizosphere in response to elevated
CO2, and that root respiration and exudation are less affected by elevated CO2.
The second hypothesis, suggesting that enhancement of rhizosphere respira-
tion under elevated CO2 is linked to enhanced root–microbial associations, is
also supported by evidence in the literature. Elevated CO2 increased both the
percentage of infection of vesicular-arbuscular mycorrhizae and percentage
of infection of ectomycorrhizae (see Chapter 4). Elevated CO2 also increased
symbiotic N2-fixation across several types of associations (Arnone and Gordon
1990; Thomas et al. 1991; Tissue et al. 1997). However, direct evidence of
higher rhizosphere symbiotic activities per unit of root growth under elevated
CO2 is still lacking.

2.4 FUNCTIONAL CONSIDERATIONS

The large quantities of rhizodeposits apparently represent a significant por-
tion of the plant carbon balance and an important source of substrates for
soil organisms. In addition to the quantitative significance, their functional
significance warrants some attention. What does rhizodeposition do to the
plants, to the soil biota, and to the nutrient cycling processes in the soil?

As to the plants, is rhizodeposition a simple passive wasting process, a
passive loss of soluble materials by diffusion, an overflow of assimilates when
other sinks for photosynthate are limited, active secretion and excretion, or all
of the above? Based on data from a liquid culture experiment, root exudation
of amino acids and sugars seems to occur passively through diffusion process,
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and is affected by membrane integrity (Jones and Darrah 1995). Some evi-
dence also suggests that root exudation and respiration may act as overflow
mechanisms for excessive photosynthate accumulation (Herald 1980; Lambers
1987). However, many studies in plant nutrition have demonstrated that roots
secrete organic acids and other materials for the purpose of nutrient acquisi-
tion, such as phosphorus mobilization and iron activation (Marschner 1995).

For soil microflora and fauna, do rhizodeposits act as an important base
for the soil food web, or a component of the molecular control points for the
coevolution of plants and rhizosphere organisms, or both? Some recent work
seems to suggest that rhizodeposits provide the base for a very important part
of the soil food web (Garrett et al. 2001; see Chapters 3 and 5). Some of
the compounds in rhizodeposits may also act as messengers in regulating the
interactions between roots and soil microflora and between different kinds of
rhizosphere organisms (Hirsch et al. 2003; Phillips et al. 2003; see Chapters 1
and 3).

Our understanding of the ecological functions of rhizodeposition relies
heavily on our ability to study the chemical composition of rhizodeposits.
Because the majority of data related to functional understanding are gener-
ated from liquid culturing experiments, the applicability of these results to a
real soil environment is also limited. The use of reporter genes ( Jaeger et al.
1999; Killham and Yeomans 2001; see Chapter 1) may offer new hopes for
improvements. For example, the quantity and the chemical forms of some
root exudates can be investigated in real soil environment with the help of
reporter genes ( Jaeger et al. 1999). Evidence from some studies supports a
general belief that rhizodeposition exerts strong positive or negative controls
on soil organic matter decomposition (Cheng and Kuzyakov 2005). However,
very little is known about the role of the rhizosphere effect on decompo-
sition in shaping plant adaptation to various soil environments in the long
term. If the rhizosphere effect is closely connected to plant photosynthesis
and rhizodeposition (Högberg et al. 2001; Kuzyakov and Cheng 2001), it is
conceivable that the rhizosphere effect should be beneficial to plants, and
thereby enhance their fitness. Among possible benefits, enhanced nutrient
acquisition is often suggested (e.g., Hamilton and Frank 2001). Other benefits
may include suppression of root pathogens by supporting healthy microbial
communities (e.g., Whipps 2001), conditioning of soil paths for root growth,
and improving soil structures and chemical environment, such as pH adjust-
ment (Marschner 1995). If all these benefits occur, the rhizosphere effect on
soil organic matter decomposition should be a result of evolutionary pro-
cesses operating between plants and soil organisms in the overall rhizosphere
continuum from incidental to highly symbiotic (see Chapters 1, 3 for more
information). Different rhizosphere mechanisms should be selected under dif-
ferent plant and soil environments. This argument seems to be supported



Elsevier US Chapter: 0trh02 1-11-2006 9:25p.m. Page:38 Trim:6in×9in

Basal Font:Berkley Margins:Top:4pc Gutter:5pc Font Size:10/12 Text Width:40pc Depth:42 Lines

38 2. Carbon Fluxes in the Rhizosphere

by the fact that different plant–soil couplings produce different rhizosphere
effects on soil organic matter decomposition (Fu and Cheng 2002; Cheng
et al. 2003). Future research is needed to fully illuminate the evolutionary
aspects of rhizodeposition.

2.5 MICROBIAL ASSIMILATION EFFICIENCY OF
RHIZODEPOSITS

Microbial carbon assimilation efficiency is commonly defined as microbial
biomass produced as a proportion of total carbon utilized. It is also called
the yield factor. Accumulated evidence suggests that a big proportion of root
exudates is utilized and released as CO2 in a very short period of time; only
a small portion becomes microbial biomass (Dyer et al. 1991; Harris and
Paul 1991). The microbial assimilation efficiency of these exudates (6.5–15%;
Helal and Sauerbeck 1989; Liljeroth et al. 1990; Martin and Merckx 1992),
is considerably lower than the theoretical maximum of 60 percent (Payne
1970) and of other sources of carbon in the soil. The microbial assimilation
efficiency is 61 percent for glucose added to the soil after about 40 hours
of incubation (Elliott et al. 1983), 27 percent after 61 weeks of incubation
(Johansson 1992), and 47 percent for rye shoots added to the soil after 7 weeks
of incubation (Cheng and Coleman 1990). Why is the microbial assimilation
efficiency of root exudates so low? What mechanisms are there behind this
lower efficiency?

The occurrence of biological N2-fixation in the rhizosphere may contribute
to the low microbial assimilation efficiency of root exudates. Biological dinitro-
gen fixation requires high amounts of energy, especially those of an associative
nature. At least 16 ATP molecules are consumed to convert one N2 to two NH3

molecules, in addition to other processes required for associative N2-fixation.
If a large proportion of root exudates is used by diazotrophs in the rhizosphere,
the assimilation efficiency of root exudates will be much lower than if it is
being used by non-nitrogen-fixing microbes. Several studies (Liljeroth et al.
1990; Van Veen et al. 1991) have shown that the assimilation efficiency of
root-derived materials is higher when more nitrogen fertilizer has been used.
It is likely that nitrogen fertilization suppresses diazotrophic activity in the
rhizosphere, which contributes to higher assimilation efficiency. It is widely
known that rhizosphere is one of the important sites for potential associative
free-living nitrogen fixation, due to the favorable conditions in the rhizosphere
(supply of carbon source, mainly root exudates, and the relatively low oxygen
potential caused by root and microbial respiration in the rhizosphere). The list
of free-living nitrogen-fixing bacteria continues to grow as more genera and
species are described. It seems that most plant species in natural environment
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are colonized to some degree by free-living diazotrophs (e.g., Kapulnik 1991).
The contribution of biologically fixed N2 by free-living diazotrophs can be
substantial in some ecosystems, such as savanna grasslands (Abbadie et al.
1992). However, this subject remains controversial in broader perspectives.
Some reported values of fixed N2 by free-living diazotrophs exceed that which
can possibly be supported by the estimated amount of carbon available to the
diazotrophs. Much of the controversy stems from the energetic requirement
of nitrogen fixation process and the estimated amount of carbon available to
the rhizosphere diazotrophs (Jones et al. 2003). Central to this controversy is
the flow of carbon to root-associated diazotrophs in soil-grown plants, since
most of the estimates of root exudation are based on gnotobiotic experiments.
A better understanding of the contribution of free-living nitrogen-fixing bac-
teria to the N economy of the rhizosphere requires more suitable methods that
allow ecological studies under natural environmental conditions (Kapulnik
1991; Jones et al. 2003).

Accelerated turnover rates of rhizosphere microbial biomass due to faunal
grazing may be another explanation for the low microbial assimilation effi-
ciency of root exudates as measured. Faunal grazing on rhizosphere bacteria
and fungi has been suggested as a key factor of the “priming effect” of root
exudates (Ingham et al. 1985; see Chapters 3and 5). The high population
density of bacteria in the rhizosphere (Foster 1988) may attract many grazers.
The densities of both protozoa and bacterial-feeding nematodes have been
shown to be higher in the rhizosphere than in the bulk soil (Ingham et al.
1985). Faunal grazing will increase the turnover rate of carbon and nitrogen in
the rhizosphere, and subsequently result in a lower amount of exudate carbon
or nitrogen in microbial biomass form, and higher amount being released as
CO2 (see Chapter 3). A rapid turnover rate (50% loss in 1 week) of microbial
biomass-C formed from utilizing root exudates has been reported in a study
with pine seedlings grown in soil using a pulse-labeling technique (Norton
et al. 1990).

Another possible cause of the lower microbial assimilation efficiency of
root exudates in the rhizosphere is the limitation of mineral nutrients such
as nitrogen due to the competition with root uptake. Because of the abun-
dant supply of available carbon in the form of exudates, microbial growth
in the rhizosphere may be highly limited by mineral nutrients. For example,
microbial respiration rate in the young wheat rhizosphere is not stimulated
by addition of glucose (Cheng et al. 1994), but the assimilation efficiency of
root-derived materials is higher when more nitrogen fertilizer has been used
(Liljeroth et al 1990; Van Veen et al. 1991).

The microbial assimilation efficiency of root exudates has deeper impli-
cations for carbon cycling in terrestrial ecosystems. It determines the flux
of carbon entering the soil organic matter pool through living roots. As
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predicted global climatic change and the doubling of atmospheric CO2 con-
centration in the near future may increase plant primary production and
subsequently increase root exudate production (Kuikman et al. 1991), the
microbial assimilation efficiency of root exudates will be a determinant as to
what proportion of this increased primary production will be transferred to
the soil organic carbon pool. If we assume that approximately 5 percent of the
current global terrestrial primary production (∼ 120×1015 yr−1) is in the form
of root exudates, which equals to 6×1015 g Cyr−1 (similar to the annual rate
of current global fossil fuel consumption), and that a doubling of atmospheric
CO2 concentration will increase root exudate production by 70 percent (see
Table 2.2), the amount of the CO2-enhanced root exudate production would
be 4�2×1015 g Cyr−1. If microbial utilization of exudates is complete (or 100%
used), a range of microbial assimilation efficiencies of 5–20 percent will mean
that the amount of the CO2-enhanced carbon input into the soil via this route
will vary between 0�21×1015 g Cyr−1 and 0�84×1015 g Cyr−1, or from 3.5 to
14 percent of the annual rate of current global fossil fuel consumption.

2.6 TEMPORAL DYNAMICS OF EXUDATION AND
RESPIRATION

The timing of root exudation determines how closely rhizosphere processes
are linked with plant photosynthesis and aboveground physiology, and there-
fore the response time of rhizosphere activities to any change of environment
aboveground. Pertaining to the temporal connections of root respiration, exu-
dation, and rhizosphere microbial respiration of exudates, some pulse-labeling
studies have reported contradictory results. Some studies seem to indicate
that there exists a noticeable time lag between the time when root-respired
14C-labeled CO2 is released to the rhizosphere and the time of appearance
of 14C-labeled CO2 from rhizo-microbial respiration of new root exudates
(Warembourg and Billes 1979; Kuzyakov and Domanski 2002). This time lag
may occur either between root respiration of the 14C-labeled photosynthates
and the appearance of the new rhizodeposits or between the time of rhizode-
posit appearance in the rhizosphere and the time of microbial uptake and
utilization, or both. Some other studies did not detect any meaningful time
lag between these processes (Cheng et al. 1993, 1994). Understanding of the
temporal aspect of these processes is required when dynamic models are used
to simulate rhizosphere carbon fluxes (Kuzyakov et al. 1999; Luo et al. 2001).
This assumed time lag has also been used to separate root respiration from
rhizosphere microbial respiration (Kuzyakov et al. 1999, 2001).

Using 14C pulse-labeling techniques in a liquid culture of young wheat
plants, Warembourg and Billes (1979) found that there was more than one
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distinctive peak of 14CO2 release from the rhizosphere when microorganisms
were present. The first peak of 14CO2 release was assumed to be produced from
root respiration, whereas microbial utilization of rhizodeposits was hypoth-
esized responsible for the second peak, indicating that there was a time lag
between the time when root-respired 14C-labeled CO2 is released to the rhi-
zosphere and the time of appearance of 14C-labeled CO2 from rhizo-microbial
respiration of new rhizodeposits. The time interval between the two peaks
was roughly 24 hours. This time lag hypothesis was also supported by the fact
that the occurrence of the second 14C-labeled CO2 peak is also coupled with
an accumulation of 14C-labeled rhizodeposits in the culturing solution of the
non-sterile system. However, a small but visible second peak also appeared in
the sterile treatment at a similar time interval, which could not be explained
by the time lag hypothesis. Multiple peaks of 14CO2 release from the rhizo-
sphere were also reported by Nguyen et al. (1999) and Kuzyakov (2002). In a AU1

study of continuous release of rhizospheric CO2 from 5-week-old maize plants,
Nguyen et al. (1999) showed that there were two clearly distinguishable peaks
of 14CO2 release after the start of the 14C-labeling, and that the time interval
between the two peaks was 13.6 hours. This 13.6-hour interval between the
two peaks did not correspond to a 24-hour diurnal cycle. Using a continuous
liquid elution method, Kuzyakov and Siniakina (2001) chased rhizosphere
release of both 14CO2 and exudates for 4 days after a pulse labeling of Lolium
perenne with 14CO2. Their study showed that there were clearly two peaks
of exudate release and a much smaller second peak of 14CO2 release after
the pulse labeling. The time interval between the first peak and the second
peak roughly corresponded to the diurnal cycle. The authors believed that
the dynamics of exudate release was mainly driven by photosynthate loading
during the light period and the consumption of photo-assimilates during the
dark period. The study also showed that the 14C-labeled new photosynthate
was simultaneously utilized in both root respiration and exudation processes,
and that there was no detectable time lag between them. Their results could
not render a clear answer to the question of whether or not there was a
time lag between the time of rhizodeposit appearance in the rhizosphere and
the time of microbial uptake and utilization, because root respiration could
not be separately measured from rhizosphere microbial respiration in their
experiment. The answer to this question could be found in one of our own
studies (Cheng et al. 1993). In the study, root respiration and rhizosphere
microbial respiration were separately measured for a short period of time after
a pulse labeling by using an isotope trapping technique with the addition of
12C-glucose solution. The addition of glucose solution reduced the release
of 14CO2 from the wheat rhizosphere by as much as 50 percent, primarily
due to the reduction of rhizosphere microbial respiration because of substrate
competition. This result clearly indicated that exudates were instantly utilized
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and converted into 14CO2 by the rhizosphere microorganisms. No detectable
time lag existed between the time of exudate appearance in the rhizosphere
and the time of microbial uptake and utilization. This conclusion may also be
inferred indirectly from the fact that adding sugar solution to soils commonly
produces an instant pulse of CO2 from microbial metabolism (Anderson and
Domsch 1978). However, this may only apply to the case of readily available
water-soluble exudates. It is probable that there exists a detectable time lag in
hours or days either between root respiration of the 14C-labeled photosynthates
and the appearance of the new insoluble components of the rhizodeposits
or between the time of appearance of the new insoluble components of the
rhizodeposits and the time of microbial uptake and utilization of such compo-
nents, or both. For example, microbial utilization of insoluble rhizodeposits
may occur 2–5 days after the start of the pulse labeling (Warembourg and
Billes 1979; Kuzyakov et al. 2001). Further studies are needed to advance our
understanding on this issue.

In reconciliation of the above-mentioned results, we constructed a time-
series model of carbon releases in the rhizosphere after a pulse labeling with
14CO2 (Figure 2.2). The model depicts the following two points of under-
standing: (1) Current photo-assimilate production and translocation imposes
the first level of control on the release of carbon sources from roots to the rhi-
zosphere, because both exudate production and the efflux of rhizosphere CO2

correspond to the diurnal cycle of photosynthesis; and (2) The occurrence
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FIGURE 2.2 An idealized model of temporal dynamics of 14CO2 released from the rhizosphere
after a pulse labeling.
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of more than one peaks of 14CO2 release after a pulse labeling does not nec-
essarily indicate that there exists a time lag either between root respiration
of the 14C-labeled photosynthates and the appearance of the new exudates
or between the time of exudate appearance in the rhizosphere and the time
of microbial uptake and utilization. As mentioned above, the time interval
between the first peak and the second peak varies among different experi-
ments, for example approximately 24 hours in Warembourg and Billes (1979),
but 13.6 hours in Nguyen et al. (1999). The timing of the first peak is largely
determined by the starting time and the duration of the labeling. However,
the onset of the second peak and the third peak generally occur at the start of
the light period (Todorovic et al. 2001). Therefore, different starting time and
duration of the labeling in reference to the regular diurnal cycle give different
time intervals between the initial two peaks among these experiments.

The discussion of the “time lag” issue is primarily based on data from pulse
labeling studies of young herbaceous plants. The time dynamics of rhizosphere
carbon release from woody plants awaits further investigation.

2.7 METHODS FOR STUDYING RHIZOSPHERE
CARBON FLUXES

Many researchers may agree with the statement that method development has
been, and remains, a key prerequisite for advancing rhizosphere science. Our
understanding of carbon fluxes in the rhizosphere has significantly increased
as new methods and approaches have been developed and used in rhizosphere
research in the last several decades. Early studies utilized nutrient solution-
based methods in order to estimate rates of rhizodeposition and assess the
composition of root exudates (Whipps 1990). Various isotopes of carbon
have been used to trace carbon pathways within the plant and through the
plant–soil continuum (Nguyen 2003) using various labeling methodology.
Recently, a series of molecular techniques have become available to evaluate
the composition and identify sources of exudates (Killham and Yeomans 2001;
Marschner 2003). However, the available methods have so far fallen short
of providing accurate estimates of in situ rhizodeposition. Several factors
contribute to this lack of data. A review of the literature provides a series
of factors that are thought to influence rhizodeposition. These include root
impedance (soil type, structure), nutrient status, pH, presence of microbial and
faunal populations, temperature, light intensity, CO2 concentration, stage of
plant development, and presence of mycorrhizal associations (Whipps 1990;
Killham and Yeomans 2001).

This complexity of potential interactions introduces questions of applica-
bility of results of studies available to date for modeling of carbon movement
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in the rhizosphere in situ (Toal et al. 2000), especially considering that the
vast majority of studies are performed in controlled conditions in the labora-
tory or in a greenhouse. Modeling is further complicated by the large variety
of measurement units used for reporting results, which make comparisons
between methods, as well as comparisons of different studies utilizing the
same method, difficult�Likewise, the choice of organisms for the majority of
the experiments introduces additional sources of bias into the resulting data,
since most of the experiments use young annual plants, largely cereals. Cereals
have been bred to allocate a larger portion of biomass aboveground, which
skews carbon budgeting attempts. However, the methods available now have
produced results that shed light onto rhizosphere carbon dynamics. The main
advantages and disadvantages of five major kinds of methods were summarized
in Table 2.3.

TABLE 2.3 Main Advantages and Disadvantages of Methods used in Studying C fluxes in
the rhizosphere

Method Benefits Drawbacks

Nutrient Solution Allows identification of
exudate materials and sites
of exudation.

Far removed from real
conditions, does not allow
quantification of carbon lost
through respiration.

Pulse-Chase Provides information on
carbon pathways in relation
to plant ecophysiology. The
label is preferentially found
in labile (non-structural)
carbon pools.

Unable to provide balances for
ecosystem carbon. Cannot
distinguish between root
respired C and C that
results from microbial
mineralization of root
derived carbon.

Continuous
Labeling

Allows creation of carbon
budgets. Label distributed
homogeneously throughout
the plant. Allows estimation
of carbon flux through soil
microbial biomass.

Expensive, cumbersome, does
not distinguish between
root respiration and
rhizosphere decomposition
of root-derived materials.

Natural Abundance Relatively simple techniques,
do not require use of
radioactive materials, allow
distinction between soil and
plant carbon decomposition.

Due to high level of noise in
the system only useful for
distinguishing large
differences.

Reporter Genes Allows identification of
spatial sources and
compounds released into the
rhizosphere.

Requires specialized equipment
and training, does not
provide data on carbon lost
through respiration.

After Killham and Yeomans (2001), Whipps (1990)
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Nutrient culture studies have provided a significant amount of informa-
tion on the types of compounds exuded by plant roots into the rhizosphere,
and allow differentiation of carbon lost as low molecular weight compounds AU2

from carbon lost as sloughed off root cells and root hairs (Nguyen 2003).
However, inherent in the nutrient culture methodologies is the separation of
the root–microbial complex of the rhizosphere, which has a high potential
of disrupting the feedback mechanisms that may drive exudation. Likewise,
resorption of exudates makes final estimates questionable. When physical
barriers, such as sterile sand or glass beads, are introduced, the amount of
exudates ranges tremendously; for instance, in Hordeum vulgare the range for
exudates was 76–157 �g plant−1 day−1 (Barber and Gunn 1974); and in maize
the addition of glass ballotini to mimic soil texture increased exudation from
94 to 280mg g−1 dry weight of root over 5 days (Whipps 1990). Studies that
rely on this technique often use seedlings, primarily of herbaceous plants,
which may create additional bias. Lack of soil fauna and symbiotic organisms,
which have the potential to influence rhizodeposition (see Chapters 3 and 4),
also prohibitively limit the application of results from nutrient culture studies.
Although nutrient culture studies have severe limitations for the application
of the results to our understanding of in situ processes, recent advances in
GC–MS analysis, based on the liquid culture technique, may allow a fur-
ther understanding of the types of compounds exuded by plants, although
quantitative information resulting from these methodologies remains suspect.

Pulse-chase studies involve exposing a plant to various isotopes of car-
bon for a short period of time, with subsequent evaluation of the sinks of
this assimilated carbon both within the plant and in the rhizosphere. Pulse-
chase studies largely provide information on C fluxes in relation to plant
ecophysiology. Different lengths of labeling and chasing periods have been
used in various experiments, which make comparison between different stud-
ies difficult. An analysis of 43 studies shows that exposure to the isotope
ranges from 20 minutes to 720 hours with a mean of 6 and a median of
108 hours, with similar scales of variation in the duration and timing of the
chase. However, a recent study indicates that the relative distribution of the
tracer is not significantly influenced by the duration of the labeling, as long
as the subsequent chasing period is long enough (Warembourg and Estelrich
2000). Due to the short exposure time in most experiments, the pulse-chase
method cannot provide data for the construction of carbon budgets of the
rhizosphere, nor does it allow partition between root and microbial respira-
tion. Additional complications arise because carbon distribution determined
at one plant development stage cannot be applied to others, which presents
a problem since most experiments are done on very young plants (Kuzyakov
and Domanski 2000).
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Continuous labeling studies provide data that allow construction of com-
plete carbon accounting models. However, most continuous labeling tech-
niques are cumbersome, expensive, and not applicable in field situations.
Continuous labeling studies are generally short term (mean 37, median 28
days). Methodological difficulties are numerous, for instance separation of
very fine roots from soil is difficult, therefore some may be left in the sample,
affecting the resulting data on carbon movement into soil.

A recent variation on the continuous labeling studies is the natural abun-
dance method (e.g., Cheng 1996; Hanson et al. 2000), which uses naturally
occurring isotopic composition differences to separate root- from soil-derived
materials, and allows development of belowground carbon budgets without
the expensive and difficult experimental setups, and does not require separa-
tion from the ambient atmosphere. However, several researchers have pointed
out that this is a noisy system (Killham and Yeomans 2001), and therefore
only large differences between treatments can be distinguished. Due to the
fact that it uses unnatural plant–soil combinations, the applicability of the
results obtained by this method to ecosystem carbon accounting may come
under question.

Recent advances in molecular techniques allow tracing of low molecular
weight compounds exuded by the roots in the rhizosphere, both providingAU3

spatial analysis of exudation sites and offering an assessment of the classes of
compounds exuded by the roots (Killham and Yeomans 2001). However, these
techniques require a set of very specific molecular tools and skills, as well
as expensive equipment for genetic modification of microbial populations.
Moreover, they do not provide data on carbon lost from the rhizosphere due
to respiration.

In examining existing methods, and the reliability of the results obtained
through their utilization, as well as during development of new methodologies,
we need to recognize the level of abstraction from in situ conditions that the
methods entail. Evaluating the wealth of studies that show how dramatically
external factors can affect rhizosphere processes, method development should
aim toward more precise replication of field conditions in the laboratory,
and ideally the development of robust methodologies for in situ minimal
disturbance investigations of rhizosphere processes.

2.8 PROSPECTS FOR FUTURE RESEARCH

In the past decades, some significant progress has been made in our pursuit of
understanding rhizosphere C fluxes. For example, the strong top-down con-
trol of rhizosphere C fluxes by photosynthesis has been highlighted at several
levels of resolution from tree plantations (e.g., Högberg et al. 2001), to small
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plots in a grassland (e.g., Craine et al. 1999), to well-controlled laboratory
experiments (e.g., Kuzyakov and Cheng 2001). Initial understanding of the
influence of elevated atmospheric CO2 concentrations on rhizosphere C fluxes
has been attended both in laboratory experiments and in field experiments
(e.g., Cheng 1999; Luo et al. 2001). The natural abundance of 13C has increas-
ingly been used in studies of rhizosphere C fluxes, which may offer some new
and complementary advantages, as compared to commonly used 14C-labeling
methods (e.g., Cheng et al. 2003). Methods and tools from molecular biology
have been employed in studies of rhizosphere C fluxes (see Killham and Yeo-
mans 2001). In perspective of future research on C fluxes in the rhizosphere,
we consider the following as some of the key areas in rhizosphere research in
the near future.

MUCH LESS IS KNOWN ABOUT CARBON FLUXES IN TREE

RHIZOSPHERES

In the past few decades, research on carbon fluxes in the rhizosphere has been
mostly restricted to cereal crops (Nguyen 2003). Little work has been done on
carbon fluxes in tree rhizospheres. Forests have been identified as important
processors of carbon (Houghton 1993). However, our lack of understanding
of below-ground carbon fluxes in forest systems, and specifically the role of
roots, is the greatest limitation in our ability to assess the contribution of
forests as global carbon processors (e.g., Schimel 1995). According to current
estimates, total rhizosphere respiration may contribute, on average, approxi-
mately 50 percent of the total CO2 released from belowground components
in forest ecosystems (Hanson et al. 2000), and ranges from 30 to as high as
90 percent (Bowden et al. 1993). Therefore, carbon fluxes in the rhizosphere
of forest ecosystems represent important belowground processes responsible
for C release. However, the controlling mechanisms and the functional role of
this large carbon expenditure are not well understood. It is commonly known
that temperature strongly regulates fine root respiration in an exponential
fashion (Ryan et al. 1996). Several studies have demonstrated that rhizosphere
respiration is tightly coupled with photosynthesis in annual plants (Kuzyakov
and Cheng 2001) with very short time lags (minutes to hours). As shown in
a study by Horwath et al. (1994) using 14C pulse labeling, time lags in the
linkage between aboveground photosynthesis and rhizosphere respiration can
be as short as a few days for very young hybrid poplars. The time lag has
been reported to be in the range of 7–60 days in a study using 13C signal
from the FACE treatment at a loblolly pine site (Luo et al. 2001). As shown
in a large-scale tree girdling experiment with a boreal Scots pine forest, the
reduction in total soil CO2 efflux caused by the termination of current photo-
assimilate supply to the roots system can be as high as 37 percent within
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5 days, and 54 percent within 1–2 months (Högberg et al. 2001). However, the
underlying mechanisms responsible for the coupling between photosynthesis
and rhizosphere respiration remain largely unknown.

LINKING C DYNAMICS IN THE RHIZOSPHERE TO GENERAL

MODELS OF C ALLOCATION

Although the introduction of various isotope tracer methods has lead to
meaningful progress in assessing the quantity of rhizosphere C fluxes, less
work has been done in conjunction with the framework of overall C allocation
beyond a common practice of expressing C flux as a percentage of gross or
net primary production. However, it is crucial to understand C fluxes in the
rhizosphere in the context of mechanistic relations with plant C allocation
and its controls, if one main purpose of the research is to scale the results
to be generally applicable to a larger system or other kinds of systems. Most
research so far has provided data either on the quantity of C fluxes in the
rhizosphere for a particular system or on the qualitative influence of some
environmental factors, such as lighting, elevated CO2, grazing, and presence
or absence of microorganisms. For these data to be scalable in a general
model of C fluxes in the rhizosphere, we need to understand the quantitative
formulation between a controlling factor of either biological or environmental
nature and the relative change in the quantity of a C flux in response to
the change of the ecological factor. A so-called “shared-control” hypothesis
has been proposed to be generally applicable to the case of C fluxes in the
rhizosphere by Farrar et al. (2003). This hypothesis stipulates that every step
in the flow of C from photosynthesis to the final utilization in the rhizosphere
contributes to the control of the overall flux. Based on results, primarily from
liquid culture experiments, they suggested that photosynthesis exerts the bulk
of the control on the size of C flux into the rhizosphere, and that active
or passive exudation controls the C outflow more than microbial utilization.
However, quantitative models describing such shared controls of C fluxes
in the rhizosphere are still lacking because of the complexity involved in
such multistep modeling exercises (Toal et al. 2000). Likewise, more complex
studies involving experimental setups that closely mimic in situ conditions
may further assist in developing a more sophisticated understanding of the
controls exerted on the flux of C by the rhizosphere.

CHEMICAL COMPOSITION OF RHIZODEPOSITS IN SOILS

As we mentioned earlier, our understanding of the chemical composition of
rhizodeposits is still entirely based on data from liquid culture experiments.
We know very little about the chemical composition of rhizodeposits in soils
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before transformations by rhizosphere microorganisms, given that the under-
standing of the chemical nature of rhizodeposits is a prerequisite for a better
handle on the ecological functions of rhizodeposits. Hopefully, the dual use
of isotope tracers with reporter genes may offer new opportunities in this area
of research (Killham and Yeomans 2001).

CARBON FLUXES AND THE COEVOLUTION BETWEEN PLANTS AND

SOIL BIOTA

If higher plants invest a significant amount of fixed carbon into the rhizo-
sphere to support a portion of the soil biota, the coevolution between plants
and rhizosphere biota must shape the quantity and the quality of rhizosphere
C fluxes through selection and adaptation. Given the known wide range of
association types between roots and rhizosphere biota from highly mutualistic
(e.g., rhizobium–legume) to totally opportunistic (e.g., free-living bacteria),
we know little about how these different types of associations operate in deter-
mining the amount and the types of rhizosphere C flows, not to mention the
potential role of the complex interactions in the rhizosphere through evo-
lutionary time. This complexity and the associated opportunities for future
research are well illustrated in the case of “the free rider” problem in the recent
paper by Denison et al. (2003). The “free rider” problem arises when con-
sidering microbial intra-species competition in the context of plant–microbe
cooperation and mutualisms. Because the benefits (e.g., carbon substrates)
gained from an individual plant via microbial cooperation are often used by
many individual microbes, those microbial individuals that do not provide the
cost of the cooperation (e.g., N2-fixation) yet may equally gain the benefits
(often in the form of mutants), or the “free-riders”, should have the tendency
to replace those microbial individuals that do bear the cost of such coop-
eration. Yet, this reasoning directly contradicts the fact that plant–microbe
cooperation and mutualisms have persisted, presumably, for millions of years.
Using this apparent paradox as a thread, Denison et al. (2003) discussed poten-
tial mechanisms of plant–microbe cooperation and mutualisms and touched
on many intricate connections in the rhizosphere.
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