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Abstract

The carbon (C) isotopic composition of soil microbial biomass (SMB) was measured in litter-amended and control plots located

at three different elevations (280–2210 m, sea level) during the decomposition of plant litter (Vicia villosa) added to upland soils in

southwest China. Fourteen months around the addition of litter, soil microbial biomass carbon (SMBC) was followed during

experiments. Results showed that SMBC was significantly higher in the litter-amended plots than the controls at the two lowest but

not the highest elevation and there was no corresponding difference in microbial d13C values at the same time. However, microbial

d13C values at the two lowest sites were significantly higher in the litter-amended plots immediately following the peak of microbial

C. The d13C value of SMBC in litter-amended plot was higher than that in control plot, indicating that the degree of microbial

decomposition and quality of plant litter will effect on shift of d13C values of SMBC, which may be mainly caused by microbial

selective utilization of organic compounds. The sequence of magnitude of d13C value of SMBC was consistent with that of soil

organic carbon (SOC) among three experiment sites, indicating that the d13C value of SMBC reflects gross changes in the d13C

value of SOC in the corresponding samples.
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1. Introduction

Most soil organic matter is derived from plant litter,

hence the 13C/12C ratio of the litter has a direct impact

on the 13C content of soil organic matter (Van Kessel

et al., 1994). All plant litter carbon (C) passes through

the soil microbial biomass (SMB), at least once, as it is

transferred from fresh litter to soil organic matter. The

litter decomposition rates were controlled by climate,

litter quality and soil organism (Smith and Bradford,

2003). Although soil microbial biomass comprises
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<5% of soil organic matter, it performs critical

functions in soil and environment (Dalal, 1998). 13C

measurements and fumigation–extraction methods can

be used to investigate soil microbial biomass turnover

(Ryan and Aravena, 1994), but the shift in isotopic

composition of soil organic matter during aerobic

microbial degradation (�3.7 to +1.4 parts per thousand,

%) (Šantrůčková et al., 2000) could seriously confound

interpretations.

There are differing opinions regarding the origin of

the shift in the isotopic composition of organic matter

during microbial decomposition, a large fractionation

against 13C during microbial decomposition of added

organic material (Blair et al., 1985), and during

microbial-mediated respiration and decomposition of

soil organic matter can enrich soils with 13C (Smejkal
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et al., 1971; Stout et al., 1981; Macko and Estep, 1984).

Since decomposition is a microbially mediated pro-

cess, a discrimination against 13C during plant litter

decomposition could result in an increase in the d13C

value of the soil with depth (Conteh et al., 1997). Other

studies have concluded, however, that discrimination

against heavier C isotopes by microbes during decom-

position is negligible, amounting to 0.5% or less

(Campbell et al., 1967; Monson and Hayes, 1982), and

that no strong 13C discrimination during microbial

respiration occurred when simple substrates were

decomposed (Ekblad et al., 2002). The shifts in isotopic

signature at advanced stages of litter decomposition are

not due to differential loss of constituent C fractions or

to fractionations during microbial transformation, but

rather to mixing of external C with original litter C,

presumably via fungal hyphae or microbial populations

(Wedin et al., 1995). The shift of C isotopic composition

could also be the result of the temperature-dependent

shift in the active microbial community causing a shift

in the C pool being mineralized (Andrews et al., 2000).

The decomposition of organic matter is a key process

in soil ecosystem functioning, for which stoichiometric

relations between plant litter and consumers play

important role (Hessen et al., 2004). In this paper, we

present a field experiment in which plant litter contained

relatively higher nitrogen (N) concentration was added

to upland soils located at three different elevations. We

tested the hypothesis that changes of soil microbial C

concentrations and d13C values in microbial biomass

responded differently to time since addition of plant

litter to the soils because of different litter quality and

temperature in both litter-amended and control plots at

each site.

2. Materials and methods

2.1. The study site

Three terrace fields on slopes at different elevations

above sea level were chosen as experimental sites

(Table 1). The sites were in mountainous terrain and in a
Table 1

Description of the three experimental sites and soils in Guizhou province

Location Position Sea level

elevation

(m)

Annual average

air temperature

(8C)

A

p

(m

Xiaohai 268560N, 1048100E 2210 10.4 1

Jinzhu 268300N, 1068390E 1140 14.3 1

Bakai 258490N, 1088300E 280 18.1 1
transition zone from lowland to hills in the eastern part

of the Yunnan–Guizhou Plateau, southwest China. The

field plots were approximately 200 m2 in area and were

divided in two sections, one as a litter-amended, the

other as an unamended reference plot at each elevation

site. Experimental plant litter was Vicia villosa, a

legume. Generally, V. villosa was planted at autumn and

was incorporated into soil as a fertilizer at spring of the

next year in southwest China. In this experiment plant

litter was added on 6 April at Xiaohai, 9 April at Jinzhu

and 12 April 2001 at Bakai. Chopped litter of V. villosa

was added in each experimental plot at 5-cm depth

(5 kg litter m�2). The plant seed came from the highest

elevation site, but grown in areas adjacent each

experimental plot at autumn ahead because plant

d13C values increased with elevation. All plots were

regularly cleared of weeds and black fallow after

addition of litter. The d13C values and N concentrations

of amended litter, weeds, and some of the vegetable and

crop plants rotated before experiment are given in

Table 2. We sampled the soil 11 times at Xiaohai, 14

times at Jinzhu and 13 times at Bakai during the study,

which lasted from 5 January 2001 to 25 February 2002.

At each sampling time, three 5-cm diameter cores were

taken randomly, extending from the surface to 10-cm

depth from each litter-amended and control plot.

Visible plant fragments and stones (>2 mm) were

removed and the soil was mixed for determining

microbial biomass C, and then air-dried for determin-

ing soil organic C, etc.

2.2. Laboratory analysis

We acidified the air-dried soil samples to remove any

residual CaCO3 before analysis of soil organic C

isotopic composition (Bashkin and Binkley, 1998). The

soil samples were then oven-dried at 60 8C to constant

mass and ground. Total N and organic C were

determined with a CHNS autoanalyser (PE 2400-ll).

Microbial biomass C was determined on field-moist

samples in duplicate by the chloroform fumigation–

extraction technique (Voroney et al., 1993). Briefly, 25 g
of southwest China

nnual

recipitation

m)

Organic

C (g kg�1)

d13C of soil

organic

C (%)

Total N

(g kg�1)

Clay

(%)

028 21.5 �23.9 2.4 28

122 17.0 �22.5 1.7 61

200 13.5 �24.0 2.3 42
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Fig. 1. The changes of carbon concentrations in soil microbial

biomass (SMB) in litter-amended and control plots during experi-

ments (1) control and (2) litter-amended.

Table 2

The average d13C values and N concentration of plant materials

Plants d13C (%) N (%)

Xiaohai

Green manure �27.5 4.1

Maize �11.4

Weeds �26.3 2.9

Potato (stem) �27.0 0.8

Jinzhu

Green manure �27.8 3.8

Maize �11.4

Weeds �28.9 2.0

Sweet potato �27.4 1.0

Bakai

Green manure �30.4 4.4

Maize �11.4

Rape �30.4 1.0

Chinese cabbage �30.8 3.8

Radish �30.6 3.1

Sweet potato �28.1 0.8
soil was fumigated 24 h at 25 8C and subsequently

extracted with 100 ml 0.5 M K2SO4 for 1 h. The

unfumigated control soil was extracted in the same

manner. Organic C in the extracts was measured by

dichromate oxidation and microbial biomass C was

calculated according to Voroney et al. (1993). The

remaining parallel extracts were combined and dried at

60 8C. The d13C values of dry extracts, some of which

were compared to freeze-dried extracts and plant

samples were measured by combustion of approxi-

mately 2 mg C mixed with CuO (1:50) at 550 8C in the

vacuum–combustion system for 12 h (at 850 8C 2 h for

soil samples). Carbon dioxide (CO2) generated in the

combustion tubes was separated by cryogenic distilla-

tion, collected in breakseals and analyzed on a mass

spectrometer (MAT 252 Finnigan, Bremen, Germany).

The data are expressed relative to the international

standard PDB (as d13C%).

The d13C of the microbial biomass was estimated as

the d13C in the extract from the fumigated sample in

excess of that extracted from the control sample. That is

(Ryan and Aravena, 1994)

d13C ¼ d13CFUM � CFUM � d13CCONT � CCONT

CFUM � CCONT

(1)

where CFUM and CCONT were the amounts of C

extracted from the fumigated and unfumigated control

samples, respectively, and d13CFUM and d13CCONT

represented the 13C composition of the fumigated and

control extracts, respectively.
2.3. Statistical analysis

Twenty percentage of all extracts measured in

duplicate for C isotope composition, others in single,

and the standard deviation of the duplicates did not

exceed 0.2%. Differences between mean values of d13C

and microbial C concentrations for locations, treatments

and time were tested for their significance by using

linear regression and variance analysis at P = 0.05.

3. Results

3.1. Response of soil microbial biomass C (SMBC)

after addition of plant litter

An increase in microbial biomass C concentration

after the addition of litter was faster at Bakai and Jinzhu

sites than at the high-elevation Xiaohai site (Fig. 1). At

Bakai the largest difference in microbial C between the

litter-amended and control plots occurred on 28 May

2001, 47 days after the addition of litter. At Jinzhu the
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Table 3

Average carbon concentration and d13C values of soil microbial biomass (mean � S.D.) over whole experimental period of 14 months

SMB (mg C g�1) d13C (%)

Site Xiaohai Jinzhu Bakai Xiaohai Jinzhu Bakai

Sampling number 11 14 13 11 14 13

Control site 180.9 � 46.3 400.2 � 52.7 436.8 � 56.5 �23.1 � 0.5 �22.8 � 0.5 �24.0 � 0.4

Amended site 213.7 � 52.1 451.3 � 85.1 462.8 � 62.9 �23.0 � 0.5 �22.5 � 0.5 �23.9 � 0.4

Paired t-test NS NS NS NS NS NS

NS, not significant.
peak in SMB carbon occurred on 30 May 2001, 51 days

after the addition of litter, but at Xiaohai the peak did

not occur until 12 June 2001, 96 days after the addition

(Fig. 1). The average concentration of soil microbial

biomass C during the cause of the experiment was

highest at Bakai, followed by Jinzhu and lowest at

Xiaohai in both the litter-amended and control plots

(Table 3). The mean concentrations of SMBC in the

litter-amended and control plots at each site did not

differ significantly only the whole experimental period

(Table 3). However, microbial C concentrations differed

between the litter-amended and control plots at the

Bakai and Jinzhu sites at the three consecutive sampling

dates following amendment with the highest concen-

tration of SMB carbon (Table 4). Differences between

the three subsequent sampling dates were not significant

(Table 5).

3.2. Carbon isotope composition of microbial

biomass after addition of plant litter

The average d13C value of the microbial biomass

calculated from all sampling periods did not differ

significantly between the litter-amended and control

plots at any of the sites (Table 3) ‘‘NS’’. Their average

values followed the order: Jinzhu > Xiaohai > Bakai

(Table 3), which is similar to the order of d13C values in

the whole soils (Table 1). Concentrations of carbon in

SMB following the addition of litter increased at the
Table 4

Carbon concentrations and d13C values of soil microbial biomass at the three

of plant litter (mean � S.D.)

SMB (mg C g�1)

Xiaohaia Jinzhub Bakaic

Number 3 3 3

Control site 170.1 � 13.5 401.8 � 20.6 448.4 �
Amended site 233.1 � 51.5 516.5 � 43.1 528.3 �
Paired t-test NS P < 0.05 P < 0.01

a Sampling time: 6.15, 7.12, 8.24 (month day, 2001).
b Sampling time: 5.19, 5.30, 6.20 (month day, 2001).
c Sampling time: 5.5, 5.28, 6.25 (month day, 2001).
Jinzhu and Bakai sites but there was no corresponding

increase in microbial d13C values at the same time

(Fig. 2, Table 4). However, in the subsequent months

significant differences in microbial d13C values

between the litter-amended and control plots occurred

at Jinzhu and Bakai despite that the differences in

SMBC found previously were not present any longer

(Fig. 2, Table 5).

4. Discussion

It was apparent that the plant d13C values increased

with elevation (Table 2). Plant litter using this study was

legume, which could cause the litter-amended plot to

differ from the control plot for the quantity and nitrogen

concentration of litter incorporated into soil at each site.

The microbial biomass C concentrations were higher

when plant litter was incorporated into the experiment

plot (Fig. 1, Table 4). The increases of microbial

biomass C with decreasing elevation at our sites (Fig. 1,

Table 3) could be ascribed to greater inputs of plant

litter, and to higher air temperature, with decreasing

elevation, which is similar to our previous results (Piao

et al., 2000, 2001).

The average microbial d13C values over the

experimental period that showed the same site

differences (Jinzhu > Xiaohai > Bakai) as those of

the whole soil d13C values (Tables 1 and 3) although not

significant are in accordance with Šantrůčková et al.
sampling dates with the highest concentration of SMBC after addition

d13C (%)

Xiaohaia Jinzhub Bakaic

3 3 3

14.0 �22.7 � 0.3 �22.6 � 0.2 �24.4 � 0.4

18.6 �22.9 � 0.3 �22.5 � 0.2 �24.3 � 0.3

NS NS NS
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Table 5

Concentrations and d13C values of soil microbial biomass carbon (SMBC) calculated at the three sampling dates following the litter-induced increase

in SMBC (mean � S.D.)

SMB (mg C g�1) d13C (%)

Site Xiaohaia Jinzhub Bakaic Xiaohaia Jinzhub Bakaic

Sampling number 3 3 3 3 3 3

Control site 234.9 � 17.2 378.7 � 52.6 489.8 � 51.6 �23.0 � 0.6 �23.0 � 0.1 �24.2 � 0.2

Amended site 222.6 � 23.5 489.2 � 22.0 477.9 � 44.7 �22.5 � 0.2 �22.3 � 0.2 �23.7 � 0.1

Paired t-test NS NS NS NS P < 0.05 P < 0.05

a Sampling time: 10.12, 10.28, 12.12 (month day, 2001).
b Sampling time: 7.21, 8.2, 8.26 (month day, 2001).
c Sampling time: 7.19, 8.29, 10.16 (month day, 2001).
(2000) that found a significant relationship between

d13C of microbial biomass and that of soil organic C

(r = 0.959, n = 21). However, Bird et al. (2002)

indicated that there is no relation between the d13C

value of soil organic carbon (SOC) and the d13C value

of microbial biomass. Although the d13C values of plant

litter and weeds increased with increasing elevation

(Table 2), the sequence of microbial d13C values

differed from that of microbial C concentrations
Fig. 2. The changes of d13C values of soil microbial biomass (SMB)

in litter-amended and control plots during experiments (1) control and

(2) litter-amended.
(Table 3). This may reflect greater past inputs of C4-

crop residues, which were grown before this experiment

began, because the productivity of maize was higher at

Jinzhu than at both Xiaohai and Bakai sites (Piao et al.,

2001).

The d13C values of plant litter should not remain

constant during decomposition if the chemical fractions

of plant tissue differ in d13C values and decay at

different rates (Berg et al., 1993). Any synthetic or

degradative process has the potential for leaving an

isotopic fingerprint on the newly created compounds

(Blair et al., 1985). By mass balance considerations, if

one product becomes depleted in the heavier C isotope,

the other product must be enriched in that isotope (Blair

et al., 1985). Therefore, a shift of the C isotope

composition of plant litter towards increasing d13C

values during microbial decomposition would be

caused by 13C discrimination or by selective utilization

of organic compounds with a light C isotope. When

averaged over the whole experimental period, d13C

values of SMBC in the litter-amended plots relative to

those of the original plant litter, were 4.4% greater at

Xiaohai, 5.0% at Jinzhu and 6.4% at the Bakai site,

calculated from Tables 2 and 5. If this d13C enrichment

was caused by only discrimination or selective

utilization, the d13C values of SMBC in both litter-

amended and control plots at each experimental site

should be equal. The experimental results showed,

therefore, that the shift of carbon isotope composition of

microbial biomass towards increasing d13C values were

mainly caused by microbial selective utilization. The

microbial population uses compounds preferentially,

such as cellulose, starch and protein that have larger

d13C values than the average of organic carbon in the

soil (Bird et al., 2002).

Plant litter quality controls decomposition and

mineralization by direct effects on the microbes

(Bending et al., 1998). Carbon availability determines

the growth of soil microbial biomass in arable soil, and
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this biomass controls, in turn, the immobilization and

release of mineral nitrogen (Van Veen et al., 1984).

Because large amounts of labile C are required to drive

N immobilization (Aber, 1992), immobilization should

have been greatest at the beginning of our decomposi-

tion experiment. Recent results from an incubation

experiment where ryegrass litter were applied also

suggest that N immobilization is more sensitive than N

mineralization to low temperatures (3–15 8C) (Ander-

sen and Jensen, 2001), However, neither of these

factors led to significant differences in the microbial

d13C values in the litter-amended and control plots at

any of our sites during the early studies of the

experiment (Fig. 2, Table 4). Macko and Estep

(1984) found that when microorganisms were grown

on glycine and NO3
�–N, the d13C of the cell was 6–9%

heavier than that of the substrate. In a complex medium,

biomass enriched in d13C could result from the

selective assimilation of isotopically enriched C in

amino acids. In our experiment, the d13C values of

SMBC differed significantly at the time of immediately

following the peak of microbial C between the litter-

amended and control plots at the Jinzhu and Bakai sites,

even though the concentrations of SMBC in the litter-

amended plots did not differ from those in the control

plots (Table 5). Those phenomena should be explained

by the feature of the decomposition system: the

decomposers start with a material rich in C and hence

N limited, but as the substrate is used, C becomes

limiting, the decomposers have higher N:C ratios

(Sterner and Elser, 2002), and can, then, release N and

other nutrients and make them available for uptake by

plants again, such cycles cause the consequence that

soils are relatively rich in N than C relative to plants

(Hessen et al., 2004). During the initial phase of the

litter decomposition evolved CO2 was significantly

enriched in new C compared with the total organic C in

the soil (Hagedorn et al., 2004), and the higher carbon

concentrations in microbial biomass in litter-amended

plots should ascribe to the addition of new litter, but the

d13C values of SMBC in litter-amended plots were

similar to control plots at that time (Table 4), implying

that there was significant biological selective utiliza-

tion by microorganisms. N concentration increased

with the plant litter decomposition processing (Moro

and Domingo, 2000), resulting in the shift of carbon

isotope composition in microbial biomass toward

increasing d13C values in litter-amended plots

(Table 5). These results clearly suggest that the shift

of d13C values in microbial C depended on the degree of

litter decomposition and should be related to nitrogen

concentration in litter.
5. Conclusions

Because the isotopic composition of the plant litter in

both litter-amended and control plot was similar at our

different sites, we conclude that the observed differ-

ences between the isotopic composition of the microbial

biomass and soil organic matter must be due to

differences that arise from the decomposition process.

The shift in the d13C values in microbial biomass due to

plant litter addition at all these upland sites was only

short-term and the d13C values of bulk soil organic

matter hence seems to be determined by the 13C content

of microbial biomass in the long-term.
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