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Abstract The two main components of soil respiration,

i.e., root/rhizosphere and microbial respiration, respond

differently to elevated atmospheric CO2 concentrations

both in mechanism and sensitivity because they have dif-

ferent substrates derived from plant and soil organic mat-

ter, respectively. To model the carbon cycle and predict

the carbon source/sink of forest ecosystems, we must first

understand the relative contributions of root/rhizosphere

and microbial respiration to total soil respiration under

elevated CO2 concentrations. Root/rhizosphere and soil

microbial respiration have been shown to increase,

decrease and remain unchanged under elevated CO2 con-

centrations. A significantly positive relationship between

root biomass and root/rhizosphere respiration has been

found. Fine roots respond more strongly to elevated

CO2 concentrations than coarse roots. Evidence suggests

that soil microbial respiration is highly variable and

uncertain under elevated CO2 concentrations. Microbial

biomass and activity are related or unrelated to rates of

microbial respiration. Because substrate availability

drives microbial metabolism in soils, it is likely that much

of the variability in microbial respiration results from dif-

ferences in the response of root growth to elevated CO2

concentrations and subsequent changes in substrate pro-

duction. Biotic and abiotic factors affecting soil respira-

tion were found to affect both root/rhizosphere and

microbial respiration.

Keywords elevated CO2 concentrations, rhizosphere,

soil microorganism, soil respiration

1 Introduction

Global climate models predict that the atmospheric CO2

concentration is gradually increasing due to human activ-

ities, burning of fossil fuel and changes of land use pat-

terns. The increase of CO2 concentration will affect the

photosynthesis of above-ground plant growth, physio-

logical functions of root systems and the soil carbon cycle

(Leakey et al., 2002; Ainsworth et al., 2003; Milchunas et

al., 2005; Trueman and Gonzalez-Meler, 2005). As the

second largest carbon reservoir, soil is one of the most

important sources of atmospheric CO2 (Jenkinson et al.,

1991). The amount of CO2 emissions from the soil, in

terms of C, is about 776 1015 g/year (Raich and Potter,

1995). The uptake and loss of carbon remained in balance

before there was too much human intervention with the

environment, especially the disruption of soil. In recent

years, CO2 emission from the soil has exceeded the net

primary production (NPP) and litter because of increased

anthropogenic activities. Therefore, soil respiration plays

an important role in the rise of atmospheric CO2 concen-

trations (Schlesinger and Andrews, 2000). Forest is the

main part of terrestrial ecosystems and contains 46% car-

bon of the global carbon sink (Dixon et al., 1994).

Janssens et al. (2001) estimated that the relative contri-

bution of annual CO2 emission from forest ecosystems

to total ecosystem respiration was 69% which highlights

the importance of soil respiration in the carbon budgets of

forest ecosystems.

Increasing atmospheric CO2 concentrations directly or

indirectly affect the main components of soil respiration,

root respiration andmicrobial respiration by changing the

physiological function of root systems and soil carbon

dynamics. Root respiration and microbial respiration

respond differently in mechanism and sensitivity to ele-

vated CO2 concentrations. If we are to establish a carbon

cycle model, evaluate carbon source/sink relationships

and monitor soil intervention, we must first understand

the relative contributions of root respiration and respira-

tion by soil heterotrophy to total soil respiration and their

response patterns to elevated CO2 concentrations.
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Many papers have been published on forest soil respira-

tion at ambient and elevated CO2 concentrations, but

research on the relative contribution of root respiration

and microbial respiration to total soil respiration is still

rare, especially under elevated CO2 concentrations. A few

studies on separating root or microbial respiration from

total soil respiration are limited to northeastern districts

of China (Jiang et al., 2004; Liu et al., 2005; Zhang et al.,

2005). Research findings in this field are necessary to

evaluate carbon budgets of forest ecosystems against the

background of global change.

2 Methods of separating root/rhizosphere
respiration or microbial respiration from total
soil respiration

2.1 Definition of root/rhizosphere respiration and

microbial respiration

The efflux of CO2 from forest soils is a combination of the

activity of autotrophic roots and associated rhizosphere

organisms, heterotrophic bacteria and fungi active in the

organic and mineral soil horizons and soil faunal activities

(Edwards et al., 1970). The CO2 emission from soil faunal

and non-biological processes is often ignored because it

only accounts for a small proportion of total emission

(Sing and Gupta, 1977). In field measurements, soil res-

piration mainly refers to root respiration and microbial

respiration. In fact, root respiration is part of autotrophic

respiration while microbial respiration is a form of hetero-

trophic respiration. At present, there are still nomethods to

differentiate microbial respiration, whose substrate is root

exudation, from root respiration (Hanson et al., 2000).

Root respiration and respiration by soil organisms util-

ize C derived from plants or organic soil matter, respect-

ively (Susfalk et al., 2002). Root respiration was defined

by Wiant (1967) to include all processes occurring in the

rhizosphere. Wiant (1967) stated that root respiration

included all respiration of living root tissues, the respira-

tion of symbiotic mycorrhizal fungi and associated micro-

organisms and the decomposing organisms operating on

root exudates and recent dead root tissues in the rhizo-

sphere. Live root respiration can be divided into coarse

and fine root respiration, or growth and maintenance res-

piration according to composition or function (Amthor,

2004; Yang et al., 2004). The fraction of soil respiration

derived from live roots is independent on soil C pools and

contributions of live root to total soil respiration can be

used to infer rates of long term soil C storage (Hanson et

al., 2000). Roots respire plant photosynthates newly pro-

duced by the canopy (Högberg et al., 2001). Alternatively,

microbial decomposition can affect the C balance of the

ecosystem by releasing CO2 from soil organic matter

that ranges in age from the most recent (e.g. fine-root

turnover) to years and even millennia (e.g. litter and humi-

fied soil C) (Trumbore, 2000). With further research on

global change, the contribution of the root/rhizosphere

respiration or microbial respiration needs to be under-

stood to establish a process model and to evaluate impli-

cations of environmental factors on soil carbon cycles and
carbon sequestration.

2.2 Methods of partitioning soil respiration: advantages

and disadvantages

The method of measuring root/rhizosphere respiration

and microbial respiration can be simply divided into com-

ponent integration, root exclusion, isotopic methods
(Hanson et al., 2000) and root biomass extrapolation (Li

et al., 2002). These methods may overestimate or under-

estimate the values of soil respiration in the field by dis-

turbing the soil surface equilibrium during measuring.

The main disadvantage of the component integration

approach is that it causes considerable destruction of the

in situ status of the soil. The method is suitable only when

the integration of the component parts equals the total
soil respiration. Therefore, this method is often of limited

value in the field. Root exclusion methods include root

removal, trenching and gap analysis. Rhizosphere respira-

tion and microbial respiration are indirectly estimated by

measuring soil respiration with and without roots. The

advantages of root removal are that roots may be

removed completely and that, at the same time, the root

morphology and biomass can be measured. The dis-
advantage is that disturbance of the soil is considerable.

Compared with the root removal approach, trenching

greatly reduces the disturbance of soil. Because of the

effect of residual decomposing roots left in the trenched

plots, the soil respiration of trenched plots should be mea-

sured several months later. In addition, the microenviron-

ment of areas with roots is different from that without

roots after roots are clipped for a period of time, which
can result in a biased estimation. The gap method

demands that measurement must be conducted in a large

stand to cover different forest types. The disadvantages of

the gap method are that the physical and chemical prop-

erties in soils vary at different plots. Among these meth-

ods, the isotopic method is almost perfect because it may

avoid disturbing the soil. But the obvious disadvantages

of this method are the complex of measurement proce-
dures, the difficulties encountered and its cost. Nor is it

suitable to measure many plots at the same time in the

field. The isotopic approach is not suitable for the par-

tition soil respiration in free-air CO2 enrichment (FACE)

and in open-top chambers with elevated CO2 concentra-

tions, although it has been applied in several investi-

gations (Andrews et al., 1999; Lin et al., 1999, 2001).

Root respiration rates will be overestimated when ele-
vated CO2 exposure exceeds one year because soil organic

matter contains some exotically labeled carbon. Carbon
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from root respiration and soil organic matter cannot be

differentiated. The method of root biomass extrapolation

is based on correlation between root biomass and soil

respiration rates. This method demands a large number

of replications and a root biomass gradient.

3 Effects of elevated CO2 concentrations on
root/rhizosphere respiration and microbial
respiration

Root respiration and microbial respiration respond differ-

ently to high CO2 concentrations. Rhizosphere respiration

has been reported to be the most responsive to elevated

CO2 (Lin et al., 2001). Elevated CO2 concentrations affect

root growth, the amount of root exudation and the accu-

mulation of soil carbon, which will cause further changes

in root respiration and microbial respiration. There is a

significant, positive relationship between root biomass

and root respiration (Pregitzer et al., 2000). The increase

of microbial respiration is closely related to the enhance-

ment of the amount of root exudation and above-ground

litter (Insam et al., 1999; Zak et al., 2000). If the growth

rate of roots exceeds that of the aboveground part, the

release of CO2 from the rhizosphere may exceed the assim-

ilation of CO2, which will result in a continuous rise of

atmospheric CO2. Therefore, reducing rhizosphere res-

piration has the same effect as higher soil carbon stock

to balance atmospheric CO2 concentration.

3.1 Effects of elevated CO2 concentrations on root/

rhizosphere respiration

Root/rhizosphere respiration is stimulated or decreased

under elevated CO2 concentrations (Table 1). The root

respiration of Fraxinus excelsior, Quercus petraea and

Pinus sylvestris decreased significantly compared with

that at ambient CO2, after they had grown at open top

chambers with exposure for 20 months to 700 mmol/mol

CO2. However, the amount of soluble sugar of roots

increased considerably (Crookshanks et al., 1998). The

amount of starch in roots declined for Fraxinus excelsior

and Quercus petraea, but increased for Pinus sylvestris.

Fine root respiration contributed 30% to 70% of the total

soil respiration. Fine root respiration provides energy for

protein turnover, maintenance of an ion gradient, produc-

tion of new tissue and assimilation of nutrition (Raich

and Schlesinger, 1992). Annual fine root respiration of

Pinus taeda, growing at 560 mmol/mol CO2 in Duke

Forest and Oak Ridge National Laboratory, decreased

by 17% (George et al., 2003). Root specific maintenance

respiration for Pinus taeda contributed 92% to total soil

respiration, while growth respiration and nitrogen uptake

respiration formed only small components of mainten-

ance respiration. Total fine root respiration decreased,

although growth respiration increased by 37% because

maintenance respiration decreased by 17%.

Three-year-old Pinus sylvestris seedlings were planted

in open top chambers located on the campus of the

University of Antwerp. After six months exposure to

700 mmol/mol CO2, the respiration of detached roots
increased by 46%. Rhizosphere respiration in situ was also

enhanced and accounted for 66% to 71% of total soil

respiration under elevated CO2 concentrations and for

50% to 57% of ambient CO2. In addition, root length

and biomass, root production, carbon and the amount

of nitrogen also increased at elevated CO2 concentrations

(Janssens et al., 1998). Hence, carbon dioxide efflux from

root/rhizosphere at elevated CO2 concentrations signifi-
cantly increased, primarily, due to large enhancements in

root biomass and production (Griffin et al., 1997;

Andrews et al., 1999; Lin et al., 2001). There is also a

significant, positive relationship between root biomass

and root respiration (Pregitzer et al., 2000).

The increase of total soil respiration in 20-year-old

Pinus sylvestris growing at 700 mmol/mol CO2 in the bor-

eal zone of Finland was primarily due to the higher root/
rhizosphere respiration rather than microbial decomposi-

tion of above-ground litter. The stimulation of root/rhizo-

sphere respiration was closely related to fine root biomass.

Needle area was found to be an important predictor of soil

respiration, particularly during the months of high root

growth, thus supporting the assumption of a close link

between photosynthesis and soil CO2 efflux (Niinistö et

al., 2004). Elevated CO2 concentrations promote the
growth and biomass of fine roots and at the same time

can speed up carbon transfer from dead fine roots (Tingey

et al., 1997). Both are related to the increase of rhizo-

sphere respiration. In addition, the increase of coarse

roots biomass can also stimulate soil respiration (Vose

et al., 1995; Edwards and Norby, 1999).

The direction and magnitude of response of root/rhizo-

sphere respiration to elevated CO2 concentrations is
related to the duration of exposure, availability of soil

resources (e.g. the amount of nitrogen) and expression

method (Griffin et al., 1997; Ball et al., 2000; Tingey

et al., 2000). Tingey et al. (2000) argued that it is not clear

whether the increase of fine root growth can be main-

tained for a long time on exposure to elevated CO2 con-

centrations. The model by Lin et al. (2001) predicts that

the initial increase of root growth may decrease with CO2

treatment because the nutritional status of soil cannot

afford a gradually improved photosynthesis. Root/rhizo-

sphere respiration is directly affected by soil nutrition

availability, especially the amount of nitrogen. For

Pinus taeda and Pinus ponderosa, increasing N availability

generally leads to higher respiration. Root N concentra-

tion is significantly correlated with root respiration, such

that seedlings with higher root N concentrations had
higher rates of specific root respiration (Griffin et al.,

1997).
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Various plants respond differently to elevated CO2 con-

centrations. Annual fine root respiration of Pinus taeda

decreased by 17% and that of Liquidambar styraciflua

increased by 86%, although both tree species grew at simi-

lar CO2 concentrations (George et al., 2003). The root

respiration rate of Pinus taeda and Pinus ponderosa was
similar at ambient CO2, but the former was significantly

higher than the latter when measured at 700 mmol/mol

CO2 (Griffin et al., 1997). The root biomass of Lindera

benzoin significantly increased after exposure to

700 mmol/mol CO2 for six growing seasons.When respira-

tion was expressed per unit of dried weight of roots, no

significant difference was observed between the ambient

and elevated CO2 systems. However, when these values
were expressed in terms of per unit of soil, a significant

increase was observed in root respiration in samples from

field chambers exposed to elevated CO2 concentrations.

This resulted from a 30% increase in the dry weight of

roots present in field chambers exposed to elevated CO2

concentrations (Ball et al. 2000).

3.2 Effects of elevated CO2 on microbial respiration

Since the CO2 concentration in the soil is already signifi-

cantly higher than in the atmosphere, it is unlikely that

increasing atmospheric CO2 will directly affect rhizo-

sphere microflora. On the other hand, the increase of total

rhizodeposition and the change of composition of rhizo-

sphere-releasedmaterial will have the potential to alter the

microbial community structure and the activities of rhizo-
sphere microorganisms (Schortemeyer et al., 1996). Soil

carbon from root exudation or dead root tissues will

change after exposure to elevated CO2 concentrations,

i.e., the carbon source or energy for microbial decomposi-

tion will change. Microbial respiration in forest soils may

increase, decrease or show no significant change under

elevated CO2 concentrations (Zak et al., 1993; Johnson

et al., 1994; Ball et al., 2000; Lin et al., 2001). Elevated
CO2 concentrations generally increase root exudation and

below-ground carbon distributions (Cheng 1999; Wiliams

et al. 2000), which can stimulate soil microbial respiration.

Soil microbial respiration of Lindera benzoin per unit area

increased after exposure to 700 mmol/mol CO2 for six

growing seasons (Ball et al., 2000). However, it did not

change significantly for Pinus ponderosa (Johnson et al.,

1994). Of course, soil microbial respiration shows a
decrease in some studies under elevated CO2 concentra-

tions. Soil microorganisms prefer easily decomposable

root-derived material (Schortemeyer et al., 1996). The

increased allocation of labile C to soil can serve as a sub-

strate for microbes, thus reducing the reliance of microbial

respiration on C from soil organic matter which, as a

consequence, leads to reduced organic soil matter oxida-

tion (Cheng, 1999; Lin et al., 2001).
In fact, rhizosphere respiration measured in the

field includes part of microbial decomposition of root

exudation. Therefore, it is very complicated to estimate

accurately the contribution of microbial respiration to

total soil respiration. One reason is that the effect of

elevated CO2 levels on soil microbial respiration is

indirect. Another major reason is that there are many

potential uncertainties, deriving from many dynamic

factors, such as CO2 exposure duration, the status of

the ingrowth of roots, amount of root exudation and

stage of root development. Soil microbial parameters

include the number of microbes, microbial biomass,

microbial activity, specific microbial population etc.

(Sadowsky and Schortemeyer, 1997). The changes of

these parameters may or may not be related to micro-

bial respiration.

The microbial respiration of Populus tremuloides,

Betula papyrifera and Acer saccharum increased by 29%
after exposure to 560 mmol/mol CO2 for a period of three

years. There is no significant difference in microbial res-

piration among tree species. Elevated CO2 concentrations

changed microbial community structures and increased

microbial activity but did not affect microbial biomass

(Phillips et al., 2002). Zak et al. (2003) also reported sim-

ilar results during their investigation of nutrition cycles in

FACE. The microbial respiration of seven tropical plants

(Elettaria cardamomum, Ficus benjamina, F. Pumila,

Heliconia humilis, Ctenanthe lubbersiana, Cecropia peltata

and Epipremnum pinnatum) increased by 19% after a 530-

day exposure to 610 mmol/mol CO2, but microbial

biomass did not show significant changes, although the

number of bacteria and the microbial biomass C/N ratio

increased significantly (Insam et al., 1999). In their sum-

mary Zak et al. (2000) concluded that the relative change

in microbial biomass below woody plants ranged from a

52% decline to a 121% increase, whereas the extent to

which microbial respiration was stimulated under ele-

vated CO2 levels ranged from a 4% decline to a 72%
increase. There is no significant relationship between

microbial biomass and microbial respiration, although

microbial biomass is the most active and labile ingredient

in soils. The uncertainty of microbial respiration is largely

the result of the difference in response of plants to elevated

CO2 concentrations and their litters.

4 Factors affecting soil respiration

The response of root/rhizosphere respiration to various

environmental factors is different from that of microbial

respiration. Among these, soil temperature is a major fac-

tor to affect the root/rhizosphere respiration. Respiration

of fine roots is more temperature sensitive than that of

coarse roots (Widén and Majdi, 2001). Also, evidence of

a clear seasonal trend of root/rhizosphere respiration and

total soil respiration suggests a significant effect of soil

temperature on root/rhizosphere respiration (Edwards
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and Norby, 1999; Lin et al., 1999; Widén andMajdi, 2001;

Jiang et al., 2005). Elevated CO2 concentrations must

cause an increase in temperature. In most simulated

experiments without temperature control, the increase in

magnitude of air temperature is not consistent. It is still

very difficult to quantify the temperature effect caused by

elevated CO2 concentrations in facilities with cooler tem-

peratures. Therefore, we cannot evaluate accurately the

effect of temperature on root or microbial respiration in

FACE or open top chamber (OTC). Lin et al. (1999)

applied a stable isotopic approach to investigate the

impact of elevated CO2 concentrations (+200 mmol/mol

CO2) and increased temperature (+4uC) on different com-

ponents of soil respiration in Douglas-fir. The oxidation

of soil organic matter was only stimulated by increasing

temperature. Release of newly fixed carbon as root res-

piration was the most responsive to elevated CO2 concen-

trations. Both elevated CO2 concentrations and increased

temperature stimulated rhizosphere respiration.

Soil water is another important factor affecting root/

rhizosphere respiration and microbial respiration.

Elevated CO2 concentrations decrease transpiration of

the canopy and increase the efficiency of water use by

plants, which indirectly decreases soil water stress and

increases carbon input as metabolic substrates of microbe

(Owensby et al., 1993; Field et al., 1995). Rice et al. (1994)

reported that soil microbial activity was strongly corre-

lated with the amount of soil water under elevated CO2

concentrations. At present no special studies on the effects

of soil moisture on root/rhizosphere respiration and

microbial respiration under elevated CO2 concentrations

are in progress. The changes in physiological and bio-

chemical functions of above-ground parts will affect water

absorption and utilization of root systems. The changes in

the amount of soil water will further lead to changes in

species and amounts of microorganisms. Therefore, soil

water can indirectly affect root/rhizosphere respiration or

microbial respiration. The response pattern of root/rhizo-

sphere respiration and microbial respiration to soil water

is not clear.

There are many other environmental factors affecting

soil respiration and its components. Relatively high CO2

concentrations in the soil/atmosphere interface affect soil

respiration by changing the diffusion rate of CO2 from soil

to atmosphere (Zhou et al., 2006). Length of CO2 expo-

sure is also an important factor, potentially affecting root/

rhizosphere respiration and microbial respiration. Recent

studies have shown an initial increased effect with CO2

treatment on soil respiration (Thomas et al., 2000;

Niinistö et al., 2004). To date, most studies, reporting

stimulation of soil respiration under elevated CO2 concen-

trations have been of relatively short duration, less than

three years. Much longer observation periods are neces-

sary to determine if initial responses to elevated CO2

decline (King et al., 2004).

5 Suggestions

1) The dynamic response process of root systems to

elevated CO2 concentrations directly affects substrates

of microbial decomposition and microbial activity so that

long-term research is essential.

2) The response mechanism of root/rhizosphere respira-

tion and microbial respiration to elevated CO2 concentra-

tions is still not clear. Future investigations should

emphasize the interaction of soil enzymes closely related

to soil respiration, structure and function of microbial

communities, root morphology and nutritional dynamics.

3) Photosynthesis of the canopy will directly or indir-

ectly affect root/rhizosphere respiration and microbial

respiration with a long-term exposure to elevated CO2

concentrations. Therefore, the carbon input from above-

ground part should be considered when partitioning the

contribution of root/rhizosphere and microbial respira-

tion to total soil respiration.
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