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Abstract

We investigated the fate of root and litter derived carbon into soil organic matter and

dissolved organic matter in soil profiles, in order to explain unexpected positive effects

of plant diversity on carbon storage. A time series of soil and soil solution samples was

investigated at the field site of The Jena Experiment. In addition to the main biodiversity5

experiment with C3 plants, a C4 species (Amaranthus retroflexus L.) naturally labeled

with
13

C was grown on an extra plot. Changes in organic carbon concentration in soil

and soil solution were combined with stable isotope measurements to follow the fate of

plant carbon into the soil and soil solution. A split plot design with plant litter removal

versus double litter input simulated differences in biomass input. After 2 years, the10

no litter and double litter treatment, respectively, showed an increase of 381 g C m
−2

and 263 g C m
−2

to 20 cm depth, while 71 g C m
−2

and 393 g C m
−2

were lost between

20 and 30 cm depth. The isotopic label in the top 5 cm indicated that 11 and 15% of

soil organic carbon were derived from plant material on the no litter and the double

litter treatment, respectively. Without litter, this equals the total amount of carbon newly15

stored in soil, whereas with double litter this corresponds to twice the amount of stored

carbon. Our results indicate that litter input resulted in lower carbon storage and larger

carbon losses and consequently accelerated turnover of soil organic carbon. Isotopic

evidence showed that inherited soil organic carbon was replaced by fresh plant carbon

near the soil surface. Our results suggest that primarily carbon released from soil20

organic matter, not newly introduced plant organic matter, was transported in the soil

solution and contributed to the observed carbon storage in deeper horizons.

1 Introduction

Increasing carbon storage in soils is one option helping to mitigate increasing atmo-

spheric CO2 concentrations and global climate change (Lal, 2004b; Prentice, 2001).25

In terrestrial ecosystems plants are able to reduce atmospheric CO2 and bind it in
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biomass. The input of this plant material into the soil as roots or litter, stores carbon

only during the short-term, however (Jenkinson, 1990; Parton et al., 1988). Roots are

considered to be a more stable form of carbon supply to the soil than litter (Denef

and Six, 2006). The latter causes priming of microbial decomposition and thus also

faster degradation of present soil organic carbon (SOC). Root material has a longer5

residence time in soil. It is chemically more recalcitrant, physico-chemically protected

and gradually transformed to soil organic carbon (Rasse et al., 2005). The transforma-

tion of plant biomass to SOC by the activity of soil microbial communities is a potential

source for long-term carbon storage (Rees et al., 2005).

Numerous investigations have shown that organic carbon stocks in soils are deter-10

mined by the land use. Changing arable fields to managed grasslands, as on our

field site, increases carbon concentrations in soil within a few years (Balesdent et al.,

2000; Lal, 2004a; Romkens et al., 1999). At the same time the carbon distribution

in the soil profile changes. In contrast to the homogeneous input of plant remains to

the plough horizon on arable fields, the input of plant material to soil in grasslands is15

controlled by the aboveground litter layer and the root distribution. As 70 to 75% of

the root biomass in grasslands is located in the top 15 cm of the soil (Gill et al., 1999;

Gleixner et al., 2005) organic carbon concentrations increase in the main rooting zone

but decrease beneath this input source. Recent experimental evidence demonstrates

that the type and diversity of plant species in grasslands plays an important role for20

carbon transfer into the soil and is able to modify carbon storage under a given land

use scheme (Steinbeiss et al., 2007
1
; Tilman et al., 2006). As higher plant biodiversity

leads to larger plant biomass (Balvanera et al., 2006; Lambers et al., 2004; Roscher

et al., 2005) and therefore a larger biomass input into the soil, it is generally assumed

that differences in input amounts (not quality of the input material) are responsible for25

the observed variation in carbon storage in soils (Catovsky et al., 2002; Skinner et al.,

1
Steinbeiss, S., Bessler, H., Engels, C., Temperton, V. M., Buchmann, N., Roscher, C.,

Kreutziger, Y., Baade, J., and Gleixner, G.: Plant biodiversity positively affects carbon storage

in experimental grasslands, Global Change Biology, submitted, 2007.
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2006). Soil microorganisms, however, might be especially activated by the input of

fresh and easily decomposable plant material if a higher plant diversity increases the

variability of compounds available as a nutrient source (Hooper et al., 2000; Stephan

et al., 2000; Wardle et al., 1999). Different groups of soil microorganisms, such as

bacteria or fungi, use different carbon sources and therefore complement each other in5

resource utilization (Fontaine et al., 2003; Kramer and Gleixner, 2006). This so called

priming effect, (defined as “strong short-term changes in turnover of soil organic mat-

ter caused by comparatively moderate treatments of the soil”, Kuzyakov et al., 2000)

not only transforms plant biomass to soil organic carbon but results in the decompo-

sition and mobilization of already present SOC (Fontaine et al., 2004; Fontaine and10

Barot, 2005). This mobilized carbon can be transported in soil solution and is exported

from the microbial active zone near the roots. Water moving downwards then carries

dissolved organic carbon (DOC) to deeper soil horizons, where it is preserved from

complete mineralization. Gradually the transported compounds are readsorbed to soil

particles and contribute to carbon storage deeper in the soil profile (Kalbitz et al., 2005;15

Lajtha et al., 2005). So far it is unclear to what extent dissolved organic carbon in soil

solution originates from plant decomposition products or mobilized soil organic carbon,

and to what extent organic carbon is relocated by transport processes.

In our current study, stable carbon isotopes and their natural variability in plants

with different photosynthetic pathways were used as tool to follow plant-derived carbon20

into the soil and soil solution carbon pools (Balesdent and Mariotti, 1996; Gleixner et

al., 2002). As most plants in our geographical region possess a C3 photosynthetic

pathway, the isotopic signature in soil organic carbon reflects typical δ
13

C values of C3

material in the range of about −25 to −27‰. Growing plants with C4 photosynthesis,

that show δ
13

C values between −12 and −15‰, enabled us to quantify the proportion25

of fresh carbon incorporated into the soil and soil solution.

We hypothesized that the land use change from agricultural land to grassland would

induce a change in carbon distribution in the soil resulting in increasing carbon content

in the rooting zone and carbon losses below this source. Previous investigations of the
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influence of plant biodiversity on carbon storage showed that both, root biomass input

and plant species richness explained soil carbon increase (Steinbeiss et al., 2007
1
).

Therefore, the current study focused on the role of aboveground litter input on the de-

velopment of the soil carbon pool, while root biomass input was held constant between

treatments by sowing the same plant species. We hypothesized that (1) the more lit-5

ter is provided the more carbon is transferred to the soil and that (2) the soil solution is

transporting plant-derived carbon from the soil surface as well as mobilized soil organic

carbon into deeper soil horizons for storage.

2 Materials and methods

2.1 Field site and plot design10

All samples were taken at the field site of The Jena Experiment, a managed grassland

biodiversity experiment established in spring 2002 on the outskirts of Jena, Germany

(50
◦

55
′

N, 11
◦

35
′

E, altitude 130 m). The field site was used as an arable field for the

last 40 years and ploughed to a depth of about 30 cm. The organic carbon concen-

tration in 0 to 30 cm depth at the start of the experiment in spring 2002 was in the15

range from 10 to 29 g C kg
−1

, corresponding to a carbon stock of 7.3 kg C m
−2

aver-

aged for the whole field site. The carbonate content showed a strong spatial gradient

and ranged between 4 and 42 g C kg
−1

.

The main biodiversity experiment consists of 86 plots (20 m×20 m) that contain mix-

tures of grassland species from a species pool of 60 species grouped into 4 functional20

groups. Detailed information about the field site, the species pool and the main exper-

imental design can be found elsewhere (Roscher et al., 2004). At the same time as

the main experiment an additional plot (10 m×20 m) was established with a C4 plant

species (Amaranthus retroflexus L.) to achieve a natural isotopic label of carbon that

enters the soil and the soil solution. Subsequently, this plot is referred to as C4 plot,25

while all other plots are C3 plots. The total initial carbon content in 0 to 30 cm depth
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on this plot was 7.4 kg C m
−2

. The spatial variability within this plot (determined from

five independent soil cores) depended on depth and ranged between 7.1 and 25.5%,

in which the higher variability was observed in depths below 20 cm. On the C4 plot a

split plot design was used to achieve differences in litter input. Thus, in fall 2002 and

2003 the mown above ground biomass (1000–1500 g m
−2

yr
−1

corresponding to 430–5

650 g C m
−2

yr
−1

) was removed from one half of the plot and added to the other half of

the plot resulting in a no litter versus double litter treatment. On C3 plots the harvested

above ground biomass was always removed from the plots.

The population of C4 plants was very dense, which kept weeds small and rare. Con-

sequently, only little weeding was necessary.10

2.2 Soil sampling and analysis

Stratified soil sampling was performed on all plots before sowing in April 2002 and was

repeated in April 2004 to a depth of 30 cm. In 2002, five independent samples per

plot were taken using a split tube sampler with an inner diameter of 5 cm (Eijkelkamp

Agrisearch Equipment, Giesbeek, Netherlands). Soil samples were dried at 40
◦

C and15

subsequently segmented to a depth resolution of 5 cm resulting in 6 samples per core.

All samples were analyzed independently to calculate the spatial variability within the

plots. In 2004, only 3 samples per plot were taken, whereas paired sampling was

chosen to avoid additional spatial uncertainty (Lal et al., 2000). On the C4 plot 3

samples per treatment were taken. Soil samples were already segmented into their20

respective depths at the field and mixed to a plot or treatment representative sample

per depth. Subsequently, samples were dried at 40
◦

C. All soil samples were passed

through a sieve with a mesh size of 2 mm. In 2002, rarely present visible plant remains

were removed using tweezers. Due to much higher proportions of roots in the soil,

the samples in 2004 were further sieved to 1 mm according to common root removal25

methods leaving finest roots in the soil light fraction (Allard et al., 2005; Ostonen et al.,

2005; Stevens and Jones, 2006). No additional mineral particles were removed by this

3834
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procedure. Soil bulk density was determined from the soil sampling campaign in 2004.

All soil samples taken with the split tube sampler were weighed and the inner diameter

of the soil corer was used for volume calculation.

Total carbon concentration was analyzed on ball-milled subsamples (time 4 min, fre-

quency 30 s
−1

) by an elemental analyzer at 1150
◦

C (Elementaranalysator vario Max5

CN, Elementar Analysensysteme GmbH, Hanau, Germany). To determine the organic

carbon concentration either the carbonate or the organic compounds had to be re-

moved (Bisutti et al., 2004). We measured inorganic carbon concentration by elemental

analysis after removal of organic carbon for 16 h at 450
◦

C in a muffle furnace (Stein-

beiss et al., 2007
1
). The organic carbon concentration was then calculated from the10

difference between both measurements. The reliability of this method was proven by

measuring certified reference soil material (HEKAtech GmbH, Wegberg, Germany) on

a regular basis. The repeated measurements of the soil standard resulted in a relative

standard deviation for organic carbon concentration measurements of 1.2%.

All soil samples were analyzed for δ
13

C values of the organic carbon. For this, 3 mg15

ground soil was weighed in small tin capsules and treated with 120µl of sulfurous acid

(5–6% SO2, Merck, Darmstadt, Germany) to remove inorganic carbon. Subsequently,

the samples were dried at 60
◦

C and measured by a coupling of an elemental analyzer

(EA 1110) with an isotope ratio mass spectrometer (DeltaPlusXL, Thermo Finnigan,

Bremen, Germany) (EA-IRMS). All values represent repeated measurements with a20

standard deviation of less than 0.3‰ and were calibrated versus V-PDB using CO2 as

reference gas (Werner and Brand, 2001).

2.3 Soil water sampling and analysis

In April 2002 glass suction plates with a diameter of 12 cm, 1 cm thickness and a pore

size of 1 to 1.6µm (UMS GmbH, Munich, Germany) were installed in depths of 10,25

20 and 30 cm to collect soil solution. Suction plates on the C4 double litter treatment

were added in May 2003 in the same depths. The sampling bottles were continuously

evacuated to a negative pressure between 50 and 350 mbar depending on the actual
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soil water tension. Thus, only free soil water was collected. Cumulative soil solution

was sampled biweekly and analyzed for dissolved organic carbon concentration by a

highTOC elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany).

Samples were analyzed as soon as possible and stored at 4
◦

C if necessary. Between

mid of June and mid of September 2003 no free soil solution was available for collection5

in 10 cm depth. Remoistening of the soil profile took until end of November in 30 cm

depth.

The water remaining after concentration measurements was freeze dried and the

corresponding δ
13

C values of DOC were measured by EA-IRMS after carbonate re-

moval, which was performed as with soil samples. 120µl of sulfurous acid were added10

to 2 mg freeze dried material and dried at 60
◦

C before measurement. During summer

sample amounts often were too small for isotope analysis. Therefore, samples were

stored at −20
◦

C, pooled with the next sampling and analyzed as mixed sample.

Cumulative annual export amounts of DOC for both treatments on the C4 plot were

calculated using the collected volumes. The time frame was adapted to the seasonal15

cycle and vegetation period of the C4 species and thus started in May 2003 and ended

in April 2004. The collected volumes will differ from real water fluxes; however, due to

the continuous vacuum system the calculated values represent the maximum soil water

efflux. The calculation primarily aimed to compare both treatments instead of calculat-

ing a carbon balance. Suction plates in the respective depths of both treatments were20

coupled to the same vacuum device. We assumed that error sizes were the same for

all depths and both treatments. Thus, a larger volume collected at the same time on

the double litter treatment compared to the no litter treatment was interpreted as higher

soil moisture and larger water flux.

For correlations of the time series of DOC concentration with soil moisture and soil25

temperature continuous measurements from the meteorological station near the C4

plot were used. Soil temperature and soil moisture were averaged for the respective

depths for the time frame between two soil solution sampling dates.
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2.4 Sampling of plant material and analysis

Above ground plant biomass was harvested twice a year on the C3 plots, in May and

August, and the biomass was removed from the plots. Amaranthus retroflexus L. was

an annual species that started growing in May each year. Therefore, the C4 plot was

only mown once a year in August.5

Above ground plant material from biomass harvests in 2003 was used to determine

community carbon isotope contents of the C3 plots. The plants were cut 3 cm above

the ground on four randomly selected quadrat sample areas of 20 cm×50 cm and a

plot representative mixture of all species was used for isotope analyses. Carbon iso-

tope values of the C4 species were determined from harvested above ground plant10

material in August 2003. Below ground carbon isotope ratios of the C4 species in both

treatments were determined from root material sieved out of the soil samples taken in

spring 2004. All plant samples were dried at 70
◦

C for 48 h and ground with a ball mill

prior to chemical analysis. Between 1 and 2 mg sample was weighed in tin capsules

and measured by EA-IRMS as for the soil samples.15

Root standing biomass (expressed as g C m
−2

) and root distribution on the C4 treat-

ments was estimated from the root material that was sieved out from the soil samples

taken in 2004.

2.5 Calculation of fraction of plant-derived carbon in soil and soil solution

Based on the changes of δ
13

C values of SOC on the C4 treatments after the vegetation20

change from C3 to C4 plants in spring 2002 and the isotopic difference of the C3 and

C4 plants, it is possible to calculate the fraction F of fresh carbon in the soil carbon

pool (Balesdent and Mariotti, 1996; Gleixner et al., 1999).

F=
(δ

13
CC4−soil−δ

13
CC3−soil)

(δ13CC4−plant−δ
13CC3−plant)

(1)
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For C3 soil the average of δ
13

C values of the respective depth from all C3 plots mea-

sured in 2004 was used, thus considering changes independently of C3-C4 vegetation

change. For the δ
13

C value representing the C3 plants, a community value was cal-

culated by averaging the above ground plot data of all species in a plot in 2003 paying

attention to the relative abundance of the different species in the mixtures. All mean5

values of the plots were then averaged to get the overall C3 signal and the standard

deviation given corresponds to this overall value. Due to the litter removal versus dou-

ble litter input on the C4 treatments, two calculations were performed. We compared

the results using the δ
13

C value of above ground biomass of the C4 plants with re-

sults using the root biomass isotope values. Results given refer to the calculation with10

treatment specific root biomass isotope values for C4 plants.

Calculation of the proportion of C4 carbon in DOC was based on the difference be-

tween the measured carbon isotope value of DOC at the sampling date and a reference

value representing the background value or largest possible difference. We took the

carbon isotope values of SOC measured in 2004 on the respective treatments and15

depths as reference values. The isotopic composition of SOC shifted within the inves-

tigation period and the measurements of 2004 represent the end member of the time

series. The SOC values in 2004 fairly agreed with the background
13

C values mea-

sured for DOC in the respective depths. This difference was related to the difference in

the δ
13

C values of the possible DOC sources C4 plant carbon and soil organic carbon20

without C4 signature (2002 values). The isotope values of the SOC were adapted to

the depth resolution of the suction plates (10 cm) paying attention to the carbon con-

centration gradient in soil.

F=
(δ

13
CDOC−δ

13
CSOC2004)

(δ13CC4−plant−δ
13CSOC2002)

(2)
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3 Results

3.1 Soil organic carbon (SOC) and isotope ratios

In the main experiment, repeated soil sampling at the start of the experiment and after 2

years revealed an average increase in soil organic carbon in the top 5 cm of 92 g C m
−2

corresponding to a 7.5% increase compared to the initial value of 2002 (Fig. 1). At the5

same time organic carbon stocks strongly decreased below 20 cm depth. Between 20

and 30 cm depth on average 382 g C m
−2

were lost, which corresponded to a decline

of 15.3%. In the C4 treatments soil organic carbon increased to a depth of 20 cm

but also decreased below this depth (Fig. 1). In the no litter treatment the observed

increase in soil organic carbon in the depth segments to 20 cm were between 88 and10

106 g C m
−2

(in total 381 g C m
−2

) corresponding to a relative increase of 6.6 to 10.0%

compared to the initial values of 2002. Despite the additional carbon source, double

litter input resulted in a lower increase in soil organic carbon. In the depth segments

to 20 cm 47 to 78 g C m
−2

(in total 263 g C m
−2

) were stored corresponding to a relative

increase of 3.8 to 7.7%. Differences between the treatments were significant in the15

depth segments from 0 to 5 cm and 10 to 15 cm (p<0.05). The decrease in soil organic

carbon below 20 cm depth differed strongly between the treatments (Fig. 1). In the no

litter treatment 71 g C m
−2

were lost between 20 and 30 cm depth, while in the double

litter treatment the organic carbon content decreased as much as 393 g C m
−2

in the

same depth. Neither the absolute changes in soil organic carbon nor the difference20

between the treatments on the C4 plot followed the estimated root distribution pattern

in the treatments (Fig. 2).

To describe the carbon sources responsible for the observed increase in carbon

content in the upper 20 cm of the soil, we used analyses of changes in the soil organic

carbon isotope signal of the C4 treatments compared to the C3 plots. This enabled us25

to distinguish between the input of fresh plant-derived carbon holding a C4 signal and

the relocation of already present SOC holding a C3 signal of the former vegetation. In

2002, the δ
13

C value of SOC on the C4 plot between 0 and 30 cm depth was −26.6‰
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throughout the depth profile (sd = 0.1). The plot variability in terms of δ
13

C values of

SOC determined from the independent soil cores taken in 2002 was between 0.02 and

0.34‰ depending on depth. On average a standard deviation of 0.24‰ was observed.

For calculation of proportions of C4 carbon in soil the isotope values of treatment

specific root biomass of the C4 species was used. On the no litter treatment the root5

material had δ
13

C values of −14.1‰, while on the double litter treatment −15.1‰

were measured. Above ground C4 biomass held isotope ratios of −13.2‰ in 2003.

The average isotope signal of above ground C3 plot communities in 2003 at the field

site was −28.9‰ (sd=0.7).

Between 2002 and 2004 the average organic carbon isotope signal of all C3 plot soil10

increased continuously with increasing depth, starting from no change in the top 5 cm

to a difference of 0.4‰ in 25 to 30 cm depth (Fig. 3). This shift in the δ
13

C values was

significantly correlated to the average decrease in the organic carbon concentration on

all C3 plots with soil depth (R=0.98 and p<0.001). The δ
13

C values of both treatments

on the C4 plot clearly shifted to C4 plant specific isotope signals in the top 5 cm of the15

soil. Double litter input resulted in a δ
13

C value of −24.9‰, which corresponded to a

shift of 1.9‰ between 2002 and 2004. The organic carbon isotope signal in the soil

with no litter treatment shifted 1.4‰ to a δ
13

C value of −25.4‰ in the top 5 cm (Fig. 3).

With increasing depth the C4 signal weakened and could not be observed any longer

in 20 cm depth, where δ
13

C values of −26.5‰ were measured on both treatments in20

2004. Below 20 cm depth, the input of C4 plant carbon from roots added with the soil

organic carbon loss, which both led to increasing δ
13

C values. The resulting shift in the

δ
13

C values in 25 to 30 cm depth was 0.4 and 0.6‰ on the no litter and double litter

treatment, respectively.

The changes in δ
13

C values in the soil on the C4 plot after the vegetation change25

from C3 to C4 plants in spring 2002 were used to calculate the fraction of fresh plant-

derived carbon in the soil carbon pool (see method’s section for details). We performed

calculations for depths up to 20 cm, where carbon storage was observed after 2 years.

The relative change in SOC was then compared to the detected C4 label in 2004 to dif-
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ferentiate between plant sources and the proposed relocation of already present SOC

holding a C3 signal (Fig. 4). The comparison differentiates between 3 cases, repre-

sented by the 1:1 line in Fig. 4. Data points above the 1:1 line, i.e. double litter treat-

ment at depth 0–5 cm, have a higher proportion of C4 carbon in the soil organic carbon

pool compared to the corresponding storage of soil organic carbon after 2 years. This5

indicates a loss of carbon with C3 signature from the soil segment in question. For data

points matching the 1:1 line, i.e. double litter treatment at depths 5–10 and 10–15 cm

and no litter treatment at depth 0–5 cm, one can assume that any increase in soil or-

ganic carbon was attributed to the input of fresh C4 plant material. Decomposition that

took place did not favor “fresh” C4 or “old” C3 carbon. Data points below the 1:1 line,10

i.e. double litter treatment at depth 15–20 cm and no litter treatment at depths 5–10,

10–15 and 15–20 cm, indicate the relocation of already present soil organic carbon

holding the C3 signature of the plants prior to the C3-C4 vegetation change. The com-

parison between treatments (no litter versus double litter) revealed clear differences in

the sources of carbon storage in the depth profile.15

The increase in soil organic carbon in the no litter treatment in the top 5 cm of the

soil profile was due to the input of new C4 plant material, i.e. decaying roots. The

calculated C4 label matched the observed carbon increase (Fig. 4). Below 5 cm depth

the increase in organic carbon exceeded the detected label of C4 plant material. Thus,

organic carbon with C3 signature contributed to the observed carbon storage.20

In the double litter treatment the calculated C4 label of the soil organic carbon pool

exceeded the increase in organic carbon in the top 5 cm of the soil profile (Fig. 4).

After 2 years the calculated fraction of fresh carbon from C4 plants was 15% in the top

5 cm of the soil, while the carbon content only increased by 7.7% in the same depth

segment. Between 5 and 15 cm depth the C4 label matched the observed carbon25

storage. As in the no litter treatment, in 15–20 cm depth most of the carbon storage

was attributed to C3 labeled carbon. About 2% C4 label stand against 6% increase in

soil organic carbon content (Fig. 4).
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3.2 Dissolved organic carbon (DOC) in soil solution

DOC concentration in soil solution showed seasonal patterns with maximum concen-

tration in summer and early fall and minimum concentration in late winter on all plots.

We observed no general differences between both C4 treatments (Fig. 5a and b). The

increase of DOC concentration in spring coincided with rising soil temperatures and5

drying out processes. The decrease of DOC concentration in fall was strongly corre-

lated to soil remoistening (Table 1) and hence a dilution effect. The correlation between

soil temperature and DOC concentration in fall decreased with increasing depth. Over-

all, between 77% (20 cm depth) and 90% (30 cm) of the seasonal variability in DOC

concentration was explained by soil moisture and soil temperature. In winter, the high-10

est DOC concentration was measured in 30 cm depth (about 12 mg l
−1

) due to lower

water availability. Saturation of the soil water potential in the observation year in this

depth was not reached before spring 2004. In 10 cm depth winter DOC concentration

was about 9 mg l
−1

. The most pronounced difference between the no litter and double

litter treatment was the faster decrease in DOC concentration in fall in 10 cm depth15

on the double litter treatment. For comparison of the treatments cumulative organic

carbon export amounts per year were calculated.

In 2003, 95% of the annual DOC export with soil solution took place in fall and winter

(Fig. 6). Calculation of the organic carbon export amount from 10 cm depth between

May 2003 and May 2004 resulted in 8.1 g C m
−2

in both the no litter and the double20

litter treatment.

Deeper in the soil profile, differences between the litter treatments appeared. In

the no litter treatment, DOC export amounts decreased linearly with increasing depth

(8.1 g C m
−2

, 5.4 g C m
−2

and 3.3 g C m
−2

from 10, 20 and 30 cm depth, respectively)

(Fig. 6a). In the double litter treatment 30% less organic carbon was exported from25

20 cm depth (3.8 g C m
−2

) than in the no litter treatment (Fig. 6b). In 30 cm depth DOC

export amounts were larger in the double litter treatment (4.3 g C m
−2

) than in the no

litter treatment, which coincided with the observed higher carbon losses in the soil pool
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in this depth.

Carbon isotope signals of DOC in the soil solution collected in 2003 on C3 plots

showed a seasonal variability between −27.9‰ and −28.4‰ in 10 and 20 cm depth

and −27.2‰ and −28.0‰ in 30 cm depth (Fig. 7a). Thus, δ
13

C values slightly

increased with increasing depth and shifted from the C3 plant community signal5

(−28.9‰) towards the isotope value of present SOC (−26.4‰ in 20 to 30 cm depth).

The shift from plant signature towards soil isotope values occurred also in the C4 treat-

ments. There, decreasing δ
13

C values were measured with increasing depth through-

out the seasons (Fig. 7b and c). The increase in DOC concentration in spring and first

data after summer dryness were not accompanied by δ
13

C values of C4 plant material.10

Average isotope ratios during this time ranged from −25.8‰ in the no litter treatment

and −24.7‰ in the double litter treatment in 10 cm depth to −26.6‰ in 20 and 30 cm

depth in both treatments. In 10 and 20 cm depth they matched the δ
13

C values of

the soil organic carbon in the respective soil layer measured in 2004, i.e. −25.3‰ and

−24.9‰ in 10 cm in no litter and double litter treatment, respectively, and −26.5‰ in15

20 cm in both treatments.

In November 2003 decomposition of plant remains led to an increase in the plant

derived fraction of DOC primarily in 10 cm depth (Fig. 7b and c). The proportion of C4

material in DOC was larger with double litter input and the label was observed for about

3 months. In the no litter treatment we measured up to −24.0‰, which corresponded20

to a proportion of 14% of plant derived material in the DOC. The label showed up as a

sharp peak that already disappeared two weeks later. The calculated proportion of C4

carbon in soil solution in this depth and treatment was usually less than 5% the rest of

the year. Isotope values of more than −23.0‰ (corresponding to more than 20% C4

carbon in the soil solution) were observed in the double litter treatment between mid25

of November 2003 and end of January 2004. The maximum value reached −21.7‰,

which corresponded to a proportion of 29% of C4 plant derived carbon. After litter

deposition generally higher proportions of C4 carbon in soil solution were observed

than in the no litter treatment (between 10 and 17%) within the investigation period.
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DOC composition changed with increasing depth as SOC contained no C4 marked

material in 20 cm depth, as shown in the soil section above, and in the double litter

treatment the spatial distance to the litter layer increased. The maximum δ
13

C value in

20 cm depth (−25.2‰) was observed at the same time as in 10 cm depth in the no litter

treatment, and still corresponded to 9% of plant derived carbon. In the double litter5

treatment the decrease of the proportion of C4 carbon in soil solution with depth was

more pronounced. The maximum δ
13

C value of −24.4‰ corresponded to a proportion

of only 14% C4 carbon. Additionally, a time lag of several weeks occurred between

the start of the C4 signal in 20 cm depth compared to the 10 cm depth (Fig. 7a). In

30 cm depth no clear C4 signal could be detected in soil solution of both treatments.10

Seasonal differences in δ
13

C values in this depth were 1‰ at most. All plant derived

carbon that entered the soil solution above this depth was completely mineralized or

adsorbed to soil particles already.

4 Discussion

4.1 Soil organic carbon15

Our current study confirmed the hypothesis of a changing organic carbon distribution

in the soil profile being caused by the land use change from arable land to managed

grassland. As a result of the land use change, soil organic carbon increased to a depth

of 10 cm in the main experiment with C3 plants, and even to a depth of 20 cm in the

additional experiment using C4 plants. Carbon losses were generally observed below20

20 cm depth. Different litter treatments on the C4 plot did not cause main differences

in root biomass production or root distribution as was shown in the similar depth profile

of standing root biomass after 2 years.

Surprisingly, the extra litter layer did not result in a larger increase in soil organic

carbon, compared to the no litter treatment, as hypothesized. Instead, not only did the25

increase in SOC to a depth of 20 cm tend to be smaller beneath the litter layer, but
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also the carbon loss below 20 cm depth was significantly larger in this treatment. The

litter input may have induced a priming of microbial decomposition in soil that resulted

in faster turnover rates and a mobilization of already present soil organic carbon as

was found in other investigations (Fontaine et al., 2004). As a result, the incorporated

proportion of plant derived carbon in the SOC pool with the double litter treatment was5

larger than the observed increase in SOC nearest to the litter layer, which means in the

top 5 cm of the soil profile (Fig. 4). In this layer, isotopic measurements showed that

the proportion of plant derived carbon in SOC was twice the observed SOC increase.

On the other hand, between 15 and 20 cm depth organic carbon holding a C3 isotope

signal clearly dominated the organic carbon storage in the soil. We therefore conclude10

that the above mobilized soil organic carbon was not lost completely by mineralization

processes but was transported in the soil solution and readsorbed to soil particles as it

moved through the soil profile.

In the no litter treatment, the proportion of plant derived carbon in the top 5 cm of

the soil profile equaled the increase in SOC indicating no preferential decomposition of15

plant derived carbon or the existing soil organic carbon pool. Even though the soil or-

ganic carbon still increased between 5 and 20 cm depth in this treatment, this increase

was not accompanied by an adequate increase in δ
13

C values of the SOC pool, as

would be expected had the carbon source been recent C4 plant material. There are

two possible explanations for this observation, which most probably both contribute to20

the observed results of our experiment.

1) The simplest explanation takes the spatial variability of about 10% in soil organic

carbon stocks within a plot (determined in 2002) into account. This would leave the

possibility that (also in the no litter treatment) mobilized SOC with a C3 signature was

relocated by soil solution from the upper 5 cm of the soil profile to a depth of 10–20 cm,25

where it contributed to the observed increase in SOC.

2) The second explanation suggests an additional carbon source with C3 signature

that can be utilized by soil microorganisms. This theory is supported by an investiga-

tion, where up to 40% of the carbon used by microorganisms was not SOC or plant
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derived carbon (Kramer and Gleixner, 2006). Probably, microorganisms are able to

utilize CO2 that is set free by mineralization of SOC below 20 cm depth, which diffuses

upwards and holds the C3 signature of its source. Our findings demonstrated that the

major part of organic carbon below 20 cm depth was lost by mineralization. The DOC

export by soil solution between 20 and 30 cm depth explained less than 10% of the5

observed carbon losses from the SOC pool and the correlation between carbon loss

and increasing δ
13

C values in the SOC pool is caused by a known kinetic fractionation

during respiration (Feng, 2002; Gleixner et al., 1993).

4.2 Dissolved organic carbon

Dissolved organic carbon is often discussed as a transport mechanism for organic10

compounds that are released during decomposition of plant material (Froberg et al.,

2005; Kalbitz et al., 2003; Schwesig et al., 2003). Usually, decreasing DOC concen-

trations are observed with increasing depth and distance to the source such as root or

litter decomposition. At our field site, DOC concentrations are primarily determined by

water availability. Saturation of the soil profile is only reached in late winter for short15

periods. Therefore, higher concentrations with increasing depth are common in fall

and early winter. Interestingly, neither root exudates nor compounds set free during

root turnover entered the soil solution, as indicated by carbon isotope values similar to

the soil organic carbon instead of plant derived carbon, during the vegetation period

from spring to early fall. They were mineralized rapidly and did not contribute to the20

DOC composition as found by Watt et al. (2006). The major amount of organic carbon

that was transported by soil solution to all depths originated from soil organic carbon

present before the C3-C4 vegetation change. Only in fall and early winter did the de-

composition of plant remains lead to detectable amounts of plant derived carbon in soil

solution.25

According to the theory that soluble organic compounds are released during litter

decomposition processes, we expected higher DOC concentrations in the double litter

treatment. In fact, not were only DOC concentrations lower in this treatment, but also
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DOC export amounts from the topmost 10 cm of the soil profile were the same as in

the no litter treatment. Reduced evaporation and resulting higher water availability due

to litter deposition probably influenced microbial activity and hence export to other hori-

zons, as has been found in other studies (Coppens et al., 2006). After litter deposition

in fall, the proportion of plant derived carbon in DOC in 10 cm depth increased to a5

maximum of 29% in the double litter treatment compared to 14% in the no litter treat-

ment. As in the soil carbon pool, the additional plant carbon source did not increase

the amount of organic carbon in the soil solution but clearly increased the proportion of

plant derived carbon in the DOC pool near the input source. The proposed priming of

microbial decomposition due to litter deposition likely led to a large reduction in the pro-10

portion of plant derived carbon in DOC between 10 and 20 cm depth. Together with this

decrease in the proportion of plant derived carbon in DOC, a smaller export amount

was also observed in this depth segment. We conclude that plant derived carbon is

preferentially mineralized and adsorbed to soil particles, while mobilized soil organic

carbon is transported further down the soil profile. Below 20 cm depth, the priming still15

resulted in a stronger mineralization and mobilization of soil organic carbon compared

to the no litter treatment. As a consequence, 15% of the soil organic carbon present in

April 2002 in 20 to 30 cm depth was lost after two years.

The general priming of carbon turnover with double litter input found in this study,

ties in well with other findings at the plant level in the Jena Experiment: more diverse20

plant mixtures in the main experiment were up to 110% more productive (and there-

fore drivers of higher plant litter input) than monocultures or low diversity treatments

(Roscher et al., 2005). In addition, evidence from stable isotope studies of
15

N in

four different plant species planted into every plot suggest a potential additional prim-

ing effect of plant diversity (species richness) on N turnover in these grassland plots25

(Temperton et al., 2007).

Decomposing roots represent the only plant carbon source for DOC in the no litter

treatment. Therefore, rooting depth and root distribution controlled the input of plant

derived carbon to the soil solution. Almost the same proportion of plant derived carbon
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in DOC was observed in fall in 10 and 20 cm depth without a time lag that would be

caused by transport processes. In the absence of priming in this treatment, only 3% of

soil organic carbon was lost in 20 to 30 cm depth. Regardless of the treatment, below

20 cm depth, soil solution never contained large proportions of plant derived carbon.

4.3 Carbon storage in experimental grassland soils5

In summary, our data suggest that the additional plant carbon input by litter had pro-

found consequences on the development of the soil carbon pool (Fig. 8), at least in the

short-term. With similar root biomass input to the soil that caused the increase in soil

organic carbon, additional litter input accelerated carbon turnover and induced a mobi-

lization and mineralization of already present soil organic carbon. As a consequence,10

higher storage rates and lower carbon losses were observed without litter deposition

within the first years after land use change. According to our hypothesis (1) that more

carbon is transferred to the soil when additional litter is provided a higher proportion

of plant derived carbon was detected in the soil organic carbon pool near the input

source, but this did not result in a higher carbon accumulation.15

The export amount of dissolved organic carbon by soil solution generally decreased

with increasing depth. At the same scale the composition of DOC shifted from a mixture

of plant and soil derived carbon to pure soil organic carbon derived compounds as

hypothesized (2).

To complete the mechanistic model additional measurements of soil respiration or20

soil gas fluxes including isotope signals are necessary that allow drawing conclusions

about preferential decomposition of plant or soil derived compounds and the propor-

tions of mineralization versus transportation of the mobilized soil organic carbon. Over-

all, our results suggest a strong feedback link from above ground to the below ground

compartments of the ecosystem, via a strong priming role of plant litter in accelerating25

turnover of organic carbon in the soil, not only close to the source. It is likely, that near

the soil surface a part of the compounds that were set free during litter decomposition

replaced already present soil organic carbon, which was then transported together with
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litter derived carbon in the soil solution. With increasing distance to the input source,

the proportion of plant derived carbon in the soil solution rapidly decreased, but this

nevertheless still caused a priming of microbial decomposition. This in turn triggered

the mobilization of SOC and lead to a relocation of inherited organic carbon to deeper

layers of the soil profile. Thus, the main component of DOC in soil solution at every5

depth investigated at any time of the year was this mobilized SOC. The transport of

the DOC was controlled by water fluxes and the equilibrium between adsorption and

desorption processes. A gradual readsorption of mobilized compounds to soil particles

contributed (if in a minor way) to carbon storage in larger soil depths. It remains to

be tested whether the strong effects of plant litter on the soil carbon pool found in this10

short-term study, form a consistent effect in the long-term and thus may constitute a

key process in carbon storage in temperate grassland soils.
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Table 1. Correlation of soil temperature and soil moisture with DOC concentrations in soil

solution (September 2003 to April 2004).

R p

soil temperature (10 cm) 0.91 <0.001

soil moisture (10 cm) −0.84 <0.001

soil temperature (20 cm) 0.62 0.03

soil moisture (20 cm) −0.87 <0.001

soil temperature (30 cm) 0.26 0.47

soil moisture (30 cm) −0.90 <0.001
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Fig. 1. Stock changes of soil organic carbon to 30 cm depth after 2 years (2004–2002); average

of all C3 plots (asterisks), C4 treatments no litter (open circles) and double litter (filled circles).

Error bars represent standard deviations between C3 plots and within the C4 plot, respectively.
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Fig. 2. Estimates of root standing biomass (g C m

−2
) to 30 cm depth in 2004 in the C4 treat-

ments no litter (open circles) and double litter (filled circles).
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Fig. 3. Shift of carbon isotope values in soil organic carbon between 2002 and 2004 averaged

for C3 plots (stars) and in C4 treatments no litter and double litter (circles); data are calculated

by δ
13

Csoil 2004 − δ
13

Csoil 2002. Error bars represent standard deviations between C3 plots and

within the C4 plot, respectively. The dashed lines mark zero change (vertical line) and the

border for observed carbon storage in the C4 treatments (horizontal line).
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Fig. 4. Relationship between the observed increase in SOC after 2 years and the calculated

proportion of incorporated C4 plant derived carbon in SOC in 2004; dashed line represents 1:1

correlation. Any data above the dashed line indicate that the proportion of C4 carbon derived

from plants increased faster than the general increase in SOC.
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Fig. 5. Seasonal variation in DOC concentration in different depths in the no litter treatment (a)

and the double litter treatment (b). The data gap is caused by summer dryness, when no free

soil solution was available.
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707 Fig. 6. Calculated cumulative carbon export from respective depths to lower depths in 2003, in

the no litter treatment (a) and the double litter treatment (b). Calculation was based on collected

volumes.
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Fig. 7. Seasonal variation in δ

13
C values of DOC in different depths averaged for plots with C3

vegetation (a), in the C4 no litter treatment (b) and in the C4 double litter treatment (c).
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Fig. 8. Mechanistic model of consequences of additional litter input and similar root input on

the development of the soil carbon pool. The thickness of the arrows denotes amounts, plus

indicates addition or amplification, and minus indicates removal or attenuation.
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