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Abstract

In the present study, ‘natural 13C tracer method’ was used to partition the belowground respiration into rhizosphere
respiration and soil microbial respiration to test the hypothesis that defoliation affects rhizosphere respiration
and rhizosphere priming effect on decomposition of soil organic matter (SOM). A C3 plant species, Helianthus
annuus (sunflower), was grown in ‘C4’ soil in microcosms so that the CO2 evolved from plant-soil system can be
partitioned. Four levels of defoliation intensities were established by manual clipping. CO2 evolved from plant-soil
system was trapped during 0–4 h after defoliation (HAD), 5–22 HAD and 23–46 HAD using a closed circulating
system, respectively. We found that both rhizosphere respiration and soil microbial respiration of the clipped plants
were either unchanged or significantly enhanced compared to unclipped plants at 45% defoliation level during
all sampling intervals. Soil microbial respiration increased significantly at all defoliation levels during 0–4 HAD,
however, both rhizosphere respiration and soil microbial respiration decreased significantly during 5–22 HAD or
23–46 HAD when 20% or 74 clearly demonstrated that the defoliation treatments modified the rhizosphere priming
effect on SOM decomposition. The total cumulative rhizosphere priming effects on SOM decomposition during
0–46 HAD were 146%, 241%, 204% and 205% when 0%, 20%, 45% and <74%.

Introduction

Most plants lose part of their tissues (e.g., leaves,
stems, roots, flowers, or seeds) because of herbivory
during their life cycles (Crawley, 1983; Reichman and
Smith, 1991). In general, about 10% of terrestrial
plant production is consumed by herbivores (Moore,
1995). Plant-herbivory interactions have been stud-
ied using two common approaches: animal grazing
(e.g., insect or mammal) and manual clipping. Most
studies have indicated that both animal grazing and
manual clipping produce the same effects on plant re-
sponses (Johansson, 1993; Donaghy and Fulkerson,
1998; Lawson et al., 2000; Paterson and Sim, 2000;
Slack et al., 2000), except that a few have considered
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the impacts of animal grazing on plants to be different
from manual clipping (Dyer, 1982, 1991).

A variety of plant growth responses to herbivory
have been reported, ranging from a high degree of
damage to growth overcompensation (Quinn and Hall,
1992; Belsky, 1986). The direct impacts of herb-
ivory on plants may include changes in growth rate,
biomass production, and plant height (Louda et al.,
1990). Indirect impacts may include changes in root:
shoot ratios (Vranjic and Gullan, 1990; Guitian and
Bardgett, 2000), altered photosynthetic activity (Har-
rison and Maron, 1995) and levels of chemical defense
(Karban and Niiho, 1995). Plant-herbivory interac-
tions are heavily dependent on the degree (frequency
and intensity) of herbivory, plant phenology or pat-
tern of tissue loss, presence of competitors, history
of herbivory, and the environmental conditions (nu-
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trient level and water stress) that affect plant growth
and the ability of plants to compensate or tolerate
herbivorous attack (Bryant et al., 1983; Belsky, 1986,
1987; McNaughton, 1986; Anderson, 1987; Maschin-
ski and Whitham, 1989; Doak, 1992; Marquis, 1992;
Mauricio et al., 1993; Guitian and Bardgett, 2000;
Fu et al., 2001). Most studies have focused on the
aboveground responses of the plants to herbivory. Be-
lowground responses to aboveground herbivory have
received limited attention (Holland, 1995; Donaghy
and Fulkerson, 1998; Paterson and Sim, 2000; Bard-
gett et al., 2001; Hamilton and Frank, 2001). Root
exudation, soil microbial biomass and soil respiration
were increased under defoliation of the plants in a
few cases (Holland, 1995; Paterson and Sim, 2000;
Hamilton and Frank, 2001). Timing and frequency of
defoliation are found very important for maintaining
a more active root system (Donaghy and Fulkerson,
1998). However, little information is available on the
responses of rhizosphere respiration and SOM de-
composition to defoliation (Robinson and Scrimgeour,
1995).

The rhizosphere is one of the ‘hot spots’ where
soil biota aggregate and resources are more abund-
ant with a faster mass and energy transformation
(Beare et al., 1995; Coleman and Crossley, 1996).
Through rhizosphere processes, many important as-
pects of plant-soil interactions are mediated (Uren and
Reisennauer, 1988; Sallih and Bottner, 1988; Cheng
and Coleman, 1990; Baker, 1991; Yeates et al., 1998;
Fu and Cheng, 2002). The objective of this study was
to test the hypothesis that defoliation affects rhizo-
sphere respiration and rhizosphere priming effects on
SOM decomposition.

Materials and methods

Soil

The soil was obtained from Konza Prairie, Kansa,
USA, where C4 grasses dominated, and it was then
defined as ‘C4 soil’ in the present study. ‘C4 soil’ had
a δ13C of −14.6�, C and N contents of 20 g kg−1 and
1.9 g kg−1, and a pH of 7.1. The soil was homogenized
through a 4-mm mesh sieve before use.

Plant-soil system

A C3 plant, sunflower (Helianthus annuus), was
grown in each PVC (polyvinyl chloride) pot (10 cm
in diameter, 20 cm in height, capped bottom, with air

outlet tubing at the bottom) filled with one kg of Kan-
sas ‘C4 soil’. Soil moisture was adjusted to 250 g kg−1

(ca. 90% of WHC) prior to planting. Planting was con-
ducted on June 15, 2001 with multiple seeds but only
one plant in each pot was kept for later measurements.
The ‘no-plant’ controls for ‘C4 soil’ were set in the
same way without plants.

Soil moisture in each pot was maintained at
250 g kg−1 by weighing the pots frequently. Daily wa-
ter loss and need were calculated and water was added
to each pot to maintain the moisture. This experiment
was conducted in a greenhouse where photoperiod
was set as 14 h with supplement lighting as needed
during the period of plant growth. Temperature was
maintained at 22 ◦C to 25 ◦C, relative humidity was
maintained at 45% during the day and 75% during the
night.

Sampling and measurements

Sampling was conducted from September 20 to 22,
2001 when plants were healthy and were in flower-
ing stage. There were four replicated pots for each
treatment. Sampling included CO2 trapping, clipping
treatment, plant biomass harvesting and soil collec-
tion.

For CO2 trapping, two pieces of half-circle
Plexiglas sheets connected with Tygon tubing (3.2 mm
I.D.) were placed and fitted around the plant base and
taped together. Low melting point paraffin wax was
melted and poured on the top of the Plexiglas sheets to
seal the top of the PVC pot. The Tygon tubing con-
nected to the plexiglas sheet served as the air inlet
during CO2 trapping. Each pot was tested for pos-
sible air leaks by pumping air into the pot through
the air inlet and submerging the air outlet tubing into
water. The CO2 accumulated in the PVC pot was com-
pletely flushed out by pumping before the start of the
CO2 trapping. Then, all CO2 evolved from the plant-
soil system were trapped for 20 min at a 4-h interval
with a closed circulating system (Cheng, 1996; Fu and
Cheng, 2002). The closed circulating system consisted
of three major components: plant-soil system, CO2
absorber, and an airflow controlling and pressure relief
set. All gases (including CO2) evolved from the plant-
soil system were pumped through a CO2 trap (50 mL
of 0.5 N NaOH solution in a plastic bottle). No CO2
was detected with an infrared gas analyzer (commonly
called IRGA) after all gases traveled through the CO2
trap. The rest of the gases passed through a needle
valve, a flow meter and a Mylar balloon (filled with
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Table 1. Defoliation intensity based on leaf mass loss (%)

Intensity Leaf mass loss of the replicates (%) Mean ± S.E (%)

Low 20 17 21 22 20 ± 1

Medium 43 44 43 48 45 ± 1

High 72 70 75 78 74 ± 2

CO2-free air, served as a pressure relief and oxygen
source), and was brought back to the plant-soil system.
Possible air contamination during the trapping process
was corrected by using some blank CO2 traps with the
same set-ups but bypassing the plant-soil system. The
CO2 traps were brought back to laboratory and the
inorganic C content of a sub-sample of the solution
was measured with a TOC analyzer (Shimadzu TOC-
5050A). Another sub-sample was used to form the
SrCO3 precipitate with SrCl2, excess SrCl2 was added
to insure a complete precipitation of the carbonate.
The SrCO3 precipitate was washed with de-ionized
water until its pH was 7 to minimize the air contamin-
ation to the sample (preventing further absorption of
air CO2) and then dried in an oven (Harris, 1997).
CO2 trapping was conducted during three periods after
defoliation: 0–4 (11 a.m. to 3 p.m. on 09/20), 5–22
(3 p.m. 09/20 to 9 a.m. 09/21), and 23–46 (9 a.m.
09/21 to 8 a.m. 09/22) hours after defoliation (HAD).

Clipping treatment was done immediately after
the plant-soil systems were sealed with paraffin but
right before CO2 trapping. Since timing and intens-
ity of defoliation had been found to be critical for
the responses of root system, root exudation and soil
microbial biomass to defoliation (Holland, 1995; Don-
aghy and Fulkerson, 1998; Paterson and Sim, 2000;
Hamilton and Frank, 2001), the responses of rhizo-
sphere respiration and decomposition of SOM to defo-
liation were then investigated during different intervals
after defoliation and under various intensities of the
defoliation.

To establish a gradient of defoliation intensity, the
tips of all leaves of each sunflower plant were clipped
with scissors. The area of the leaf tip to be clipped was
estimated according to specific intensities. A hypo-
thetical gradient of 0%, 20%, 50%, 80% of leaf mass
loss was attempted but the real gradient 0%, 20 ± 1%,
45 ± 1% and 74 ± 2% of leaf mass loss was estab-
lished based on the weights of the oven-dry leaves
harvested (Table 1). The whole clipping procedure was
completed in less than 15 min.

Immediately after the third trapping, plant mate-
rials were harvested and categorized into shoots and
root. Plant roots were washed with de-ionized water
and collected in brown paper bags, and dried in an
oven at 70 ◦C. One composite soil sample was taken
from each PVC pot and a sub-sample was dried in
an oven at 105 ◦C. All oven-dried materials (SrCO3
precipitate, plant roots and soils) were ground with
a SPEX mill (Certiprep 8000), and their δ13C values
were measured with a PDZ Europa (Cheshire, UK)
‘Hydra 20–20’ continuous flow isotope ratio mass
spectrometer. The samples were combusted at 1000 ◦C
and the combustion products (N2 and CO2) fed into
the IRMS via a chromatography column which separ-
ated N2 and CO2. The isotope ratios were compared
to those of reference gas injections.

Calculation and statistics analysis

In our study, the ‘natural 13C tracer method’ was used
to partition the belowground respiration into rhizo-
sphere respiration and soil microbial respiration (Fu
and Cheng, 2002). When growing a C3 plant in a
‘C4 soil’, the carbon derived from C3 plant and from
‘C4 soil’ will have a different δ13C value and plant
derived CO2-C can be partitioned using a two end-
member mixing model: C3 = Ct (δt − δ4)/(δ3 − δ4)
(Cerri et al., 1985; Cheng, 1996). In the equation,
C3 is the amount of ‘root-derived CO2-C’ (derived
from both C3 plant roots and rhizosphere microbes
who decompose root-associated materials), C4 is the
amount of ‘soil-derived CO2-C’ (derived from micro-
bial decomposition of SOM in ‘C4 soil’), Ct is the
total CO2-C from soil respiration which is the sum
of ‘root-derived CO2-C’ and ‘soil-derived CO2-C’ (or
Ct = C3+C4), δt is the δ13C value of Ct, δ3 is the δ13C
value of the ‘root-derived CO2-C’ and δ4 is the δ13C
value of the ‘soil-derived CO2-C. δ13C value of plant
roots was used for δ3 here since Cheng (1996) found
that total rhizosphere CO2 has the same δ13C value
as that of plant roots, i.e. isotope fractionation does
not occur during rhizosphere respiration. δ4 referred to
δ13C value of CO2 evolved from control soil without
plant. Although CO2 evolved from each plant-soil sys-
tem was partitioned using δ13C values from individual
plant-soil system, only the mean δ13C values of the
plant-soil systems, of plant roots and of SOM were
summarized (Table 2). For a specific defoliation in-
tensity, the same δ13C values of plant roots were used
for all three trapping intervals because the same plant-
soil systems were used to trap CO2 during different
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Table 2. δ13C value (�) of CO2 evolved from soil, plant roots and plant-soil systems after defoliation

Defoliation intensity (%) CO2 origin 0–4 HADa 5–23 HAD 24–46 HAD

0 Systemb −22.92 ± 0.853 −23.31 ± 0.31 −23.89 ± 0.15

Rootd −28.82 ± 0.19 −28.82 ± 0.19 −28.82 ± 0.19

Soile −15.00 ± 0.40 −15.53 ± 0.16 −15.24 ± 0.32

20 System −19.60 ± 0.28 −23.15 ± 0.64 −24.24 ± 0.42

Root −28.84 ± 0.22 −28.84 ± 0.22 −28.84 ± 0.22

Soil −15.00 ± 0.40 −15.53 ± 0.16 −15.24 ± 0.32

50 System −20.36 ± 0.45 −23.22 ± 0.43 −23.86 ± 0.31

Root −28.39 ± 0.45 −28.39 ± 0.45 −28.39 ± 0.45

Soil −15.00 ± 0.40 −15.53 ± 0.16 −15.24 ± 0.32

80 System −20.40 ± 0.21 −23.30 ± 0.40 −24.73 ± 0.41

Root −28.43 ± 0.17 −28.43 ± 0.17 −28.43 ± 0.17

Soil −15.00 ± 0.40 −15.53 ± 0.16 −15.24 ± 0.32

aHAD refers to hours after defoliation.
bSystem refers to plant-soil system.
cMean values and standard error (n = 4).
dDelta values of plant roots are used as delta value of CO2 evolved from plant roots (Cheng, 1996).
eDelta value of CO2 evolved from no-plant control soil.

intervals (Table 2). Standard errors of δ13C values of
CO2-C from the plant-soil systems ranged from 0.15
to 0.85 (per mil) with a mean of 0.40 (per mil). The
difference in δ13C values between the two end mem-
bers (Root-derived CO2-C and SOM-derived CO2-C)
was 13.35�. The accuracy of the ‘natural 13C tracer
method’ used in this study ranged from 80% to 96%
with a mean of 90%, using a 95% confidence interval
analysis (t0.025 = 3.182, n = 4-1).

‘Root-derived CO2-C’ and ‘soil-derived CO2-C’
were defined as rhizosphere respiration and soil mi-
crobial respiration, respectively. Rhizosphere priming
effect was expressed by the following equation:

RPE (%) = (C1 − C2)
∗100/C2,

where, RPE refers to rhizosphere priming effect on
SOM decomposition, C1 is the ‘soil-derived CO2-C’
from soil with a plant, and C2 is the ‘soil-derived
CO2-C’ from soil without any plant.

Statistical analyses for all data were performed us-
ing SAS software (SAS Institute, 1985) GLM proce-
dure. Defoliation intensity and timing of CO2 trapping
were set as main effects. The Fisher’s least significant
difference (LSD) procedure was used to separate the
means and significance levels were set at P < 0.05
and P < 0.01.

Results

Rhizosphere respiration

During 0–4 h after defoliation (HAD), rhizosphere res-
piration increased significantly only when 74% of the
leaves were removed from the plants; it did not change
when 20% or 45% leaves were removed.

During 5–22 and 23–46 HAD, rhizosphere respir-
ation decreased significantly when 20% or 74% of
leaves were removed. Rhizosphere respiration was at
the same level as that of unclipped plants during 5–22
HAD but increased significantly during 23–46 HAD
when 45% leaves were removed (Figure 1).

Rhizosphere priming effect

In consistency with the previous study (Fu and Cheng,
2002), sunflower plants induced a significant posi-
tive rhizosphere priming effect on SOM decomposi-
tion compared to no-plant control. The total cumu-
lative rhizosphere priming effects during 0–46 HAD
were 146%, 241%, 204% and 205% when 0%, 20%,
45% and 74% of the leaves were removed (Figure 2).
This also clearly demonstrated that the defoliation
treatments modified the rhizosphere priming effect.
However, the modification of defoliation on rhizo-
sphere priming effect varied with the timing and the
intensity of defoliation. During 0–4 HAD, the rhizo-
sphere priming effects were 127%, 530%, 307% and
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Figure 1. Rhizosphere respiration (root-derived CO2-C) in re-
sponse to defoliation. Defoliation intensity refers to the percentages
of the leaf mass removed. Bars and error bars are means and stand-
ard errors (n = 4). ∗ or ∗∗ indicate significance level of P < 0.05
or P < 0.01, respectively.

Figure 2. Soil microbial respiration (soil-derived-CO2 -C) in re-
sponse to defoliation. Defoliation intensity refers to the percentages
of the leaf mass removed. NP refers to no-plant control. Values
of the bars above the fine dotted line indicate rhizosphere priming
effects. The modification of the rhizosphere priming effect due to
defoliation can be visualized by comparing with that of 0% defoli-
ation control indicated by the coarse dashed line. Bars and error bars
are means and standard errors (n = 4). ∗ or ∗∗ indicate significance
level of P < 0.05 or P < 0.01, respectively.

421% when 0%, 20%, 45% and 74% plant leaves were
removed, respectively. In other words, the rhizosphere
priming effect on SOM decomposition was enhanced
by defoliation during 0–4 HAD. However, the rhizo-
sphere priming effects were 158%, 68%, 126% and
95% during 5–22 HAD and 156%, 88%, 169% and
63% during 23–46 HAD when 0%, 20%, 45% and
74% plant leaves were removed, respectively. This
illustrated that the rhizosphere priming effect was sup-
pressed during these two periods when 20% and 74%
of plant leaves were clipped but it did not change when
45% of plant leaves were removed (Figure 2).

Discussion

Several studies showed a consistent pattern that soil
microbial biomass and root exudation increased in
the rhizosphere soils where plants were defoliated
(Holland, 1995; Holland et al., 1996; Guitian and
Bardgett, 2000; Paterson and Sim, 2000; Hamilton
and Frank, 2001). Hamilton and Frank (2001) per-
formed a 13C pulse-chase experiment on a grazing
tolerant grass to follow carbon flow into the rhizo-
sphere and microbial biomass. They observed that the
belowground respiration rate (microbes + roots) and
rhizosphere microbial C were significantly higher in
clipped pots 24 h after clipping compared to unclipped
pots although this was not observed 7 d after clip-
ping treatment. Paterson and Sim (2000) found that
defoliation transiently (3–5 d) increased the exudation
of soluble organic compounds from roots, and in-
creased significantly cumulative rhizodeposition over
the experimental period by growing plants in an ax-
enic microcosm and clipping the plants repeatedly
to an even height of 4 cm. Guitian and Bardgett
(2000) found that defoliation of all tested plant spe-
cies led to an increase in soil microbial biomass and
C use efficiency in the rhizosphere. However, none of
these studies attempted to partition soil respiration into
rhizosphere respiration and soil microbial respiration,
therefore, the respective response of rhizosphere respi-
ration and soil microbial respiration to defoliation was
not known. In the present study, we were able to
monitor the separate response of rhizosphere respir-
ation and soil microbial respiration to defoliation by
using natural 13C tracer method. We found that both
rhizosphere respiration and soil microbial respiration
of the clipped plants were either unchanged or signifi-
cantly enhanced compared to unclipped plants at 45%
defoliation level during all sampling intervals, and soil
microbial respiration increased significantly at all de-
foliation levels during 0–4 HAD. It seemed logical to
infer that defoliation stimulated the root exudation and
caused a flush of soil microbial growth during 0–4
HAD, consequently resulted in a significant increase
in rhizosphere respiration and soil microbial respira-
tion. However, it was very difficult to use this logic
to explain why both rhizosphere respiration and soil
microbial respiration decreased significantly during 5–
22 or 23–46 HAD when 20% or 74% of leaves were
removed.

Kuzyakov and Cheng (2001) found that both rhizo-
sphere respiration and rhizosphere priming effects
increased tremendously with lighting and decreased
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Table 3. The change and coupling of rhizosphere respiration and
rhizosphere priming effect in response of defoliation

Hours after defoliation (HAD)

0–4 5–22 23–46

Defoliation (%) RRa RPE RR RPE RR RPE

0 0b 0 0 0 0 0

20 0 + – – – –

45 0 + 0 0 + 0

74 + + – – – –

aRR: rhizosphere respiration; RPE: rhizosphere priming effect.
b0, + and – indicate ‘no change, increase and decrease’ at a
significant level (P < 0.05) compared to the results from 0%
defoliation, respectively.

significantly with prolonged shading. They concluded
that plant photosynthesis is an important controlling
factor for soil CO2 efflux and rhizosphere processes
and hypothesized that any factors that affect photosyn-
thesis such as water stress and herbivory activity are
important determinants of soil CO2 efflux and rhizo-
sphere processes. In the present study, the changes
of rhizosphere respiration and rhizosphere priming ef-
fect on SOM decomposition to defoliation occurred in
the same direction (Table 3). These responses reflec-
ted different mechanisms or physiological strategies of
plants to maintain their activity and vitality in response
to defoliation. Based on the findings and hypotheses of
Kuzyakov and Cheng (2001), we proposed two pos-
sible mechanisms for what we found in the present
study: 1) At low level of defoliation (i.e., 20%), the
primary strategy for plant roots to maintain their nor-
mal activity was to conserve its energy by respiring
less C when less photosynthates were available for
roots due to defoliation. When defoliation reached to a
certain level (i.e., 45%), the compensation mechanism
was triggered. The compensation mechanism might
be a high-cost process of energy use. Plants (includ-
ing roots) had to maintain their vigor by using a lot
of energy in storage for respiration. C source might
be reallocated to roots disproportionately; 3) When
defoliation reached to a severe level (i.e., 74%), an
‘injury repair’ might occur immediately after defoli-
ation but the photosynthetic capability of the plant de-
creased rapidly and significantly later and was beyond
the compensation threshold. Therefore, an enhanced
rhizosphere respiration was observed during 0–4 HAD
but a significantly reduced rhizosphere respiration was
found during 4–22 HAD and 23–46 HAD.

Guitian and Bardgett (2000) established three
levels of defoliation by cutting plants weekly (high),
biweekly (low) or uncut (control). They found that soil
microbial biomass increased only at high level of de-
foliation and did not change at low level of defoliation.
Bardgett et al. (2001) measured a range of soil micro-
bial properties across successional transitions derived
from sheep grazing in three biogeographic regions
and showed that soil microbial biomass was max-
imal at low-to-intermediate levels of grazing and that
the phenotypic evenness of the microbial community
declined as the intensity of grazing increased. Do-
naghy and Fulkerson (1998) found that the persist-
ence and productivity of perennial ryegrass (Lolium
perenne L.) were optimized when defoliation occurred
at the 3-leaf stage of regrowth and around a stubble
height of 50 mm. This optimal defoliation strategy
enabled a greater proportion of water-soluble carbo-
hydrate (WSC) to be allocated to maintain a more
active root system. Since the criteria of defoliation
gradient varied with studies, it was very difficult to
directly interpret and compare the findings between
different studies. For instance, leaf area loss was used
as criteria to establish defoliation gradient in some
studies (Holland, 1995; Fu et al., 2001), leaf mass
loss was used in the present study, but grass height re-
maining was used in some other studies (Donaghy and
Fulkerson, 1998). Nevertheless, all studies suggested
that soil or rhizosphere processes were optimized at a
certain level of defoliation.

In conclusion, our findings clearly demonstrated
that defoliation affected rhizosphere respiration and
rhizosphere priming effect on SOM decomposition.
The magnitude and directions of these effects de-
pended upon the intensity of defoliation and the time
after defoliation.
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