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Abstract

Aims The objectives of this study were to determine the
partitioning pattern of recently fixed carbon in a plant-
soil system and the difference in patterns of carbon flux
between fenced and clipped grasslands in the Chinese
Loess Plateau (CLP).

Methods We used an in situ '*C pulse labeling method
and determined the plant biomass, carbon content and
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5'3C value in shoot, root and soil, in order to calculate
the '>C amount in the plant-soil system.

Results Thirty days after labeling, the '*C incorporated
into the shoots did not differ significantly between the
fenced (30.6 % of recovered '*C) and clipped (27.0 %)
grasslands. However, the amount of '*C remaining in
the roots and soil in fenced grassland (roots, 9.2 %; soil,
14.7 %) was significantly higher than that in clipped
grassland (roots, 2.0 %; soil, 2.5 %). By contrast, the
total loss of assimilated '>C was significantly lower in
fenced grassland (45.5 %) than that in clipped grassland
(68.5 %).

Conclusions We demonstrate that clipping management
results in a higher '>CO, efflux and a lower '*C allocat-
ed belowground, which has a negative effect on carbon
sequestration in typical grasslands in the semiarid CLP.

Keywords '*C pulse labeling - 5'*C value - '*C amount -
Carbon allocation - Fenced and clipped grassland

Introduction

The importance of biogeochemical carbon cycles in
terrestrial ecosystems is well established. In particular,
grassland ecosystems, which cover approximately 40 %
of China’s land area, represent approximately 2 % of the
global carbon pool (Hill et al. 2007; Fang et al. 2010;
Wu et al. 2010; Hafner et al. 2012). Patterns of carbon
flux, originating from the fixation of atmospheric CO,
by leaves that is then transferred and accumulated into
the roots and soil (Woodin et al. 2009), have a
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significant influence on the function of carbon inputs
and outputs. However, quantitative research on carbon
allocation from shoots to roots and soil is rarely con-
ducted in the field at a large spatial scales (Wu et al.
2010), especially in semiarid, fragile ecosystems. A
large body of literature on carbon translocation is based
on indirect estimates from inventories of carbon stocks
in different carbon pools, such as shoots, roots and soil
(Guo and Gifford 2002; Qiu et al. 2012). However, little
is known about in situ ecosystem carbon acquisition and
translocation (Heimann and Reichstein 2008). Thus,
there is an urgent need for further investigation of in
situ carbon fluxes in field ecosystems.

The '*CO, pulse labeling method has been increas-
ingly used as a suitable and important approach for
understanding and quantifying carbon flows in terrestri-
al ecosystems. This technology makes it possible to
trace carbon flux from shoot to root, to soil and to soil
respiration. It can address a wide range of biological and
ecological questions, such as in plant metabolism and
biochemistry (Barbour et al. 2007; Norby 2009),
partitioning patterns of carbon fluxes in plant-soil sys-
tems (Ostle et al. 2000; Leake et al. 2006; Woodin et al.
2009; Wu et al. 2010; Reinsch and Ambus 2013) and the
influence of different management systems on carbon
allocation (Rangel-Castro et al. 2004; De Deyn et al.
2011; Hafner et al. 2012; Gong et al. 2014). Previous
research has demonstrated that carbon allocation can
vary significantly among plant species and ecosystems.
For example, vascular plants in the high Arctic transfer
61 % of what they assimilate to their belowground parts
(Woodin et al. 2009); in pasture plants, this value is
approximately 30-50 %, and in cereals, it is 20-30 %
(Kuzyakov and Domanski 2000). Among all the select-
ed species (grass, forb, legume and moss), the uptake of
13C was greatest and '*C concentrations declined the
fastest in Ranunculus repens, while the assimilation was
the lowest and the '*C signature remained longer in
mosses (De Deyn et al. 2011). In the Inner Mongolia
temperate steppe, the dynamics and allocation of recent-
ly photo-assimilated carbon varied by site, growth stage
and management state (Wang et al. 2007). These differ-
ences in plants and regions undoubtedly result in a large
difference in carbon partitioning both in plants and
within the ecosystem. Therefore, determining the car-
bon dynamics of specific ecosystems covering large
land areas, such as the Stipa grandis community in the
Chinese Loess Plateau (CLP), is crucial to understand-
ing regional carbon budgets.
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Changes in land use and management are important
for the control of carbon fluxes in plant-soil ecosystems
(Sanderson 2008). Clipping in the manner effectively
mimics hay mowing, a widely practiced land use in
large regions of the CLP due to the strict prohibition of
grazing by the government. Previous studies have dem-
onstrated that clipping significantly affects the microcli-
mate (Dahlgren and Driscoll 1994; Wan et al. 2002),
vegetation characteristics (Bahn et al. 2006; Cheng et al.
2012), soil CO, efflux (Wan and Luo 2003; Zhou et al.
2007) and soil carbon pool (Belay-Tedla et al. 2009).
For instance, a study on the Great Plain Apiaries in the
United States found that clipping management tended to
decrease both recalcitrant and total carbon pools (Bahn
et al. 2006). In the CLP, Cheng et al. (2012) found that
plant biomass decreased significantly when clipped
once or twice a year, compared to getting clipped once
every two years. Soil carbon storage decreased signifi-
cantly with clipping management. Clearly, the current
knowledge of the effects of clipping on carbon change is
mostly based on separate estimates of different carbon
pools. A quantitative determination of carbon transloca-
tion in plant-soil systems is relatively rare, which greatly
limits our understanding of the processes of carbon flow.

The ecosystems in the CLP are thought to be fragile
and sensitive to climate change and management due to
their high altitude and special geographic environment.
We suggest that carbon translocation in grasslands in the
CLP may have specific characteristics due to its distinct
environment relative to other regions, and the manage-
ment of grassland would affect carbon allocation in the
ecosystem. Therefore, we conducted an in situ 13co,
pulse labeling experiment in a grassland typical of the
semiarid CLP. The purpose of this study was to (1)
determine the partitioning pattern of recently fixed car-
bon in shoots, roots and soil in the fenced and clipped
grasslands; (2) evaluate differences in the partitioning
patterns of recent assimilates between the fenced and
clipped grasslands in semiarid CLP under field
conditions.

Materials and methods
Site description
The experimental site (36°13'-36°19°N, 106°23'-

106°28°E) is located on the National Grassland
Reserve of Yunwu Mountain in the central semiarid
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CLP (Fig. S1); it covers a total area of 6000 ha™!, with
an elevation of approximately 2100 m asl. The area is
influenced by the East Asian monsoon; it has a sub-arid
climate characterized by distinct wet and dry seasons.
The average annual air temperature is 5 °C with an
extreme maximum of 25 °C in summer and an extreme
minimum of —14 °C in winter. The frost-free season
averages 137 days. Annual mean precipitation is
424 mm (mean of data from 1980 to 2009), approxi-
mately 60 % of which falls from July to September. The
landform is mainly a loess hilly landscape. Loessial soil
and mountain gray cinnamon soil (Chinese Soil
Taxonomic Classification) are the main soil types in
the study area (Wei et al. 2012; Liu et al. 2014). Aside
from the dominant species (Stipa grandis), the main
companion plants are Artemisia vestita, Galium verum
L., Thymus mongolicus Ronn, Potentilla acaulis L. and
Saussurea alata DC., which are broadly distributed in
other regions of the semiarid CLP.

In the study area, a national prohibition against graz-
ing of grasslands applies and fencing has been in place
for more than 30 years. On the fenced grassland, a
clipping plot (once a year) covering an area of
30 x 30 m was selected in a low-relief area and created
over one month prior to labeling in cooperation with the
Administrative Office of Yunwu Mountain (Wang et al.
2007). The clipping management was the same as the
grassland clipped by local citizens, who clip grassland
approximately once a year, with the remaining stubble
of clipped grassland being 5 cm high. The plant com-
position and biomasses (shoot and root) were deter-
mined. This site provides the opportunity to study dif-
ferences in carbon partitioning between fenced and
clipped grasslands, as the basic conditions of both sites
(such as land use and plant and soil characteristics) were
similar prior to clipping.

Experimental set up and '*CO, pulse labeling

Three replicate plots (50 x 50 cm) were randomly
established in fenced and clipped grasslands, respective-
ly. The distance between fenced and clipped grasslands
was less than 20 m. The closest distance between two
neighboring plots within the same treatment was ap-
proximately 3 m. There was an automated weather
station 2 km away from the study site, which was used
for measuring solar radiation, precipitation and air tem-
perature. An automatic temperature recorder (iButton
DS1923, Maxim company, San Jose, CA, U.S.), buried

in the soil at a depth of 5 cm, was used for measuring
soil temperature. Solar radiation, precipitation, air and
soil temperatures are shown in Fig. S2. At least 24 h
before '*CO, pulse labeling, the plots were trenched
(once a week after this time) to sever underground
connections. Stainless steel frames, with channels on
the top to provide an airtight water seal for the cham-
bers, were inserted to a depth of 5 cm (Grau 1995; Wang
etal. 2007; Woodin et al. 2009). Soil was packed firmly
around the stainless steel frames to reduce gas leakage.

The '*CO, pulse labeling was conducted at noon on
August 2, 2013, which was a clear day. Each plot was
labeled using chambers (50 cm % 50 cm % 40 cm) made
from transparent plexiglass with a more than 90 %
transmittance of photosynthetically active radiation.
The inner surface of the chamber was smeared with an
anti-fog agent to reduce water vapor condensation dur-
ing labeling, which helps to avoid a decrease in light
intensity (Wu et al. 2010). To avoid gas loss, the cham-
ber was set on a water-tight groove of the stainless steel
frame, which was then sealed by injecting water.
Following previous protocols, the '*CO, pulse was
produced by injecting 10 ml of 4 mol L ™" sulphuric acid
(H,SO,), using springs, into a plastic vial inside the
chamber, which contained a solution of distilled water
containing 1.0 g sodium carbonate (Na,'’CO3)
(Cambridge Isotope Laboratories, Inc., America)
enriched with "*C to 99 atom% (Wang et al. 2007; Wu
et al. 2010; Hafner et al. 2012). An electric fan (12 V,
0.3 A) was installed in the middle of the top wall inside
the chamber to uniformly distribute '*CO,. We used an
infrared CO, analyzer (GXH-3010E, Huayun
Instrument Company, Beijing, China) to monitor chang-
es in CO, concentration inside the chamber. When the
CO, concentration in the chamber reached the initial
value before labeling, we considered the label to be
complete (Hafner et al. 2012). The '*CO, pulse lasted
for 4-5 h in this study.

Ecosystem compartment sampling

Carbon allocation was traced by '°C over the course of a
30-day chase period in shoots, roots, soil and soil CO,
efflux. In addition to the labeled plots, another three
unlabeled plots in fenced and clipped grassland were
sampled simultaneously as the background. Air samples
were collected 0, 12, 18, and 24 hand 6, 12,20, and 30 d
after labeling using two different sizes of opaque cham-
bers made of PVC (bigger chamber: 20 cm diameter,
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25 cm height; smaller chamber: 5 cm diameter, 25 cm
height). We defined the CO, emission generated from
shoots as shoot respiration, from roots and soil as soil
respiration. The sum of shoot and soil respiration was
defined as ecosystem respiration. The bigger chambers
were used for the collection of CO, generated from
ecosystem respiration, while the smaller chambers were
used for the collection of CO, generated from soil
respiration after clipping the shoots (Wu et al. 2010).
The static alkali absorption method was used to trap
CO, generated from ecosystem and soil respiration
(Hafner et al. 2012; Singh and Gupta 1977). A wide
mouth Teflon bottle containing 20 ml of 1 M NaOH
was inserted into the closed opaque chamber to
capture CO, respired from the ecosystem and soil.
To determine the isotope composition of respired
CO,, 2 M SrCl, was added to NaOH to produce
SrCO; precipitation, which was then centrifuged and
oven dried in the base at the field station as quickly
as possible (Hafner et al. 2012).

Shoots, roots and soil samples were collected at
1, 6, 12, 20, and 30 d when taking CO, samples. All
shoot samples 5 cm in diameter were collected, only
the green parts of which were used to determine the
isotope composition later. According to previous
research, soil organic matter and plant roots mainly
accumulate in the top 30 cm of the soil profile (Wei
et al. 2011; Wei et al. 2012). Thus, soil cores 5 cm
in diameter were taken from three layers: 0—10, 10—
20 and 20-30 cm. In the laboratory, all visible roots
were picked out from the soil by hand for carbon
content and isotope analysis. The samples of shoots
and roots were washed with deionized water to
remove attached soil, oven-dried at 40 °C, ground
in an agate mortar, sieved through a 100 mesh
screen and homogenized. Approximately 5 g sieved
soil was steeped in 2 M HCI for 24 h to remove
inorganic carbon. The samples were then washed
with deionized water until the pH > 5 and oven-
dried again.

Carbon content and isotopic composition

The carbon content and isotope composition (5'°C)
were measured with an elemental analyzer (Vario EL
I, Hanau, Germany) and a MAT-252 gas source mass
spectrometer (Thermo Finnigan, Bremen, Germany)
(Weietal. 2012; Liu et al. 2014). The samples of shoots,
roots (approximately 1 mg) and soil (approximately

@ Springer

0.2-0.5 g) were combusted for 4 h at 850 °C in an
evacuated sealed quartz tube in the presence of silver
foil, cupric oxide and copper. CO, gas was extracted and
purified cryogenically, and then the isotope composition
of extracted CO, was analyzed using a MAT-252 mass
spectrometer with a dual inlet system. The SrCO; pre-
cipitation sample was performed online, using a MAT-
252 mass spectrometer with an automated carbonate
preparation device (Kiel IT) (Liu et al. 2014). The carbon
isotope results are expressed in delta (8) notation relative
to the V-PDB standard:

513C = [(RsamplefRstandard)/Rstandard:| x 1000 (1)

where R is the '*C/'?C ratio. The typical standard
deviation for repeated analyses of laboratory standards
is 0.1 %eo.

Calculations.

To facilitate comparisons with other studies, we have
expressed the '*C enrichment values as '*C atom%
excess. According to Eq. 1, we can calculate the
Rgample from the data obtained (6"%0) using the MAT-
252 mass spectrometer as follows:

13
Rsample = (m X RPDB) + Rppp (2)
where Rgampie is the 13C/12C ratio of the sample, and
Rppg is the 1*C/'2C ratio of the standard, with a value of
0.011237.
To determine the '*C atom% of the sample:

R
B3¢ atom% = <Samme) x 100 (3)
Rsample 1

The "*C atom% excess of labeled samples was cal-
culated by subtracting the amount of '*C of background
from the amount of '*C in the labeled samples:

13C atom%excess = '2C atom%of sample (4)
-13C atom%of background

The amount of '*C incorporated into the ecosystem
compartments (shoot, root and soil) during the chase
period was calculated as follows:

C amount (mg m”) = "*C atom%excess
x Cc (gm?) x 10 (35)

where C. is the carbon content in the shoots, roots
and soil during the chase period.
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The carbon storage (Cy) in the soil layers 0-10, 10—
20 and 20-30 cm were calculated as follows:

Csin soil =) Di x Bi x Oi (6)
i=1

where i is the soil layer, Dj is the soil depth (cm), B; is
the soil bulk density (g cm ), and O is the average SOC
content (g kg ') at a depth of i.

The weighted '*C (**C recovered, % in total recov-
ered '3C ), recovered in a carbon pool at time t (**C t
pool, % of total added '*C) after labeling was related to
the recovery time immediately after labeling (>C t0
pool, % in total added '*C) in the corresponding plot.

13

C t pool

BC recovered = (ﬁ) x 100 (7)
C t0 pool

Losses of assimilated >C by shoot respiration were
not measured. Instead, shoot respiration ('>C in shoot
respiration, % in total recovered '*C) was calculated as
follows:

13C in shoot respiration =100 — (**C in shoot +'*C in
belowground) (8).

The sum of recovered >C in shoots (% in total
recovered '°C) and belowground carbon pools (% in
total recovered 13C; including 13C02 efflux from soil)
was subtracted from 100.

Statistical analysis

Statistical analysis was performed in SPSS version 16.0
(SPSS Inc., Chicago, IL, USA). Mean values (n = 3) of
the parameters representing biomass, carbon content,
13C atom% excess and '*C amount with standard errors
(SE) both in fenced and clipped grasslands were pre-
sented in figures and tables. One-way ANOVA was used
to evaluate significant differences between treatments
with respect to each parameter at each measurement
period. Where homogeneity of variances was con-
firmed, a Tukey’s HSD test was affiliated. If the variance
cannot meet the needs of homogeneity, the non-
parametric Mann-Whitney U-test was employed to eval-
uate statistical differences in the '*C (% in total recov-
ered '°C) between fenced and clipped grasslands. The
figures were handled with Origin 8.0.

Results
Plant biomass and '*C amount

The composition and abundance of plant species
showed no significant change in either fenced or clipped
grassland during the chase period (Fig. S3). The shoot
biomass differed significantly between fenced and
clipped grassland at the end of the chase period
(P < 0.05), which averaged 2362 + 47.2 ¢ m * and
111.5 + 13.9 g m 2, respectively (Fig. 1). The root
biomass was 963.5 + 221.0 g m ? in fenced grassland,
which was also higher (but not significantly; P > 0.05)
than that in clipped grassland, which had a mean of
633.1 + 101.0 g m 2. The root biomass mainly accu-
mulated in the top 10 cm in both the fenced and
clipped grasslands, averaging 871.3 + 220.0 g m >
and 497.2 + 58.2 g m 2, respectively. The carbon
content of shoots, roots and soil was 42.1 %,
41.2 %, and 2.35 % and 41.1 %, 40.6 %, and
2.29 % in fenced and clipped grasslands, respective-
ly, during the chase period. These values were used
to calculate the carbon flow in the plant-soil system.
Approximately 486 mg '*C m 2 was applied to each
chamber during the chase period, of which approx-
imately 28.4 % (137.9 mg m %) and 28.1 %
(136.7 mg m?) was recovered in the ecosystem in
fenced and clipped grasslands, respectively, imme-
diately after the labeling.

Dynamics of 5'°C values during the chase period

The §'°C value for ecosystem respiration declined
rapidly from 68.2 %o to —20.3 %o and from 120.1 %o
to —23.3 %o in fenced and clipped grassland, respec-
tively, during the 30-day chase period (Fig. 2a). A
very high *C loss rate in ecosystem respiration (the
5'3C value declined 87.5 %o and 118.1 %o in fenced
and clipped grassland, respectively) was observed
during the first 12 h immediately following labeling
for both land use types, illustrating rapid carbon loss
by shoot respiration and belowground (the sum of
root and soil) allocation and a dilution effect by
'2C0O,. The range of §'°C values in the dynamics
of soil respiration, however, was relatively small; it
decreased from —13.5 %o to —22.1 %o and from
—9.4 %o to —22.9 %o in fenced and clipped grass-
lands, respectively, during the 30-day chase period
(Fig. 2b). The 5'°C value in shoots increased to
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82.4 %o and 214.6 %o immediately after labeling in
fenced and clipped grasslands; these values then
exhibited a significant decrease during the chase
period (Fig. 2¢). The 5'°C values ranged from
=23.1 %o to —19.5 %o and from —21.7 %o to
—16.8 %o in roots and from —25.4 %o to —25.1 %o
and from —25.1 %o to —24.5 %o in soil in fenced and
clipped grasslands, respectively (Fig. 2d and e).

Root biomass at different depths (cm)

Patterns of '*C translocation in the plant-soil system

The shoots within the fenced grassland assimilated as
much "*C as did the clipped grassland immediately after
labeling, averaging 118.5 and 120.9 mg m ™2, respective-
ly (Table 1). However, the dynamics of '*C during the
chase period differed significantly between the two land
use types. During the chase period, 43 % of the '*C in

Fig. 2 Temporal variation in g200 = Fonced
613(; vglues of ecgsystel_n ) & 100} -~ Clipped
respiration (a), soil respiration &
(b), shoot (¢), root (d) and soil (e) o ot
in fenced and clipped grasslands . g
during the 30-day chase period. &
All the time in x-axle refers to the “
time after the end of labeling. ER o
and SR represent ecosystem "o
respiration and soil respiration, g
respectively. Error bars are g
standard errors (n = 3) &
B
©
“w =3
L
115 &
Q
o
{-20 &
o
& -2 125
:—8. (2=}
« -25
(=]
o
"o 26 L . . . . . \
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Table 1 Differential partitioning pattern of newly fixed '*C
(mean + standard deviation) between fenced and clipped grass-
lands at the end of the 30-day labeling period

13C amount
(mg m %)

Destination of fixed '>C Partitioning

of 1°C (%)

Fenced

Total assimilation 1379 £ 184 100

Total loss® 62.7 +49 455

Shoots 422 +123 30.6
Allocated to belowground ~ 79.5 £ 35.5 57.7 100
Roots 127+ 75 9.2 15.9
Soil 202 + 8.8 14.7 255
Loss from root and soil” 46.6 £ 17.7 33.8 58.6

Clipped

Total assimilation 136.7 £ 153 100

Total losst 93.6 £4.2 68.5

Shoots 369+ 53 27.0
Allocated to belowground ~ 49.9 + 22.7 36.5 100
Roots 27+0.1 2.0 5.5
Soil 34+06 2.5 6.8

Loss from root and soil} 43.7 +£20.2 32.0 87.7

? Calculated as the difference between total assimilated '* C and
total '* C remaining in the system at the end of labeling

b13 C Joss from soil respiration

shoots decreased within the first 6 days in the fenced
grassland (Fig. 3). Afterwards, the '*C decreased grad-
ually with a proportion of 30.6 % of assimilated '*C
remaining in shoots on the 30th day. Relative to the '*C
amount immediately after labeling, the total loss of '>C
in shoots during the first 6 days only amounted to
18.4 % in clipped grassland; it exhibited a linear de-
creasing trend during the whole chase period and
retained a proportion of 27.0 % of assimilated '*C on
the 30th day. As shoot respiration was higher in the
clipped grassland during the chase period, 11.7 %
and 36.5 % of the total fixed '*C was lost in the
fenced and clipped grasslands, respectively. At the
end of the chase period, the total loss of '*C as
ecosystem respiration amounted to 45.5 % and
68.5 % of recovered '°C in fenced and clipped
grasslands, respectively.

The proportion of '*C allocated to belowground
parts was significantly higher in fenced grassland,
with a value of 57.7 % during the chase period
(Fig. 3). The maximum '*C allocation in below-
ground parts appeared on the 12th day in fenced

grassland, which was later than in clipped grassland,
where the maximum '*C allocation occurred on the
6th day. The amount of '*C remaining in below-
ground parts at the end of the chase period was
significantly higher in fenced grassland.

The '*C allocation in roots was slightly higher in
clipped grassland, with a value of 6.7 % immediately
after labeling (Fig. 4). Afterwards, the amount of '*C
increased and reached a maximum value of 22.2 % on
the 6th day. Then, the '*C in the roots decreased rapidly
in clipped grassland. The 13Cin the roots in fenced
grassland exhibited similar trends to that in clipped
grassland; it reached a maximum value on the 12th
day with a relative proportion of 27.5 %. Compared
with the clipped grassland, the amount of '*C was
always higher in fenced grassland starting 12 days after
labeling. To further understand the carbon allocation in
roots, we determined the amount of 13C in different soil
layers. With the exception of the first day after labeling,
the proportion of '*C at a depth of 0—10 cm accounted
for more than 90 % of the total recovered '*C in the
roots from any sample during the chase period in fenced
grassland. The dynamics of '>C in the clipped grassland
exhibited similar trends to those in the fenced grassland.
At the end of the chase period, the amount of 3¢
remaining in the roots in the fenced grassland (9.2 %)
was over four times higher than that in the clipped
grassland (2 %).

Although there were similar dynamics of '>C be-
tween roots and soil, the proportion of '*C allocated to
soil was always lower than that in the roots during the
chase period in fenced grassland. The maximum amount
of 1*C in the soil appeared later than it did in the roots,
with a maximum value of 26.8 % on the 12th day in the
clipped grassland (Fig. 5a). To further understand the
carbon allocation in soil, we determined the amount of
13C in different soil layers. The dynamics of '*C exhib-
ited little difference between the different layers, with
the maximum amount of '>C occurring on the 12th day
at all depths (i.e., 0-10, 1020 and 20-30 cm) in both
fenced and clipped grasslands. The difference in the
amount of '*C was relatively small in different layers
in the fenced grassland, whereas the amount of '*C was
usually higher at a depth of 0—10 cm than in other soil
layers in the clipped grassland. The amount of '*C
remaining in soil was significantly higher in the fenced
grassland than in the clipped grassland at the end of the
chase period; it averaged 14.7 % and 3.4 % in fenced
and clipped grasslands, respectively.
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Discussion
Dynamics of 5'°C value during the chase period

For both land use types, the 5'°C value in ecosystem
respiration showed a peak value immediately after la-
beling with a subsequent sharp decline within the next
6 days. The sharp decline tendency was in agreement
with the results reported by Wu et al. (2010), who found
a loss rate that diminished exponentially during the 84 h
after labeling. It was roughly matched with the temporal
variations of '>C amount in shoots, similar with the
result of Ostle et al. (2000), which could be explained
by '*C loss resulting from shoot respiration and
partitioning of '*C from shoots to roots and soil
(Johnson et al. 2002; Leake et al. 2006; Wang et al.
2007; Wu et al. 2010; De Deyn et al. 2011). The shoot
'3C value in clipped grassland, however, was signifi-
cantly higher (P < 0.05) than that in fenced grassland 6—
20 days after labeling, likely for two reasons. First, the
plant biomass is higher in fenced grassland, which will
result in a higher dilution effect (Wang et al. 2007).
Second, plants under clipping management exhibit
over-compensatory growth with a higher relative
growth rate and a stimulation of compensatory photo-
synthesis to the remnant leaves compared with those of
unclipped plants, resulting in a higher uptake rate of
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13C0, in clipped grassland (Detling et al. 1979; Zhao
et al. 2008). In grassland ecosystems, the roots always
accumulate more carbon than shoots (Fig. 1), resulting
in the '*C assimilation from shoots to roots being inev-
itably diluted by '*C. This phenomenon led to a signif-
icantly lower §'*C value in roots than in shoots in both
land use types to some extent (Fig. 2).

Patterns of '*C allocation in the plant-soil system

The total amount of '>C remaining in the plant-soil
system decreased significantly throughout the chase
period (Table 1). This result was similar with previous
research in fenced Leymus chinensis grassland, in
which the amount of '*C also gradually decreased for
approximately 20 % of total assimilated '*C (Wang et al.
2007). In a Kobresia humilis meadow, however, the
amount of '*C was relatively stable during the chase
period (Wu et al. 2010). The main reason for the dis-
crepancy was probably due to the variance in biomass
turnover of species (i.e., root), and the proportions of
fixed '°C partitioned to respiration loss (i.e., approxi-
mately 60 % and 29.6 % in Leymus chinensis grassland
and Kobresia humilis meadow, respectively) between
studies.

In this study, clipping management had little effect on
shoot fixation of '*C, with a similar amount in fenced
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Fig. 4 Temporal variation of '*C (% in total recovered '*C) in
roots at different depths in fenced (a) and clipped (b) grasslands
and the difference of '*C (% in total recovered '*C) between
fenced and clipped grasslands (¢) during the 30-day chase period.
All the time in x-axle refers to the time after the end of labeling.
Error bars are standard errors (n = 3). Where homogeneity of
variances was confirmed, one-way ANOVA followed by a

(118.5 mg m ?) and clipped (120.9 mg m ?) grasslands.
Combined with the significantly lower plant biomass in
the clipped grassland, we can conclude that the photo-
synthesis rate of clipped grassland might be higher than
that of fenced grassland due to the contribution of new
leaves. The destinations of the '°C fixed by shoots may
be released to the atmosphere as '*CO,, used in the
components of new shoot growth or relocated to the
belowground parts (i.e., roots and soil) (Staddon et al.
2003; Leake et al. 2006; Kastovska and Santriackova
2007; De Deyn et al. 2011). In the fenced grassland, the
rate of carbon loss or the export of newly fixed '°C with
respect to the total assimilated '*C was 43 %, signifi-
cantly higher than that in clipped grassland, within the
first 6 d after labeling. This rate was slightly higher than
that found in a previous study (Wu et al. 2010) but lower
than that in two other studies, which identified a range of
32-51 % loss within the first 24 h (Johnson et al. 2002)
and a 77.4 % loss within 48 h in an upland grassland in
the UK (Ostle et al. 2000). Moreover, the percentage of
13C remaining in the shoots was stable at approximately

15
Days after labeling

20 25 30

Tukey’s HSD test was used to evaluate significant differences in
the '*C (% in total recovered '>C) for every layer between fenced
and clipped grasslands. If the variance cannot meet the needs of
homogeneity, the non-parametric Mann-Whitney U-test was affil-
iated. *Denotes significant differences at P < 0.05 in different
depths between the fenced and clipped grasslands

30 % between 12 and 30 days of the chasing period in
the fenced grassland, which was consistent with a pre-
vious study of the Qinghai-Tibetan Plateau, which
found a value of approximately 29 % (Wu et al. 2010).
However, the shoot '*C declined gradually during the
whole chase period in clipped grassland. Therefore,
comparing the allocation pattern for both land use types,
the main differences at the current development stage of
the grasses occur in the relocation of newly fixed '*C. At
the end of the chase period, 55.4 % and 61.4 % of total
assimilated '*C were exported from shoots in the fenced
and clipped grassland, respectively, which were similar
to the results of Wu et al. (2010) (55.5 %), and lower
than the results of Hill et al. (2007) (67-75 %) and
Kastovska and Santriickova (2007) (76 %).

The carbon fluxes relocated belowground were
lowered with clipping management: a larger proportion
of newly assimilated '*C was found in belowground
carbon pools (57.7 %) in fenced grassland compared
to clipped grassland (36.5 %) (Table 1). For fenced
grassland, a similar percentage of '*C relocated
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belowground was found in typical Kobresia grassland at
Haibei Research Station (58.7 %) (Wu et al. 2010),
which was significantly higher than that in Kobresia
grassland at Xinghai (40 %) in the Qinghai-Tibetan
Plateau (Hafner 2010; Hafner et al. 2012) and Leymus
chinensis grassland (22 %) in the Inner Mongolia
Plateau (Wang et al. 2007). Although the '*C relocated
belowground in the fenced grassland in this study, and
the typical Kobresia grassland at Haibei Research
Station showed a similar pattern, the '>C remaining
belowground at the end of the chase period was signif-
icantly higher in the typical Kobresia grassland, proba-
bly due to the higher root/shoot ratio in alpine regions
(IPCC 2007).

A large body of literature has reported significant '*C
enrichment in the roots of herbaceous vegetation imme-
diately after labeling, peaking within 48 h (Ostle et al.
2000; Johnson et al. 2002; Leake et al. 2006; Wu et al.
2010). In the current study, however, '*C enrichment in
the roots was found to reach a peak value on approxi-
mately the 12th day after labeling in the fenced grass-
land. In a Tibetan montane pasture, the maximum '*C
enrichment in roots was found on the 18th day after
labeling, which was even later than what we found in the
fenced grassland. Although we found a peak value of
13C enrichment in the roots on the 6th day after labeling
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in the clipped grassland, we cannot simply conclude that
the rate of '*C enrichment was lower than previous
research (peaking within 48 h). It is difficult to confirm
the precise time that the peak value appeared under the
current resolution of sampling. The lower speed of
carbon allocation belowground suggests the lesser im-
portance of newly fixed carbon for rhizodeposition (Wu
et al. 2010). Additionally, roots allocated the lowest
proportion of newly fixed '*C in the plant-soil system,
similar to the amount of '*C remaining in soil for both
land use types (Table 1). This is inconsistent with sev-
eral previous studies, in which roots were the main
carbon sink within the belowground pools (Domanski
et al. 2001; Wang et al. 2007; Wu et al. 2010). Hafner
et al. (2012) considered that these differences were
caused by a variance in the plant development stage,
which would influence carbon incorporation into the
roots. In this study, however, the main reason might be
the direct utilization of non-structural carbon for root
respiration and for rhizodeposition, which is demon-
strated by the higher proportion of respiration loss
(Table 1) and the subsequent maximum 13C in soil
(Fig. 5). The proportion of *C relocated to the roots
averaged 9.2 % in fenced grassland at the end of the
chase period, which was over four times more than that
in clipped grassland (2 %), in parallel with the results of
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Kastovska and Santriickova (2007) (1.3 %) and Wang
et al. (2007) (0.7-2.3 %). The higher proportion of 3¢
in the roots in the fenced grassland than in the clipped
grassland might be attributed to two reasons. Firstly,
clipping stimulated root respiration and reduced the
belowground carbon allocation (Wilsey 1996;
Mackie-Dawson 1999). Secondly, a large amount
of '*C in roots might be relocated to aboveground
parts and accumulated in the stable components of
new leaves in clipped grassland (Bardgett et al.
1998; Schmitt et al. 2013).

Previous studies found that clipping has an important
influence on carbon relocation to soil. For example,
clipping increased root exudation (Bokhari and Singh
1974; Paterson and Sim 1999; Kuzyakov et al. 2002),
which increased microbial biomass and activity (Waters
and Borowicz 1994; Uhlifova et al. 2005;
Blagodatskaya et al. 2009) and further accelerated soil
organic matter turnover (Holland et al. 1996) and respi-
ration loss (Table 1). For instance, in a tallgrass prairie in
the US Great Plains, both recalcitrant and total carbon
pools have been reported to be decreased, while the
microbial biomass carbon increased under clipping
treatment (Belay-Tedla et al. 2009). In this study, the
3C remaining in soil was over four times higher in
fenced grassland (14.7 %) than in clipped grassland
(3.4 %) at the end of the chase period, while the initial
assimilated '*C was similar. This illustrated that clipping
reduced the storage of soil carbon in the study area. This
result is supported by another researcher, who deter-
mined the species diversity and productivity under a
mowing disturbance in a typical steppe in the CLP and
found a marked decrease both in species and productiv-
ity under a regime of mowing once or twice a year
(Cheng et al. 2012).

Many studies have investigated the effect of clip-
ping on soil respiration; however, the results have
been contradictory. A slight increase (Thorne and
Frank 2009), no change (Bahn et al. 2006; Zhou
et al. 2006; Jia et al. 2012; Schmitt et al. 2013), or
a decrease (Kuzyakov et al. 2002; Gavrichkova et al.
2010) in the proportion of "*C allocated to soil CO,
have been noted. These differences depended on
plant species compositions and the microenviron-
ment. Compared with the fenced grassland in the
current study, only a slightly lower amount of '*C
in soil respiration was found in clipped grassland
(33.8 % vs. 32 %), which was similar to the results
of Thorne and Frank (2009).

Effect of clipping on carbon stock

By establishing clipped grassland, we simulated two
contrasting grassland regimes. Overall, clipping manage-
ment in the CLP affects plant biomass production and
carbon sequestration. Clipping management (once a
year) decreased the biomass of shoots and roots and
therefore had a negative effect on carbon stocks in Stipa
grandis in the CLP (Figs. 1 and 5; Cheng et al. 2012).

The carbon allocated to roots and soil was considered
the major determinant of terrestrial carbon pools in
grassland ecosystems (Stewart and Metherell 1999). In
this study, the plants allocated less carbon to below-
ground parts in the top 30 cm. It was confirmed by the
partitioning pattern of recent assimilations, which
showed that the portion remaining belowground was
significantly lower in clipped grassland (root, 2.0 %;
soil, 2.5 %) than that in fenced grassland (root, 9.2 %;
soil, 14.7 %; Table 1). Previous research indicated that
root litter and transformation products are more resistant
to degradation and enhance soil organic matter stabili-
zation due to higher lignin/nitrogen ratio, direct input of
particulate organic matter and stabilization of
rhizodeposits (Rasse et al. 2005). Therefore, the signif-
icantly lower root biomass and lower carbon relocation
to root in clipped grassland largely decreased the source
to soil organic carbon, which reduced the potential for
belowground storage of plant-derived carbon. In view of
the observed reduction in plant biomass and the reloca-
tion of '*C to belowground parts, we conclude that the
lower belowground carbon assimilation in clipping
management has a significant negative effect on carbon
sequestration.

The "*CO, efflux from soil respiration showed little
difference between the land use types. However, the
13C0, efflux from shoot respiration was significantly
higher in clipped grassland than that in fenced grassland.
Although the total assimilated '*C of the fenced and
clipped grasslands was similar, the share of total '*C loss
from ecosystem respiration was higher in clipped grass-
land. Thus we conclude that the higher '*CO, efflux in
clipped grassland is another important influencing factor
on transfer of plant carbon to soil.

Although the shoots assimilated similar '*C
amount in fenced and clipped grasslands, the lower
13C allocated belowground and higher *CO, efflux
in clipped grassland suggests that clipping manage-
ment decreases carbon sequestration in typical grass-
land in the semiarid CLP.
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