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Summary 
 

Soils, globally containing about 2,500 gigatonnes of carbon, are supposed to behave as 

sink as well as source for atmospheric carbon dioxide (CO2). Due to a higher carbon (C) 

sequestration potential compared to vegetation and atmosphere, soils have been suggested 

as the most appropriate potential sink for atmospheric carbon. Thus, soils are considered to 

be of outstanding importance within the system of climate change. Thereby, especially the 

types of land-use and management practices seem to influence the processes that mitigate 

the loss of soil organic carbon (SOC) and increase C sequestration. One of the most 

important kinds of land-use is the cultivation of soils with wetland rice (paddy soils), since 

the staple food of more than 50 percent of the world’s population is based on rice. Also in 

regards to the global carbon cycle paddy soils are of importance. The cultivation of 

wetland rice leads to decreased decomposition rates in the relevant soils and therefore, 

supports the accumulation of SOC caused by water logged conditions during flooded 

periods. The outcomes are high SOC levels observed in topsoils and an assumed high 

carbon sequestration potential. 

 

Owing to the high potential of paddy soils to sequester carbon, according to a foreseeable 

increase of the atmospheric CO2 concentration, and due to a continuous increase in land 

under wetland rice cultivation it is crucial to understand the mechanisms, which influence 

the carbon dynamics under paddy management. Hence, soils from a chronosequence of 50 

to 2,000 years of agricultural use were sampled and investigated. The study sites belong to 

one of the oldest paddy soil regions in the world, near the southern coast of Hangzhou Bay 

around Cixi, Zhejiang Province, China. The parent material consists of estuarine sediment 

that was deposited in the Hangzhou Bay after passing the Yangtze delta. Its uniform 

composition provided the comparative investigation of soil carbon dynamics under the 

land management practice of wetland rice-paddies against upland-crops. For this purpose 

radiocarbon (
14

C) measurements by accelerator mass spectrometry (AMS) were made at 

the Leibniz-Laboratory (Kiel). Particularly, the origin and the distribution of soil organic 

carbon present in subsoil horizons was investigated in this study. 

 

The parent material is characterized by a total organic carbon (TOC) content of ca. 0.3 % 

and a 
14

C concentration of ca. 50 pMC (percent modern carbon). After being diked-in, 
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gradients in TOC and 
14

C of the ten investigated soil profiles developed under the 

influence of an intensified cultivation. Results of 
14

C measurements reveal the formation of 

a dense plough pan within the first five decades of paddy rice cultivation and thus, disclose 

a seriously reduced, but not totally prevented, downward transport of soil organic matter 

(SOM). In the paddy topsoils the ‘original’ SOC with a radiocarbon signature depleted in 

14
C gets replaced by ‘fresh’ material with modern 

14
C signals within decades. The 

equilibrium times for TOC and 
14

C in the subsoils are in the order of centuries. 

 

To reveal the main source of organic carbon (OC) present in the subsoil the entire SOC 

pool was chemically fractionated into three SOM fractions: the acid soluble fulvic acid 

(FA), the alkali soluble humic acid (HA) and the insoluble humin fraction (alkali residue). 

Results disclose the fulvic acid fraction, which is assumed to be the most mobile fraction 

among the three groups of humic substances, as the main driver for the input of organic 

matter into the subsoil. FA’s show an average contribution of about 50 % on SOC with a 

maximum of 65 % in the 2,000-year old paddy soil. The average HA contribution is less 

than 20 % for all soil profiles, while the humin fraction represents ca. 30 % of the SOC. 

Since fulvic acids are the major component of dissolved organic matter (DOM), the 

relocation of organic matter through the plough pan, transported by percolating water, was 

identified as the main driver for subsoil ‘OC-refreshing’ in paddy subsoils. A second 

source for subsoil OC in paddy soils could be identified by plant roots and root exudates 

with 
14

C concentrations up to 128 % of the modern standard. The plant remains were 

found far below the plough pan (1 m) and could be related to Oryza sativa, partly by 

means of DNA isolation and 18S rDNA analysis. 

 

After the quantification of the different SOC fractions, a classification of TOC into two 

conceptual C pools provided a more detailed insight into SOC dynamics. Based on a time-

dependent steady-state box model mean residence times and pool sizes were calculated. 

Depending on the depth, results reveal a fast cycling SOC pool with residence times 

ranging from 1.5 to 21 years. The stabilized SOC pool reveals residence times between 

150 and 2,000 years. The quantitative relevance of the modeled SOC pools is strongly 

affected by the initial model parameters. The proportion of the conceptual SOC pools on 

TOC at the beginning of the time series governs the resulting pool sizes significantly.  

However, the applied calculations were confirmed as an appropriate tool to estimate 

turnover rates of SOC in young paddy soils. Furthermore, it was possible to calculate mean 
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residence times not only for the topsoil but also for deep subsoil horizons. In summary, the 

results presented in this thesis suggest a dynamic balance of OC fluxes, rather than a long-

term stabilization of SOC within paddy soils. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 



Zusammenfassung  IV 

Zusammenfassung 
 

Böden speichern weltweit etwa 2500 Gigatonnen Kohlenstoff (C). Sie fungieren dabei 

sowohl als Senke als auch als Quelle für atmosphärisches Kohlendioxid (CO2). Aufgrund 

ihrer Fähigkeit mehr Kohlenstoff zu binden als die Vegetation und die Atmosphäre wurden 

Böden als die am besten geeigneten Kohlenstoffsenken ausgemacht. Böden stellen daher 

einen wichtigen Faktor im System der globalen Klimaveränderung dar. Die Prozesse, die 

einerseits den Verlust von bodeneigenem Kohlenstoff vermindern und andererseits 

Kohlenstoffspeicherung in Böden verstärken sind dabei vor allem von der Art der 

Landnutzung beeinflusst. Eine der weltweit bedeutendsten Landnutzungsformen ist die 

Bewirtschaftung von Nassreisböden (paddies), da diese mehr als der Hälfte der 

Weltbevölkerung als Hauptnahrungsmittellieferant dienen. Auch in Hinblick auf eine auf 

den CO2 Anstieg zurückzuführende globale Erwärmung sind paddies aufgrund ihrer 

Relevanz für den globalen Kohlenstoffkreislauf von Bedeutung. In den betroffenen Böden 

führt der Anbau von Nassreis zu verminderten Abbauraten der organischen Bodensubstanz 

(OBS) und die herbeigeführte Wasserüberstauung begünstigt die Anreicherung 

bodeneigenen Kohlenstoffs. Als Konsequenz ergeben sich hohe Gehalte an organischem 

Kohlenstoff (OC) in den Oberböden und das bereits erwähnte hohe Potential Kohlenstoff 

zu speichern.  

 

Aufgrund des hohen Kohlenstoffspeicherungspotentials, eines fortwährenden CO2 

Anstiegs in der Atmosphäre und einer kontinuierlichen Zunahme von Flächen mit 

Nassreiskultivierung ist es von großer Bedeutung die Mechanismen, die die 

Kohlenstoffdynamik unter Reisanbau beeinflussen, zu verstehen. Aus diesem Grund 

wurden Böden einer sich über 2000 Jahre erstreckenden Chronosequenz beprobt und 

untersucht. Das Untersuchungsgebiet gehört zu einer der ältesten Reisanbauregionen der 

Welt und liegt an der Südküste der Bucht von Hangzhou, nahe der Stadt Cixi (Provinz 

Zhejiang), China. Das Ausgangsmaterial besteht aus Sediment, das aus dem Jangtsekiang-

Delta kommend, in der Bucht von Hangzhou abgelagert wurde. Seine einheitliche 

Zusammensetzung ermöglicht die vergleichende Untersuchung der Kohlenstoffdynamik 

unter der Landnutzungsform Nassreisanbau gegenüber Nicht-Reisanbau. Zu diesem Zweck 

wurden Radiokohlenstoffmessungen (
14

C) mittels Beschleuniger-Massenspektrometrie 
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(AMS) im Leibniz-Labor (Kiel) durchgeführt.  In dieser Arbeit wurde insbesondere die 

Herkunft und Verteilung bodeneigenen Kohlenstoffs im Unterboden untersucht. 

 

Der Gesamtanteil des organischen Kohlenstoffs (TOC) im Ausgangssediment beträgt etwa 

0,3 % und die 
14

C Konzentration beträgt ca. 50 pMC (percent modern carbon). 

Unmittelbar nach Abschluss von Landgewinnungsmaßnahmen bildeten sich unter dem 

Einfluss intensivierter Kultivierung OC und 
14

C Gradienten in den zehn untersuchten 

Bodenprofilen. 
14

C Messungen zeigen, dass es durch Nassreisanbau innerhalb der ersten 

fünf Jahrzehnte zur sukzessiven Bildung einer kompakten Zone (plough pan) kommt, 

welche den nach unten gerichteten Transport der OBS deutlich reduziert aber nicht 

vollständig unterbindet. Der noch aus dem Ausgangsmaterial stammende, an 
14

C verarmte 

Kohlenstoff, wird im Oberboden der paddies innerhalb von Jahrzehnten durch „frischen“ 

Kohlenstoff mit modernem 
14

C Signal ersetzt. Derselbe Prozess nimmt im Unterboden 

mehrere Jahrhunderte in Anspruch. 

 

Um den Ursprung des im Unterboden befindlichen Kohlenstoffs zu ermitteln, wurde die 

OBS einer chemischen Fraktionierung unterzogen, resultierend in drei Fraktionen: 

säurelösliche Fulvinsäuren, basenlösliche Huminsäuren und die unlösliche Huminfraktion. 

Unter den gewonnen Fraktionen konnte die Fulvinsäure, welche als die mobilste Fraktion 

unter den Huminstoffen gilt, als hauptverantwortliche Fraktion für die Zufuhr von 

Kohlenstoff in den Unterboden identifiziert werden. Die Fulvinsäuren machen einen 

durchschnittlichen Anteil von 50 % an der OBS aus mit einem Maximum von 65 % im 

ältesten paddy. Die Huminsäuren umfassen im Durchschnitt weniger als 20 % der OBS. 

Die verbleibenden 30 % können den Huminen zugerechnet werden. Da sich die OBS 

überwiegend aus löslichen Fraktionen zusammensetzt, gelangt ein Großteil des sich im 

Unterboden befindlichen Kohlenstoffs durch Wassertransport dorthin. Als eine weitere 

Möglichkeit organisches Material mit modernen 
14

C Gehalten in den Unterboden zu 

bringen, konnte die Zufuhr von OC mittels Pflanzenwurzeln nachgewiesen werden. Die 

Pflanzenreste wurde in Tiefen von bis zu einem Meter gefunden und konnten teilweise 

durch DNA Analysen als Reis (Oryza sativa) identifiziert werden.  

 

Nach der Quantifizierung der verschiedenen OBS Fraktionen wurde der gesamte 

organische Kohlenstoff in zwei konzeptionelle Kohlenstoffpools eingeteilt, um die C-

Dynamik genauer zu untersuchen. Unter Verwendung eines Abbau- und 
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Verlagerungsmodels wurden Verweildauern und Größen von Kohlenstoffpools berechnet. 

In Abhängigkeit von der Tiefe ergaben die Berechnungen einen sich schnell umsetzenden 

C-Pool mit Verweildauern von 1,5 bis 21 Jahren. Der stabilisierte C-Pool ist durch 

Verweildauern zwischen 150 und 2000 Jahren gekennzeichnet. Dabei ist die Poolgröße in 

hohem Maße von den Eingangsparametern des Models abhängig. Die Aufteilung des TOC 

zu Beginn der Berechnungen beeinflusst die sich ergebenen Poolgrößen in erheblicher 

Weise. Die hier angewendeten Berechnungen erwiesen sich als nützliches Werkzeug zur 

Bestimmung von OC Umsatzraten in jungen paddies. Darüber hinaus war es möglich, 

Verweildauern nicht nur für Oberböden abzuschätzen, sondern auch für Unterböden. 

Zusammenfassend lassen die Ergebnisse dieser Arbeit den Schluss zu, dass Nassreisböden 

eher durch ein dynamisches Gleichgewicht von OC Flüssen gekennzeichnet sind als durch 

die langfristige Stabilisierung der OBS. 
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Chapter I  1 

Chapter I 

 

General Introduction 

 

Significance of soils within the global carbon cycle 

 

The Intergovernmental Panel on Climate Change (IPCC) reported significant climate 

changes, including an increased global surface temperature by 0.8°C, a sea-level rise of 

15-23 cm during the twentieth century, and notable impacts on ecosystems, caused by 

elevated greenhouse gas (GHG) levels (Schellnhuber 2006; IPCC 2007). With a 

contribution of around 64 % to the radiative forcing by GHGs, carbon dioxide (CO2) is the 

most important anthropogenic gas in the atmosphere (WMO 2012). The increase in CO2 is 

supposed to be caused by human activities due to fossil fuel burning, soil cultivation, 

deforestation and land-use changes. Thus, the continuous increase in CO2 is directly 

associated with the increase in human population, especially from the pre-industrial time 

until the present day. The observed rise in atmospheric CO2 amounts to ca. 40 %, starting 

with ca. 280 ppm (parts per million, number of molecules of the greenhouse gas per 

million molecules of air) in 1850 and increasing to 390.9 ppm in 2011, with a current 

increase of 2.0 ppm per year (IPCC 2007; WMO 2012). Lal (2004) estimated the 

emissions of carbon from fossil fuel burning to the atmosphere for the post industrial era 

with 270 ± 30 Pg (1Pg = 10
15

g) and the contribution of terrestrial ecosystems (e.g. land-

use changes) to be 136 ± 55 Pg. With an annual emission of 9.1 ± 0.5 Pg carbon (C) the 

combustion of fossil fuels is considered as the main driver of the observed CO2 increase, 

followed by emissions from land-use changes, mostly due to tropical deforestation of 0.9 ± 

0.7 Pg C (WMO 2012). This is known from direct measurements of atmospheric CO2 

since the 1950’s and analyses of atmospheric air trapped in ice cores (Leuenberger et al. 

1992; Keeling et al. 2001; IPCC 2007). Within the global carbon cycle, the amount of C 

linked to the atmospheric C pool is relatively small compared to the four remaining C 

pools (cf. Figure 1.1)  

 

Estimates by Schimel et al. (2001) reveal an annual deficit in the global carbon budget 

ranging from 2 to 4 Pg C per year for the 1990’s by comparing the CO2 emissions with the 
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carbon uptake by the oceans and the terrestrial biosphere. Considering the potential of this 

unknown C sink, which could turn into a C source and enhance the CO2 concentration in 

the atmosphere, it is important to know where the so-called ‘missing’ carbon is 

sequestered. Despite the ongoing controversial discussion about the fate of the ‘missing’ 

carbon, results mainly regarding the 1990’s suggest an uptake of the carbon in terrestrial 

ecosystems of the northern hemisphere (Ciais et al. 1995; Keeling et al. 1996; Brown und 

Schroeder 1999; White et al. 2000; McGuire et al. 2001). According to recent studies, a 

crucial role regarding the additional C uptake is accorded to forest ecosystems (Lal 2005). 

 

 

 

 

 

 

 

Figure 1.1: Global carbon reservoirs and major CO2 exchanges between them in Pg of 

carbon per year. As a consequence of natural cycles and human activities the different C 

pools are not constant, and exchanges between the geochemical compartments take place. 

The carbon stocks in each C pool and the data of CO2 fluxes were obtained from Houghton 

(2007) and IPCC (2007). 
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With a proportion of about two-thirds of the global terrestrial carbon pool, consisting of 

the biotic and the pedological pool, the soil organic carbon (SOC) pool is the largest active 

pool within the global carbon cycle (Batjes 1996; Lal 2008). It is two times the size of the 

atmospheric C pool and nearly three times the size of the biotic C pool (Lal 2004). 

Considering the geological C reservoirs as part of the terrestrial carbon cycle, storing more 

than 4,000 Pg carbon in form of fossil organic carbon, soils are the second largest C pool. 

The amount of organic carbon (OC) in the upper 100 cm in the world’s soils is estimated 

to be about 1,550 Pg, yet considering a depth of 3 m soils contain ca. 2,300 Pg OC (Batjes 

1996; Jobbágy and Jackson 2000). Soils exchange large amounts of carbon with other 

reservoirs within a few months to several thousand years and are regarded as a medium-

term sink for the atmospheric CO2 (Schlesinger 1997; Houghton 2000). The annual SOC 

overall balance between C gain by organic deposits and C loss by soil respiration is nearly 

equalized, whereat several authors provide different amounts of exchanged C, ranging 

from ca. 60 Pg (Houghton 2007, cf. Fig. 1.1) to 75 Pg (Schlesinger and Andrews 2000).  

 

Soils are supposed to behave as a sink as well as a source for carbon. Considered as carbon 

source, soils are assumed to enforce the process of global warming by releasing CO2 due 

to an accelerated decomposition of SOC stored below the surface (Kirschbaum 2000; 

Davidson and Janssens 2006).  Disturbance of soils (e.g. ploughing) led to decreased soil 

carbon sequestration potentials and to an increased release of carbon to the atmosphere 

(Six et al. 2002; Rethemeyer 2004). Carbon losses from the soil into the atmosphere of up 

to 50 % within five decades were caused by conversion of natural forests to cropland 

(Scholes and Scholes 1995; Houghton 2000). In addition, Jenkinson et al. (1991) and 

Trumbore et al. (1996) indicate increased decomposition rates and the loss of SOC due to 

rising global surface temperatures.  

 

A measure to mitigate the projected global warming, which attracts more and more 

attention during the last decade, is the long-term withdrawal of carbon from the 

atmosphere by sequestration to another sink (Ingram and Fernandes 2001). Soils, 

considered as a carbon sink, provide the opportunity to sequester carbon in form of SOC 

and, furthermore, are supposed to play a key role in reducing the atmospheric CO2 

concentration and mitigate the positive feedback on global warming (Amundson 2001). 

Due to a higher C sequestration potential compared to vegetation and atmosphere, soils 

have been suggested as the most desirable potential sink for atmospheric carbon (Bellamy 
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et al. 2005). Several studies, including those of Lal (2004, 2008), Feller and Bernoux 

(2008), Mondini and Sequi (2008), Macías and Camps Arbestain (2010) and Srivastava et 

al. (2012), examined a broad range of soils regarding their C sequestration potential. 

Especially land-use and management practices seem to influence the processes that 

mitigate SOC loss and increase C sequestration (West and Post 2002; Lal 2004).  

 

Soil organic matter (SOM) 

 

Concerning cultivated croplands and the maintenance of soil fertility, soil organic matter 

(SOM) is of significant importance, since it affects soil properties like pH, redox potential, 

soil structure, and microbial activity (Stevenson 1994; Swift 2001). SOM comprises a very 

large number of organic compounds, including easily mineralisable plant remains as well 

as recalcitrant products from biotic and abiotic transformation processes, and the microbial 

biomass (Kögel-Knabner 2002; Scheffer/Schachtschabel 2010). The term soil organic 

matter describes a mixture of components of different forms and types of biotic origin, and 

comprehends the living and the dead organic matter (Coleman et al. 1989; Stevenson 

1994). Up to 4 % of the total organic carbon is accounted for by the living constituents, 

which include plant roots, macro- and microorganisms (Shibu et al. 2006). The non-living 

organic matter can be sub-divided into non-humic and humic substances. Non-humic 

substances are composed of different, well characterized compound classes, including 

carbohydrates, fats, waxes, and proteins (Stevenson 1994). The humic substances are 

organic compounds of high molecular weight and can be classified by their chemical 

properties (Kononova 1966). Traditionally, they are divided into alkali-soluble humic 

acids, acid-soluble fulvic acids, and a humin fraction, which is resistant to both acid and 

alkali (Stevenson 1994).  

 

The carbon sequestration potential of soils is governed by the long-term preservation of 

soil organic matter from oxidative and microbial decomposition (Swift 2001). Thus, the 

stabilization of SOM is the basis for the sequestration of carbon in soils and the associated 

withdrawal from the exchange between soil and atmosphere. Physical interactions between 

the mineral phase and SOM, like soil aggregation, and chemical factors like chemical 

composition and structure, are assumed to influence the stability of SOM (von Lützow et 

al. 2008). Stabilized SOM can outlast periods ranging from decades to millennia 
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(Scharpenseel and Becker-Heidmann 1992; Jenkinson et al. 1992). In general, three factors 

are assumed to be responsible for the stabilization of SOM, (i) the chemical structure and 

molecular composition of organic matter components, (ii) the spatial inaccessibility of 

organic matter to microbes and oxygen, and (iii) the interaction between organic matter 

and inorganic soil matrix (Oades 1995; Six et al. 2001; Kögel-Knabner 2002; von Lützow 

et al. 2006). However, these mechanisms and the relevance of particular processes are still 

not completely understood. Still, quantitative information regarding SOM turnover can 

only be obtained by modeling, while the complex mechanisms of organic matter 

stabilization and relocation in soils are not completely understood. Several approaches are 

available that model carbon dynamics in soils and can be used to simulate the effect of 

different management practices on SOM (Smith et al. 1997). Usually, models divide SOM 

into two or more pools, ranging from fast turnover, labile or active SOM, to very slow 

turnover rates, stable or passive SOM fractions (Elzein and Balesdent 1995; Jenkinson and 

Coleman 2008). However, most carbon dynamic models consider only the uppermost 30 

cm of soils.  

 

Paddy soils 

 

In general, agricultural soils are characterized by lower SOM contents compared to natural 

soils, due to the removal of the major portion of plant material after harvest and 

consequently lower organic carbon (OC) inputs. Exceptions to this are the largest 

anthropogenic wetlands on earth - paddy soils. The formation of paddy soils is the result of 

submerged rice cultivation in bunded fields. 75 % of the world’s rice production can be 

assigned to irrigated lowland rice cropping (IRRI 2012). Paddy soils are the most 

important agricultural soils in the world, since the staple food of more than 50 percent of 

the world’s population is based on rice (MacLean et al. 2002). In 2011 the total harvested 

area amounted to approximately 163 million hectares, with a production of more than 720 

million tons (FAOSTAT 2011). Rice is the major crop in the tropics and sub-tropics, 

whereas China represents the predominant rice producer with about 30 % of the global rice 

production and 18 % of the total world rice paddy area (FAOSTAT 2011). In 2008 ca. 136 

million ha were cultivated as paddy soils, which represents about 80 % of the total rice 

growing area in Asia (IRRI 2012). Main parts of the rice production are located in the 

southern part of China in the Yangtze and Huaihe River Valley, where sufficient water 
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supply is available. Many areas in south-eastern China are able to provide two or three 

crops of rice per year due to high temperatures and abundant rainfall. Especially the rice 

growing areas in the Yangtze River Valley are characterized by a rice-wheat or other 

winter upland crop rotation (Zhang et al 2012; Cao and Zhang 2004; Lin et al 2004). 

 

Due to the semi-aquatic ancestry of cultivated rice (Oryza sativa) and the high sensitivity 

to water deficiency, the cultivation of rice is less depending on the nature of the soil than 

on the moisture conditions under which the plant grows (Ikehashi 2007; Vaughan et al. 

2008). Prior soil conditions, like nutrient status and texture, affect rice plants slightly 

(Kawaguchi and Kyuma 1977; Barnes 1990). Thus, paddy soil formation is governed by 

the specific soil management practices, which disguise the original character of soils (Kirk 

2004). Paddy soils are characterized by increased SOC stocks, caused by large carbon 

input via straw incorporation, plant residues, and organic fertilizers (Tanji et al. 2003; Rui 

and Zhang 2010). The specific soil management practices, namely the artificial flooding 

and drainage, ploughing, puddling, organic manuring, and fertilization lead to decreased 

decomposition rates and, therefore, support the accumulation of SOC caused by water 

logged conditions during flooded periods (Neue et al. 1997; Kirk and Olk 2000; Kirk 

2004; Huang and Sun 2006; Kögel-Knabner et al. 2010). In the context of mitigating the 

increase of atmospheric GHGs, like carbon dioxide and methane, paddy soils are 

considered of outstanding importance due to the high SOC level observed in paddy 

topsoils and the assumed high carbon sequestration potential (Pan et al. 2003; Liu et al. 

2006; Xu et al. 2011; Baek et al. 2011; Zhang et al. 2012). The mean level of organic 

carbon in the top soils of lowland rice soils ranges from 20 g kg
−1

 in tropical Asia (Kirk, 

2004) to 29 g kg
−1

 (Shirato, 2005) in Japan. The Chinese Yangtze River Valley comprises 

27 - 41 g kg
−1

 (Cao and Zhang, 2004; Lin et al., 2004; Pan et al., 2008). Pan et al. (2003) 

take advantage of the 2
nd

 State Soil Survey carried out in China during 1979 - 1982 and 

from the nationwide arable soil monitoring system established since then. The area-

weighted mean density amounts to 44 t C ha
-1

, which is comparable to the value of the US 

grasslands and which is higher than that of the cultivated drylands in China and the US. 

The total topsoil SOC pool was estimated with 1.3 Pg. Xie et al. (2004) estimated a SOC 

stock of 2.9 Pg in the upper 100 cm and 0.9 Pg in the upper 20 cm for Chinese paddy soils. 

Wang et al. (2000) reported that the SOC level of paddy soils in China amounts to 3.1 Pg. 

Liu et al. (2006) used the 1:1,000,000 digital soil map of China as well as data from 1,490 

paddy soil profiles to determine a mean SOC density of 111.4 t C ha
-1

 for paddy soils at a 
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depth of 1 m and a SOC stock of 5.1 Pg. Considering the upper 20 cm of paddy soil 

profiles, the SOC density amounts to 37.6 t C ha
-1

, with a SOC stock of 1.7 Pg. Kimura et 

al. (2004) estimated mean amounts of potential CO2 and methane (CH4) production from 

Japanese and Thai rice fields. Their calculations for CO2 resulted in a mean production of 

about 1.5 t C ha
-1

 in Japanese rice fields and 1.8 - 2.1 t C ha
-1

 in Thai rice fields during a 

season of rice cultivation. The mean amounts of CH4 production during a rice cultivation 

period ranged from 24 to 54 kg C ha
-1

 for Japanese rice fields and from 30 to 93 kg C ha
-1

 

for Thai rice fields respectively, which were about one third or less of the reported CH4 

evolved amounts from rice fields in the world (Bouwman, 1990). 

 

The change of oxic and anoxic conditions, caused by alternation of flooded and dry 

periods, results in temporal and spatial variations in redox reactions (Cheng et al. 2009). 

Most of the times of rice growth anoxic conditions dominate. After drainage, before 

harvest, the redox potential increases and reduced compounds are oxidized (Jäckel et al. 

2001; Krüger et al. 2001). After rice cultivation, when upland crops are grown, oxic 

conditions are prevailing over a longer period of time. The shift of redox potentials results 

in an increased dispersion of clay particles, which reinforces the migration of clay in paddy 

soils (Li et al. 1997). In addition to the relocation of clay into the bottom of the plough 

layer, the mechanical pressure caused by buffalos and tractors leads to the formation of a 

plough pan (Bouman and Tuong 2001). Continuous puddling over a period of many years 

reduces small pores and meso pores in the plough pan and enhances the plant available 

water capacity in the puddle layer (Janssen et al. 2006). The water retention characteristics 

of the puddled layer are affected by the puddling intensity, which correlates with the 

reduction of macropores and the increase of micropores (Eickhorst and Tippkötter 2009). 

Furthermore, the period the soil is under paddy management has a large effect on the 

hydraulic properties of the plough pan (Lennartz et al. 2009). With increasing age of paddy 

soils, strongly decreasing infiltration rates were reported by Janssen and Lennartz (2006; 

2007). 

 

The particular paddy management, described above, leads to the development of 

diagnostic horizons that are specific to paddy soils (cf. Figure 1.2). According to IUSS 

Working Group WRB (2007) the paddy soil profile can be divided into an anthraquic 

horizon and a hydragric horizon. With an average range over the upper 20 cm, the 

anthraquic horizon comprises the puddle layer and the plough pan and is defined as a 
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human induced topsoil formed by wet cultivation. The hydragric horizon is dominated by 

reduction features (IUSS Working Group WRB 2007). The water regime of the underlying 

B or C horizons (subsoil) is governed by the hydraulic properties of the plough pan. The 

subsoil horizons may have either oxic or reducing conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Depiction and description of a soil profile under paddy management. Figure 

was taken from Kögel-Knabner et al. (2010), page 3. W: layer of ponded water. Ap and 

Arp: the puddle layer with varying oxic and anoxic conditions. During the flooded period 

the Arp is characterized by mainly reduced conditions. Ardp: the plough pan is a dense 

layer, compacted by the specific paddy management.  
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Objectives 

 

This study was conducted to reveal the influence of the described rice-paddy management 

regime on carbon cycling in soils. For this purpose the doubling of the atmospheric 
14

C 

concentration, caused by the release of 
14

C due to atmospheric nuclear weapon test from 

the late 1950’s to the early 1960’s, the so-called ‘bomb-
14

C spike’ was used to quantify 

fluxes and cycling of SOM (O’Brien 1984; Harrison 1996). The determination of 
14

C 

contents was carried out by accelerator mass spectrometry (AMS) providing the advantage 

of analyzing samples with very low carbon amounts (< 1 mg). 

 

The objective of this thesis was to (i) quantify the rice cultivation effect on SOM dynamics 

using the radioactive isotope 
14

C as a tracer, (ii) to reveal SOC stabilization mechanisms 

(C inclusion in iron-manganese (Fe-Mn) concretions) and SOM fluxes with special 

attention to paddy subsoils, and (iii) to examine to what extent the application of SOC 

modeling is able to predict or reproduce reliable SOC turnover rates and residence times 

for entire vertical paddy soil profiles. The aims and topics of this PhD thesis as outlined 

above are presented in three separate articles in Chapter III to V. 

 

In chapter III, the characteristic SOC depth gradients under paddy management were 

investigated. For that purpose the first and the last member of a 2,000-year paddy soil 

chronosequence were analyzed regarding their 
14

C depth distribution. Furthermore, 
14

C 

concentrations of bulk soil samples were used to reveal effects of different management 

practices with increasing soil depth. Although, no ‘pre-bomb’ soil samples collected before 

1954 were available, 
14

C could be used as tracer due to the knowledge of soil profile 

development and available soil samples of the parent material. Chapter IV deals with the 

comparison of different chemically isolated SOM fractions from different depth intervals. 

Moreover, this section assesses the mechanisms which are responsible for the observed 

SOC depth gradients of the different soil profiles and emphasizes the spatial heterogeneity 

of SOM under paddy management by radiocarbon analysis of different SOM constituents. 

Chapter V discusses the application of a time dependent two-pool model to quantify SOC 

turnover rates. 
14

C data of entire soil profiles, at least down to 1 m depth, were used to 

reveal mean residence times of SOC pools. 
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Chapter II 
 

Materials and Methods 

 

Study sites and soil sampling 

 

This study is part of the Research Unit FOR995 ‘Biogeochemistry of paddy soil 

evolution’, which has been established by the Deutsche Forschungsgemeinschaft (DFG; 

German Science Foundation) in 2009, to improve the understanding of the cycling and 

storage of organic matter at different stages of paddy soil evolution, as well as the 

dynamics of hydrological and microbial mediated redox processes. For this purpose, two 

soil chronosequences derived from the same uniform parent material were sampled. One 

chronosequence comprises differently aged paddy soils (50 yrs; 100 yrs; 300 yrs; 500 yrs; 

700 yrs; 1,000 yrs; 2,000 yrs), characterized by an annual cropping rotation of rice 

cultivation under flooded conditions alternated by a non-inundated upland crop. The 

corresponding upland chronosequence was only used for non-inundated crop production 

(50 yrs; 100 yrs; 300 yrs; 500 yrs; 700 yrs).  

 

 

 

Figure 2.1: Map of study area, depicting generations of dikes constructed for land 

reclamation and sampling points of paddy and non-paddy soils. 
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The study area (cf. Figure 2.1) belongs to one of the oldest paddy soil regions in the world 

on the south bank of Hangzhou Bay around Cixi, Zhejiang Province, PR China (Cao et al. 

2006). With a longitude range of 121°05’- 121°30’ and a latitude range of 30°06’ - 30°19’ 

the investigated area has an overall size of 433 km
2
 (in 1988) and an elevation ranging 

from 2.6 to 5.7 m above sea level (Zhang et al. 2004). The mean annual precipitation is 

1,325 mm with higher values from April to October (Cheng et al. 2009). Due to a total 

evaporation of 1,000 mm, irrigation is needed to maintain standing water during rice 

growing season. During the past centuries the deposited estuarine material of Hangzhou 

Bay was converted into new farmland through continuous land reclamation by the 

construction of protective dikes. The conversion of wetlands into agricultural lands is a 

traditional, customary, and worldwide applied procedure to supply the need for cultivable 

land of people living in coastal areas (Healy and Hickey 2002; Ellis and Atherton 2003). In 

China, the thousands of years old tradition of coastal wetland reclamation is still in 

progress. Mainly due to reclamation for agricultural purposes, the area of natural coastal 

wetlands decreased by 51 % since 1949 (An et al. 2007). Thus, the Chinese mainland 

increased by 1.19·10
6
 ha new land between the 1950’s and 1980’s (He and Zhang 2001). 

The convex shaped south shore of Hangzhou Bay has accreted continuously at an average 

rate of 20 m y
-1

 over the last 600 years (Su and Wang 1989).  

 

The age of the sampling sites was recapitulated from the time of embankment and dike 

construction. Thus, the investigated soil chronosequences were determined according to 

records found in the Country Annals of the Zhejiang Province, as well as in Cixi, Shangyu 

and Yuyao Counties. These records comprise information regarding the dikes, the position, 

and the year of dike construction, and were written between 1621 and 1627 (Cheng et al. 

2009). According to the commencement of rice cultivation, we are able to study the uptake 

and relocation of OC with atmospheric 
14

C composition and identify the influence of 

agricultural management on comparable sites at different stages of pedogenesis. A glance 

at the map, with sampling points and dikes, raises doubts about the reliability of the given 

duration times. Especially the 50-year old sites do not fit into the scheme, since P50 and 

NP50 should be expected closer to the coastal line. This deceptive circumstance was 

explained by the Chinese partners with the removal of thick topsoil layers in the late 

1950’s. The excavation comprises enough material to lay open undisturbed parent 

material. In spite of the misleading spatial location of some sampling points, later results 

obtained by the Research unit FOR995, reveal the given ages as appropriate information. 
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Paddy (P50-P2000) and Non-Paddy (NP50-NP700) soils were described by FAO 

guidelines for soil description and classified according to the IUSS Working Group WRB 

(2007). Soil profile description and soil classification in the field were made by Reinhold 

Jahn and Peter Schad, both members of the Research Unit FOR995. The identified soil 

types and the geographical locations of the sampling sites are given in Table 2.1. Due to 

early analytical data showing higher contents of total sodium (Na) and calcium (Ca) and 

lower contents of aluminum (Al), potassium (K) and iron (Fe), compared with the other 

sites, and doubts of the Chinese partners that the site fits into the chronosequence, the 500 

year old sites were excluded from further investigations.  

 

As well as paddy and non-paddy sites, the tidal flat was sampled as a representative of the 

parent material. The parent material of the study site mainly consists of estuarine sediment, 

which originates from the Yangtze River and furthermore of holocene marine and lagoonal 

to limnic deposits. The original sediment is characterised by a silty texture (SiL), 

containing 3.5 to 4 % of total Fe, of which about 20 to 30 % are bound in oxyhydroxides. 

The deposits contain quartz, feldspars, calcite as well as dolomite, and the clay fraction is 

dominated by illite followed by kaolinite. More detailed information about the single soil 

profiles are given in the appendix (Table A1 and A3). 

 

 

Table 2.1 Characteristics of investigated sampling sites 

    
Site  Sampling location Soil classification 

description North East  

    
    
P50 30°11.031´ 121°21.366´ Stagnic Endogleyic Cambisol 

P100 30°09.827´ 121°20.971´ Endogleyic Cambisol 

P300 30°06.437´ 121°30.280´ Endogleyic Cambisol 

P700 30°10.408´ 121°09.180´ Endogleyic Stagnosol 

P1000 30°09.763´ 121°06.957´ Endogleyic Stagnosol 

P2000 30°05.425´ 121°26.775´ Endogleyic Stagnosol 

    
NP50 30°13.152´ 121°21.382´ Endogleyic Cambisol 

NP100 30°11.884´ 121°21.196´ Endogleyic Cambisol 

NP300 30°06.932´ 121°30.646´ Haplic Cambisol 

NP700 30°10.967´ 121°08.706´ Haplic Cambisol 

    
tidal wetland 30°19.557´ 121°08.691´ Tidalic, Salic Fluvisol 
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Figures 2.2 - 2.4 depict photographs of sampled soil profiles. According to IUSS Working 

Group WRB (2007), the original soils are Fluvisols. Soil formation leads rapidly to the 

development of a genuine soil structure replacing the original stratification and to the 

formation of Cambisols. Under paddy use, redox processes transform the Cambisols into 

Stagnosols. Due to some missing characteristics of an anthraquic horizon, the described 

soils cannot be classified as Anthrosols, and thus remain Stagnosols.  

 

In P700 and P1000, fossil A horizons have been found below 50 cm giving rise to the 

hypothesis that in some cases continuous soil development may have been interrupted by 

receiving new parent material. This disturbance in the soil profile formation will be 

apparent consistently in the following chapters by means of differing results (i.e. TOC, 

14
C, mean residence times, turnover rates). 
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Figure 2.2: Soil profiles of the chronosequence (50 and 100 years) used for growing 

lowland rice (left hand side) and upland crops (right hand side). Soils were classified 

according to IUSS Working Group WRB 2007. For further details regarding soil profile 

description see Appendix (Table A1 and A3). The photographs were taken and kindly 

provided by Reinhold Jahn (Institute for Soil Sciences, Martin Luther University Halle-

Wittenberg) and Peter Schad (Institute for Soil Sciences, Center of Life and Food Sciences 

Weihenstephan, TUM Munich). 
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Figure 2.3: Soil profiles of the chronosequence (300 and 700 years) used for growing 

lowland rice (left hand side) and upland crops (right hand side). Soils were classified 

according to IUSS Working Group WRB 2007. For further details regarding soil profile 

description see Appendix (Table A1 and A3). The photographs were taken and kindly 

provided by Reinhold Jahn (Institute for Soil Sciences, Martin Luther University Halle-

Wittenberg) and Peter Schad (Institute for Soil Sciences, Center of Life and Food Sciences 

Weihenstephan, TUM Munich). 
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Figure 2.4: Soil profiles of the chronosequence (1,000 and 2,000 years) used for growing 

lowland rice. Soils were classified according to IUSS Working Group WRB 2007. For 

further details regarding soil profile description see Appendix (Table A1 and A3). The 

photographs were taken and kindly provided by Reinhold Jahn (Institute for Soil Sciences, 

Martin Luther University Halle-Wittenberg) and Peter Schad (Institute for Soil Sciences, 

Center of Life and Food Sciences Weihenstephan, TUM Munich). 
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Principles of radiocarbon analysis 

 

Natural carbon isotope abundances as tracers for SOM dynamics 

 

Under natural conditions, carbon occurs in three isotopes that have different numbers of 

neutrons and thus different masses. The most abundant isotope is 
12

C with an approximate 

percentage of 98.89 % of all carbon in nature. The abundance of the stable isotope 
13

C is 

ca. 1.11%.  The radioactive 
14

C is present in merely very small quantities of 1.176·10
-12

 

atoms per atom 
12

C (Karlén et al., 1968). By studying the ratios of the two stable isotopes 

as well as of the radioactive and a stable carbon isotope in soil organic matter, it is possible 

to decipher processes and rates of organic carbon production, transformation, and 

degradation in soils. 

 

The stable isotope abundance is reported as the relative deviation in the 
13

C/
12

C ratio of a 

sample from that of an international standard, expressed as δ
13

C in ‰ PDB: 

� 

 δ
13

C (‰ PDB) = [(
13

C/
12

Csample) / (
13

C/
12

Creference) – 1] · 1000    (1) 

 

The reference material is the carbonate shell of the mollusk Bellemnitella americana from 

the cretaceous Pee Dee formation (PDB) in South Carolina (δ
13

C = 0‰). Since the original 

material does not exist anymore, it was replaced by a new carbonate (NBS-19) with a 

exact known δ
13

C value compared to PDB. Radiocarbon data are also reported relative to 

the 
14

C/
12

C or 
14

C/
13

C ratio of a standard, but corrected for the effect of isotopic 

fractionation. 

 

Principles of radiocarbon dating 

 

In the late 1940’s, Willard Libby (1946; 1953) demonstrated the existence of 
14

C and its 

use as a dating tool. His work was honored with the Nobel Prize in chemistry in 1960. In 

general, the radiocarbon method is suitable for age determination up to 50,000 years. For 

conventional decay counting methods this range has been extended by isotopic enrichment 

to ca. 75,000 years (Grootes 1978). Völker et al. (2000) correlated climatic records and 
14

C 

ages of the planktonic foraminifera of a deep-sea sediment core from the Iceland Sea and 

hence, demonstrated the extension to 60,000 years for AMS radiocarbon dating.  
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14
C is produced under the release of a proton (p) in the lower stratosphere by the collision 

of nitrogen atoms with low energy neutrons (n) originating from cosmic rays: 

 

 

 14
N + n  

14
C + p 

 

 

The newly formed 
14

C is oxidized rapidly to 
14

CO, which is also oxidized to 
14

CO2 within 

months and distributed in the atmosphere. By assimilation of CO2 for photosynthesis 
14

C 

enters the plant biomass, and, consequently, the heterotrophic organisms via the food 

chain. Exchange between the atmosphere, the biosphere, and the hydrosphere results in a 

dynamic equilibrium between 
14

C production and decay. Exchange rates between the 

different reservoirs differ greatly depending on the respective carbon dynamics. 

 

After the death of an organism, the exchange with the atmosphere stops and the 
14

C 

concentration starts to decrease through radioactive decay with a half-life of 5,730 ± 40 

years (Godwin 1962). 
14

C decays under the release of an electron (β
-
) and an antineutrino 

(ν): 

 

 

 14
C  

14
N + β

- 
 +  ν 

 

 

The residual 
14

C concentration of a sample at a certain time is defined by the radioactive 

decay equation: 

 

 N (t) = N0 · e 
–λt

                 (2) 

 

with:  N:  the number of atoms at a time t 

 N0: the initial number of atoms 

 λ:  the decay constant of 
14

C 
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If the initial number of atoms (N0) is known, the age of a sample can be calculated 

according to equation (3). Since the initial number of atoms is not known, N0 is estimated 

via a modern standard. 

 

  

 t = 
0

)(
ln

1

N

tN



        (3) 

 

with:     
2ln

1 2/1t


    , describing the mean-life and t1/2 the half-life of 
14

C.  

 

For the calculation of the conventional 
14

C age, instead of the more precise half-life of 

5,730 years reported by Godwin (1962), the original half-life of 5,568 years determined by 

Libby (1946; 1953) is used according to an international agreement to ensure the 

comparability of 
14

C dates independent of the year of publication. 

 

Basic assumptions regarding the 
14

C method 

 

The determination of absolute or calendar ages requires several general assumptions 

underlying the 
14

C method, which are listed below: 

 

1. The production of 
14

C has been constant (over a period of more than 10
5
 years). 

2. The carbon reservoirs are well mixed, which requires a rapid exchange between the 

C pools (atmosphere, biosphere, and ocean) compared to the half-live of 
14

C. 

3. Carbon isotope ratios in samples represent the ratio of their environment before the 

exchange stopped. 

4. After the death of organisms, or the deposition of carbonates, no further exchange 

with the environment takes place. 

5. The decay of 
14

C is constant and not affected by its chemical or physical 

surroundings.  

 

These assumptions are only partly fulfilled. The atmospheric 
14

C concentration has varied 

with time due to changes in the 
14

C production (de Vries 1958). Reasons are variations of 

the earth’s magnetic field (Stuiver et al. 1991; Sternberg 1992), the sunspot cycle (Stuiver 
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and Quay 1980), and cosmic ray fluxes (Suess 1986; Stuiver et al. 1991; Kocharov et al. 

1992). Among these factors, the most significant effect is attributed to the variations of the 

earth’s magnetic field (Hagstrum and Champion 1995). The terrestrial magnetic field 

screens the earth and the atmosphere from cosmic rays. With increasing intensity of the 

magnetic field, the shielding effect increases, and therefore the 
14

C production rate 

becomes reduced.  

 

Furthermore, the Suess effect has led to a dilution of 
14

C in the atmosphere by release of 

12
CO2 caused by fossil fuel burning since the late 19

th
 century (Suess 1955). In contrast, 

14
C was released in large quantities to the atmosphere due to atmospheric testing of nuclear 

weapons since the late 1950’s. In 1963 the atmospheric radiocarbon concentration reached 

a maximum in the northern hemisphere (about 200 pMC; pMC = percent modern carbon) 

nearly doubling the value from 1950 (Nydal and Lövset 1983; Levin and Kromer 1997). 

After ceasing atmospheric nuclear weapon tests and due to the incorporation of CO2 into 

oceans, the atmospheric 
14

C concentration decreased exponential (Levin und Kromer 2005, 

Naegler et al. 2006). The ‘bomb-
14

C spike’ can be used as a tracer to follow the 

transformation of organic carbon in SOM, since it entered the vegetation and SOM by 

photosynthesis (O’Brien and Stout 1978; O’Brien 1984; Dörr and Münnich 1986; 

Trumbore 1996; Levin and Hesshaimer 2000). 

 

In addition to changes of the natural 
14

C production and the human activity, the 
14

C 

concentration of the atmosphere is also affected by varying exchange rates between the 

different reservoirs. Thus, the increased release of CO2 depleted in 
14

C during the last 

glacial epoch results in a dilution of the 
14

C concentration of the northern hemisphere 

(Sarnthein et al. 2007). Furthermore, the third assumption is not entirely fulfilled, since 

different organic components have slightly different initial 
14

C concentrations due to 

isotopic fractionation, e.g. during photosynthesis plants discriminate against heavier 

carbon isotopes.  

 

Another crucial condition, especially for SOM analyzing, which is not fulfilled is the 

closed system assumption (4). Recently fixed CO2 in plant tissues is continuously added to 

the SOC pool while carbon gets lost from this pool by mineralization of organic matter as 

well as via losses of dissolved organic carbon leached into the ground water. Thus, soils 

continuously exchange carbon with the atmosphere and with the hydrosphere. 
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Application of 
14

C analysis on SOM 

 

Radiocarbon dating applied to soil samples and SOM has already been used since the 

1960’s (Scharpenseel et al. 1968; 1969; Perrin et al. 1964). Since SOM is a mixture of 

organic constituents in various stages of decomposition and, thus, contains compounds of 

different origin and ages. The results of 
14

C measurements of bulk SOM reflect the 

‘apparent mean ages of the carbon comprised in soils. Therefore, the investigation of SOM 

requires a fractionation of the organic matter into pools of different stability (Trumbore et 

al. 1989; Trumbore and Zheng 1996; Tonneijck et al. 2006). The 
14

C method is helpful for 

investigating organic matter sources, their transformation and stabilization in soils. 

Scharpenseel and Becker-Heidmann (1989) for example, examined the effect of 

bioturbation by the analysis of bulk soil 
14

C distribution in soil profiles. Several studies 

determined 
14

C concentrations of different physical and chemical fractions in soils to 

examine C sources at different depth levels (Trumbore 1993; Baisden et al. 2002; 

Rethemeyer et al. 2005; Dreves et al. 2007; Prior et al. 2007; Inoue et al. 2011). 

 

Furthermore, 
14

C values can be applied to verify physically and chemically defined SOM 

pools of different stabilities (Trumbore et al. 1989; Huang et al. 1999). In addition, 
14

C 

concentrations have been used to estimate carbon turnover times in bulk soil as well as in 

different chemically or physically defined SOM pools. In principle, this is possible on 

different time-scales, (i) from several days up to a few years by the priming with artificial, 

14
C-enriched substances as tracer (Bhupinderpal-Singh et al. 2005), (ii) from several years 

up to decades by using the ‘bomb-
14

C’ as a tracer, and (iii) for time scales exceeding 100 

years by using the natural decay of 
14

C. The determination of ‘bomb-
14

C’ has been used in 

numerous studies to trace organic carbon cycling in bulk soil (O’Brien und Stout 1978; 

O’Brien 1984, 1986; Harkness et al. 1986, 1991; Harrison 1996, 1998; Rumpel et al. 

2003), whereas other studies took advantage of the possibilities provided by the AMS 

technique and measured ‘bomb-
14

C’ concentrations of physical and chemical SOM 

fractions with very low carbon contents (Römkens et al. 1998; Rethemeyer 2004). 

 

 
14

C measurement by accelerator mass spectrometry (AMS) 

 

To measure natural 
14

C levels mass spectrometrically, tandem accelerators have been used 

since the end of the 1970’s (Nelson et al. 1977; Bennett et al. 1977). The most striking 
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advantage of AMS compared to the conventional decay counting methods is the about 

10,000-times higher sensitivity. This is achieved by the direct detection of all 
14

C atoms 

instead of only those which decay, as it is done in conventional decay counting methods 

such as liquid scintillation or proportional gas counters which detect β
-
-particles emitted 

during radioactive decay of 
14

C. Thus, AMS provides the opportunity to measure samples 

with a very small size (1 milligram C instead of 1 gram C) within a shorten time (1 hour 

instead of days). 

 

The AMS technique is an extension of conventional isotope ratio mass spectrometry (IR-

MS) in which a magnetic field is used to separate the ionized carbon isotopes by their 

different masses so that they can be quantified separately. The lower abundance limit of 

IR-MS, however, is set by the presence of mass interfering isotopes and molecular 

fragments (isobars). Thereby carbon isotope ratios down to about 1:10
-9

 can be measured 

and thus conventional IR-MS cannot be used to detect 
14

C. The measurement of rare 

natural isotopes with relative abundances of 10
-9

 to 10
-16

 requires the discrimination 

against unwanted isobars, which are in the case of radiocarbon the mass-14 interfering 

molecular fragments 
13

CH and 
12

CH2, and the nitrogen isotope 
14

N. This is possible by 

starting with negative ions and thus discriminating against 
14

N, which does not form a 

stable negative ion. Furthermore, the use of a tandem electrostatic accelerator, equipped 

with a terminal stripper for charge exchange to positive ions, makes it possible to destroy 

isobaric molecular ions (Vogel and Nelson 1995; Tuniz et al. 1998). The mass 

spectrometric determination of isotope ratios uses relative measurements made against an 

international standard of known isotope ratio. The contamination introduced during sample 

preparation and during AMS analysis is determined and corrected for by background 

measurements. 

 

The AMS system of the Leibniz-Laboratory at Kiel 

 

The 
14

C measurements of this study were made at the Leibniz-Laboratory (Christian-

Albrechts-University of Kiel) with a 3 million volt (MV) Tandetron 4130 AMS system 

installed by High Voltage Engineering (HVE). A schematic depiction is given in Figure 

2.5. A detailed description of the system can be found in Nadeau et al. (1997). 

 

 



Chapter II  30 

 

 

 

 

Figure 2.5: The HVE AMS system of the Leibniz-Laboratory (Kiel) with a separator-

recombinator unit for simultaneous acceleration of the three carbon isotopes. The symbols 

indicate: L - a lens, Y-S - one pair, and XY-S - two pairs of steerers (horizontal and 

vertical), BPM - a beam profile monitor, FC - faraday cups, SL - vertical slits, and A - 

aperture. Schematic modified from Nadeau et al. (1997). 

 

 

The sample graphite is pressed into aluminum target holders which are placed in a sample 

carousel for up to 59 targets. The graphite was recovered by reducing the sample gas 

(CO2) with H2 at 600°C. When measuring, successive target holders are automatically 

pushed into and removed from the ion source, which remains under high vacuum. In the 

ion source, the sample graphite is sputtered with caesium (Cs
+
) ions producing a negative 

ion beam which consists of 
12

C-, 
13

C-, 
14

C- and other elemental and molecular negative 

ions. This procedure discriminates against 
14

N, as this isobar does not form stable negative 

ions. In order to simultaneously accelerate the three carbon masses, the AMS system of the 

Leibniz-Laboratory uses a separator-recombinator unit (Nadeau et al., 1997): The ions 

emerging with a low-energy of 35 kilo electron volt (keV) from the source pass through an 

analyzer where they are split into mass 12, 13, and 14 and other, unwanted, masses are 

eliminated. Then the 
12

C- beam is reduced to about 1 % of its intensity by a mechanical 
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chopper, to prevent overloading of the accelerator, and after that the three masses are 

recombined. Subsequently, the negative ion beam is accelerated toward the terminal in the 

centre of the accelerator which is at +2.5 MV thus gaining 2.5 million electron volts 

(MeV) energy. There the beam passes through a low-density gas stripper (argon). The 

stripper removes several electrons from the ions and thereby multiple positive ions are 

produced, and molecular isobars are destroyed. The positively charged ions, mainly +3, are 

then further accelerated from 2.5 MV to earth potential gaining another 7.5 MeV. A 110° 

magnet separates the ion beam into the three masses at charge +3 and eliminates other 

ions. The relative abundances of the stable, abundant isotopes 
12

C and 
13

C are measured as 

charge deposited in Faraday cups. The rare 
14

C isotopes pass an electrostatic analyzer (33° 

deflection) and a 90° magnet to remove residual products of the molecular ions and 

scattering before they are counted in a gas-ionization chamber. Particle identification is 

possible by determination of their energy loss rate and total energy. The particle count rate 

and the Faraday cup currents of the AMS measurement are used to calculate a ratio of 

14
C/

12
C and 

13
C/

12
C for samples as well as for the reference standard. 

 

Calculation of 
14

C data 

 

14
C concentrations are calculated from the measured 

14
C/

12
C ratio of the sample compared 

to that of an international standard and commonly expressed in percent modern carbon 

(pMC) (equation 4). As radiocarbon dating reference standard 95 % of the activity of the 

oxalic acid standard (Ox I; decay corrected to 1950, corrected to δ
13

C of -19 ‰ PDB) is 

internationally accepted (Stuiver and Polach 1977). The correction adjusts the isotope ratio 

of Ox I (105.26 pMC) in 1950, to that of pre-industrial wood from 1859 AD, containing no 

fossil fuel-derived carbon. Therefore, 'modern' carbon is defined as the 
14

C/
12

C ratio in 

1950 AD, which is conventionally considered as 100 pMC. The IAEA (International 

Atomic Energy Agency, Vienna, Austria) provided a new standard (Ox II; 134.07 pMC), 

since the original material can no longer be supplied. Consequently, the isotope ratio of Ox 

II has to be corrected to that of the primary Ox I standard (correction factor: 1.2736; Mann 

1983) and adjusted to pre-industrial wood (= 0.95/1.2736). 
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According to Stuiver and Polach (1977) the 
14

C content is expressed as follows: 

 

 pMC = (Rsample*) / (ROx*) · 100      (4) 

 

with:  Rsample* = Rsample · [(1 – 25/1,000) / (1 + δ
13

C/1,000)]² 

 ROx*  = 0.95 · ROx I [(1 – 19/1,000) / (1 + δ
13

C/1,000)]² 

  = 0.7459 · ROx II [(1 – 25/1,000) / (1 + δ
13

C/1,000)]² 

 

where Rsample is the 
14

C/
12

C ratio of the sample, ROx that of the oxalic acid standard, and 

Rsample* and ROx* are the respective values corrected for isotopic fractionation as defined in 

equation (4) and described below. 

 

Correction for isotopic fractionation 

 

14
C results have to be corrected to constant δ

13
C values to account for mass-dependent 

isotopic fractionation arising from natural processes. By convention 
14

C results (Rsample*) 

are normalized to δ
13

C of -25 ‰ relative to PDB and results of the oxalic acid standard 

(ROx*) are corrected to δ
13

C of -19 ‰ PDB (Ox I) and to δ
13

C of -25 ‰ PDB (Ox II), 

respectively, (Mook and van der Plicht 1999; Mann 1983). The 
13

C/
12

C ratio of the sample 

and of the oxalic acid standard, which is measured by the AMS system simultaneously 

with the 
14

C/
12

C ratio, is used for the correction. δ
13

C of sample and standard are 

calculated according to equation (1) relative to the reference standard (PDB). 

 

Correction for background 

 

The process blank, i.e. the contamination introduced during chemical sample treatment, 

combustion, and graphitization, is determined by measuring prepared anthracite, which is 

14
C-free due to its high age. The blank value correction is subtracted from the δ

13
C 

corrected 
14

C data. The effect of the sample contamination on the 
14

C result depends on the 

amount of carbon in the sample and on the age difference between the contaminant and the 

sample.  
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Measurement uncertainty 

 

Radiocarbon measurements are reported with ± 1-σ (σ = standard deviation) measurement 

uncertainty. This accords the confidence interval in which the true value is to be expected 

with 68.3 % probability (Stuiver and Polach 1977). Depending on the value, either the 

reproducibility of the 8 to 9 measurements of each sample during a single run or the 

Poisson counting statistics, based on the total number of 
14

C counts for each sample, 

whichever is larger, is combined with the uncertainty of the blank correction as 

measurement uncertainty for 
14

C results at the Leibniz laboratory (Nadeau et al. 1998). 

 

Calculation of the conventional radiocarbon age and the calendar age 

 

The conventional radiocarbon age (t) in years before present (BP) is calculated following 

equation (3): 

 t (years BP) = 














*

*
ln

1

Ox

sample

R

R


,      (5) 

 

where 1/λ represents the mean lifetime of 
14

C (8033 years based on the original half-life of 

5,568 years). The 1-σ statistical uncertainty in the measured Rsample* and ROx* are then used 

to calculate the ± 1-σ uncertainties in 
14

C age. 

 

The conventional 
14

C age do not correspond to the historical age, due to the mentioned 
14

C 

variations in the atmosphere and the “falsely” accepted Libby-half-life. To obtain 

historical ages (cal AD, cal BP) the conventional 
14

C age needs to be calibrated. This is 

carried out by using an international tree ring calibration data set (Stuiver et al. 1998) 

which is included in different calibration programs (e.g. CALIB, Stuiver et al. 2003 or 

IntCal09, Reimer et al. 2009). Calendar ages based on 
14

C ages can also be determined for 

the time after the additional production of ‘bomb-
14

C’ by aboveground nuclear weapon 

tests (Reimer et al. 2004). The used calibration curves are obtained by determination of the 

conventional 
14

C age of dendrochronological investigated tree rings. In doing so, the 

variation of the atmospheric 
14

C concentration during the last millennia can be 

reconstructed.   
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The German oak and pine chronologies (Spurk et al. 1998) play a crucial role. The German 

oak chronology provides absolute counts of dendro-years back to ca. 10,300 cal BP. This 

chronology could be extended to 11,857 cal BP by matching the latest part of a floating 

German pine chronology to the earliest absolutely dated German oak. Errors in the 

matching may amount to 20 cal years (Kromer and Spurk 1998). Additional calibration 

data for up to 20,000 cal BP can be obtained by the uranium-thorium (U-Th) dating of 

corals (Bard et al. 1998; Burr et al. 1998). 

 

Sample pretreatment and preparation 

 

Since SOM is a heterogeneous mixture of organic components accumulating and decaying 

at different rates, which is reflected by 
14

C ages of organic components from recent to 

more than 20,000 years (Scharpenseel and Becker-Heidmann, 1992). Furthermore, soils 

are open systems which continuously receive organic carbon as plant residues and loose 

gaseous and dissolved carbon via mineralization and leaching, respectively. Hence, 

radiocarbon data of SOM do not represent the soil age and as a consequence of this 

numerous physical and chemical fractionation methods have been used with the objective 

to isolate a 'passive' SOM fraction that turns over on time scales of millennia and thus, is 

least influenced by recently introduced organic matter and can be used as an indicator for 

the soil age (Scharpenseel, 1972, 1977; Huang et al., 1996; Pessenda et al., 2001). 

 

Depending on the required amount of material, which can be estimated i.e. by the sample 

color, dried soil samples, SOM fractions (fulvic acids, humic acids, humins) and 

macrofossils were transferred into small (inner diameter: 0.4 cm ; length: 6 cm) or large 

(inner diameter: 0.6 cm ; length: 6 cm) quartz combustion tubes. Furthermore, 450 mg of 

copper oxide, supplying oxygen, and, depending on sample size, 150 mg to 450 mg of 

silver wool, for removal of sulfur and halogens, were added for combustion. Afterwards, 

the combustion tubes were transferred into larger outside quartz tubes of 0.7 - 0.9 cm inner 

diameter, and ca. 35 cm length.  

 

The tubes were evacuated on a vacuum line for about 10 hours down to a pressure of about 

10
-4

 mbar and subsequently flame sealed. All samples were combusted in a muffle furnace 

at 900°C for 4 hours. The resulting CO2 was purified cryogenically in a vacuum line and 

collected in glass bottles, which were placed in a cold trap with liquid nitrogen (-196°C). 
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To graphitize the cleaned CO2 the bottles were then transferred to a separate vacuum 

manifold with multiple parallel reduction systems. About 10 % excess of hydrogen was 

added to the sample CO2. The reaction tubes, which contained 2 mg cleaned (0.7 bar O2 at 

400°C for 15 min.; 0.7 bar H2 at 400°C for 30 min.) iron powder as catalyst, were then 

heated at 600°C for about 2 to 3 hours until the reaction was completed. (Nadeau et al. 

1998). The water released during the reaction (CO2 + 2H2  C + 2H2O) was removed 

cryogenically. The obtained graphite-iron powder mixture was pressed into 1.5 mm 

diameter cavities in aluminum target holders using a pneumatic press (Nadeau et al., 

1998). The graphite targets were stored in small glass bottles filled with argon before they 

were placed in a target wheel for AMS measurement.  

 

AMS 
14

C measurement and reporting of 
14

C results 

 

A sample carousel for AMS measurement contains in Kiel usually 42 'unknown' sample 

targets, 8 oxalic acid standard (Ox II) targets, 2 IAEA standards of known 
14

C content, 4 

background targets, 1 graphite blank, and 1 target used as 'caesium beam dump' (Nadeau et 

al., 1998). The 
14

C results were checked for natural isotopic fractionation via the 
13

C/
12

C 

ratio of the sample compared to a standard, measured by AMS simultaneously with the 

14
C/

12
C ratio (Nadeau et al., 1998). The long-term stability of the AMS measurements was 

evaluated by IAEA standards with known 
14

C contents, which are included in each sample 

carousel. 
14

C results are expressed according to Stuiver and Polach (1977) in percent 

modern carbon (pMC) with ± 1-σ measurement uncertainty as described before. 

 

The precision of the radiocarbon measurement is limited by the process blank, the 

contamination of the samples with modern CO2 during sample preparation and 

graphitization, as well as by the stability of the AMS system. Details of the laboratory 

blank and the machine background at the Leibniz-Laboratory have been described in detail 

by Schleicher et al. (1998) and Nadeau et al. (1998). The machine background, which was 

determined by measuring pure graphite, is about 0.03 pMC. The contamination introduced 

by reduction and graphitization is about 0.05 to 0.06 pMC. The overall background equals 

ca. 4 µg modern carbon which is equivalent to about 0.3 pMC for samples containing 1.5 - 

2.0 mg of carbon. 
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Methods of C determination 

 

The determination of carbon (C) is essential for a wide range of research areas, such as 

geochemistry, agronomy, oceanography and ecology. Especially in soil science, 

measurements of total carbon (TC), inorganic carbon (IC) and organic carbon (OC) are 

used to characterise soils and sediments. There are two basic forms of carbon in soils and 

sediments: organic carbon and inorganic carbon. The OC fraction originates from animals, 

plants and microorganisms in various stages of decomposition. Also elemental C in form 

of coal, charcoal, graphite or soot is attributed to the organic fraction (Page et al., 1982; 

Ballesteros et al., 1997).  The IC fraction is commonly present as carbonate and derived in 

most cases from the parent material of the soil or sediment. Calcite (CaCO3) and (less) 

dolomite (CaMg(CO3)2) are the most common representatives of carbonate minerals in the 

IC fraction. Due to their characteristics (alkalinity, solubility and buffering properties) 

carbonate minerals are of great importance for soils and the IC measurement is part of the 

standard procedure of soil analysis (Scheffer/Schachtschabel, 2010). Since TC is the sum 

of IC and OC, IC determination is always linked to OC determination if TC is involved. 

TC is measured by oxidation and liberation of all carbon in the sample. Removing OC 

from the sample and measuring the remaining carbon reveals the IC content and vice 

versa. This results in different methods, which all have one common problem - the precise 

separation of the IC from the OC fraction (Weliky et al., 1983). 

 

Five laboratories, involved in the research unit FOR995 ‘Biogeochemistry of paddy soil 

evolution’, jointly investigated soil samples from a paddy and non-paddy chronosequence 

regarding their IC, OC and TC content. Comparison of the results reveals differences 

between the applied methods. Overall six methods for IC determination were used: two 

volumetric approaches, three methods using thermal conductivity with a C-analyzer and an 

infrared detection method. Effects of the different methods on IC contents are, 

unfortunately, not known, although each method gives seemingly consistent results. 

However, IC values are crucial for calculation of total organic carbon (TOC) values, 

particularly in subsoils having relatively low-TOC and high-IC concentrations. To provide 

a detailed comparison of the applied IC measurements, four soil samples were chosen for a 

round-robin test. Table 2.2 provides an overview of the different approaches. Detailed 

information about the C determination methods are specified at Kalbitz et al. 2013.  
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Table 2.2: Applied C determination methods within the research unit FOR 995 
     
Method C detection IC measurement OC measurement Device 

     
     
I volumetric direct TC - IC Scheibler apparatus 

II volumetric direct direct 

(combustion) 

Vacuum system AMS (Leibniz-

laboratory, Kiel) 

III thermal 

conductivity 

direct TC-IC Elemental analyzer: Vario EL III with 

TIC module SoliTIC 

IV thermal 

conductivity 

TC - OC direct* Elemental analyzer: Carlo Erba NA 

2000 

V thermal 

conductivity 

direct** TC - IC Elemental analyzer: Vario EL element 

analyzer 

VI photometric direct TC - IC infrared spectrometer: C-MAT 5500, 

Ströhlein GmbH 

     
*IC fraction was removed and the remaining C was measured as OC. 

**OC fraction was removed and the remaining C was measured as IC. 

 

 

The C data, used in this study were obtained by method II. Thus, the IC content of a 

sample is determined by dissolution of carbonates with 5 % HCl in an evacuated glass 

ampoule overnight at 80 °C, freeze trapping of the CO2 with liquid nitrogen and removal 

of other gases, repetition of the procedure to purify the CO2, and volumetric quantification 

of CO2 (limit of determination ca. 0.05 mg C g
-1

 soil). The removal of carbonates with HCl 

is routinely applied to obtain total organic carbon-derived CO2 for 
14

C analysis by 

accelerator mass spectrometry (Grootes et al., 2004). The OC content of the sample was 

recovered by the combustion of the material, left after carbonate dissolution, and following 

volumetric quantification of CO2.  

 

The results of the methods I - VI are summarized in Figure 2.6. Clearly the TC values 

obtained are quite similar, with an average deviation for TC across all samples and 

methods of less than 6 %. Thus the method of CO2 quantification is of little relevance. The 

difference between the methods is rather in the classification of the TC into OC and IC. 
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Figure 2.6 Total carbon divided in IC (light grey) and OC (dark grey) determined with six 

different methods. All bars give the arithmetic mean of at least two and at most eight 

replicates. Direct measurements are marked with a black frame. Method II gives the sum 

of IC and OC. Method I, III, V and VI result from TC and IC measurements. Method IV 

gives measured TC and OC values. Top left = sample 1; top right = sample 2; bottom left 

= sample 3; bottom right = sample 4. 

 

 

Table 2.3 shows the average IC content of the four test samples after repeated 

measurements using the six described methods. The large differences between the IC 

contents, especially those measured with method II and V and those of Method VI, are 

obvious. Method II quantifies IC and OC individually volumetrically. The other methods 

determine TC and IC (Methods I, III, V, and VI) or OC (IV) and derive OC or IC, 

respectively, as the difference with TC. 



Chapter II  39 

Table 2.3: Carbonate content (IC) measured with six different methods. All numbers give 

the arithmetic mean of at least two and at most eight replicates with standard deviation.  
       
Sample ICI ICII ICIII ICIV ICV ICVI 

 (%) (%) (%) (%) (%) (%) 

       
       
1 0.40 ±0.01 0.58 ±0.03 0.46 ±0.01 0.48* ±n.d. 0.55 ±0.01 0.27 ±0.04 

2 0.40 ±0.01 0.58 ±0.04 0.47 ±0.01 0.43* ±n.d. 0.57 ±0.01 0.28 ±0.01 

3 0.18 ±0.01 0.25 ±0.02 0.17 ±0.01 0.16* ±n.d. 0.27 ±0.01 0.01 ±0.01 

4 0.49 ±0.01 0.61 ±0.04 0.56 ±0.02 0.53* ±n.d. 0.66 ±0.02 0.47 ±0.01 

       
* Method IV provides calculated IC values after TC and OC determination. 

 

A problem which is inherent for all methods working with acid treatment is the assumption 

that all IC in the sample is present in form of uniform, fast reacting carbonates like calcite 

or aragonite. However, some carbonates, such as dolomite, often occurring in soils, require 

heat for a complete reaction and are only slowly decomposed by acid treatment in the cold 

(van Moort & de Vries, 1970). Al-Aasm et al., 1990 reported a required dolomite removal 

time six times longer than for calcite, using 100 % H3PO4 at 50°C. A problem is thus, the 

time needed for a complete reaction between sample and acid (Caughey et al., 1995) for an 

unknown soil mixture. The reaction time for the “Scheibler apparatus” (method I) is 

usually chosen between 10 and 40 minutes, yet the time for this experiment, using 15 % 

HCl, was set at several minutes. Method III used 480 seconds with 10 % HCl at 50°C, and 

Method VI 450 seconds with 42 % H3PO4 at room temperature. Method II provided a 

reaction time with 5 % HCl at 80°C in a shaking bath of several hours (over night). 

Reaction time and temperature could be responsible for the lower carbonate yield of 

method I, III, and VI compared to method II. The higher viscosity of H3PO4 may be an 

additional complication for Method VI and a reason it produced the lowest IC values of the 

round-robin test. 

 

Method I and IV are based on the same TC measurements. Yet, for method IV, OC is 

measured in an elemental analyzer after removal of the IC with acid. Since the amount of 

HCl for carbonate dissolution in method IV is estimated from the IC results of method I, 

the lower IC yield of method I could result in a low amount of acid, leading to incomplete 
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removal of IC. An erroneously high OC, incorporating some IC, would explain the lower 

IC yield of method IV compared to method II.  

 

Method V used LOI (loss over ignition) to remove OC, so IC can be measured directly in 

an elemental analyzer, like in Method IV. Due to easy handling and relatively low costs, 

the LOI method is widespread. However, the assumption that only the OC fraction is 

removed by combustions around 500°C was disproved by several studies. Clay, gypsum 

and sesquioxides release chemically combined water in such temperature range (Dean, 

1974). Moreover, Bendor & Banin, 1989 reported carbonate decomposition after 

prolonged heating at 400°C. Thus LOI must be considered of questionable reliability to 

quantify OC. Nonetheless, the results of method V suggest that for these samples LOI 

functioned effectively, since the measured IC values belong, with those of Method II, to 

the highest values obtained in the round-robin test.  

 

We attribute the revealed significant differences between the described IC determination 

methods to the different reaction times and temperatures during carbonate dissolution by 

acid. However, we suppose the longest reaction time, applied for our method (II), as an 

advantage for the determination of reliable IC and OC values. 
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Abstract 

 

Paddy and non-paddy soils from a chronosequence of 50 to 2000 years of agricultural use, 

developed on former estuarine sediments of the Yangtze River, were sampled near Cixi, 

Zhejiang Province, China, in the framework of the Research Unit “Biogeochemistry of 

paddy soil evolution” of the German Research Foundation (DFG). In addition samples of 

Yangtze River estuarine sediments were obtained. The parent sediment shows a fairly 

homogeneous composition with ca. 0.3 % TOC and a 
14

C concentration of ca. 50 pMC. 

After being diked-in, gradients in soil organic carbon and 
14

C concentration develop under 

the influence of vegetation and cultivation. In the non-paddy soil, a 
14

C gradient with 

concentration decreasing with increasing depth from modern (>100 pMC) to original 

sediment values around 50 pMC is already established after 50 years and can also be 

observed in the older sites. In contrast, the 50 years old paddy soil shows organic carbon 

and 
14

C enrichment only in the A-horizon and a nearly constant TOC and 
14

C stock of 

original sediment below the plough pan. To test the basic approach that the soil profile 

development started on homogeneous sediment, an isotope and mass balance calculation 

was used. The results show a quite similar age composition of different sample sites. 

Paddy rice cultivation quickly leads to a dense plough pan, which seriously reduces, but 

not totally prevents, downward transport of organic matter. The equilibrium times for TOC 

and 
14

C in paddy soil profiles are short (decades) in the topsoil and in the order of centuries 

in the subsoil, underlining the dynamic character of soil organic carbon 
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Introduction 

 

Rice paddies are of major importance for the world food production. Today, rice is the 

staple food for nearly half the world population (MacLean et al. 2002). Currently, the total 

area of lowland rice paddy in China is about 29.5 million ha, which represents 19 % of the 

total world rice paddy area. With about 30 % of the global rice production China is the 

world’s largest rice producer, followed by India (22 %) and Indonesia (9 %) (FAOSTAT 

2010). 

 

Rice paddies are wetlands characterized by a specific management with alternating flooded 

and dry phases. During the puddling process the topsoil gets plowed under waterlogged 

conditions. This leads to homogenized topsoils and a nearly impermeable plough pan 

(Bouman and Tuong 2001; Sharma et al. 1988). This dense layer is one of the major 

factors that affect the redox conditions and C stabilization processes in paddy soils (Neue 

et al. 1997). The submergence induces a temporal variation of the redox potential. This 

leads to changing oxic and anoxic conditions during the season and a high content of soil 

organic matter (SOM) (Frenzel et al. 1992). SOM has great influence on many soil 

processes and also plays a key role in the global carbon cycle. SOM is generally a mixture 

of a wide variety of compounds of different origin and age. Consequently, its average 
14

C 

concentration is determined by the mixing ratio and 
14

C contents of its components. 

Especially, after the atmospheric tests of nuclear weapons over the years 1954 to 1962 led 

to highly elevated 
14

C concentrations in the atmosphere that changed from year to year, 

SOM 
14

C concentrations no longer indicate a SOM age.  Yet, 
14

C concentrations of bulk 

soil, used as a tracer, can provide an insight into the SOM fluxes within the soil profile, 

especially when values above 100 pMC indicate incorporation of bomb carbon. The 

objective of this study is to quantify how rice cultivation affects the stabilization and 

turnover of organic carbon, using the radioactive isotope 
14

C as a tracer. The 

chronosequence also offers the possibility to study how fast the effects of rice cultivation 

get established. 

 

China has a millennia-old history of rice cultivation, and therefore has a range of rice 

growing areas from very old to very young, only a few decades old (Zong et al. 2007). In 

the framework of the DFG Research Unit FOR 995 “Biogeochemistry of paddy soil 

evolution”, paddy soils from a chronosequence of 50 to 2000 years of agricultural use were 
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sampled. To ascertain the effects of paddy management, additional samples of soils not 

used for lowland rice cultivation (non-paddy) from 50 to 700 years of agricultural use were 

obtained. The comparison between paddy and non-paddy will show to what extent carbon 

dynamics is affected by paddy soil management.  

 

The study sites are located around Cixi (30° 10′ N, 121° 14′ E), Zhejiang Province, China, 

approximately 180 km south of Shanghai and 150 km east of Hangzhou (Figure 3.1). This 

region is one of the earliest lowland rice cultivation regions in the world (Cao et al. 2006). 

With a mean annual temperature of 16.3°C and a mean precipitation of 1325 mm per year 

the climate is classified as subtropical with periodical monsoon rain (Cheng et al. 2009). 

The total evaporation is 1000 mm. Therefore, irrigation is needed to maintain standing 

water during rice growing. The elevation ranges from 2.6 to 5.7 m above sea level (Zhang 

et al. 2004). The major cropping system in the region of Cixi is rice in summer and wheat 

or vegetables in winter. More detailed information regarding ground water table, 

geography, and geochemistry of the study area is given by Cheng et al. (2009).  

 

 

 

Figure 3.1: Geographical location of the investigation area at the south coast of Hangzhou 

Bay. Dark lines in the large scale clipping represent protective dikes together with the year 

of construction. 

 

 

The parent material of this region consists of estuarine sediment, which originated from 

the largest river in China, the Yangtze River. With a sediment load of ca. 480 million tons 

per year, the Yangtze is the main source of sediment delivered to the East China Sea 
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(Millimann et al. 1985; Wang et al. 2008). After passing the Yangtze delta, the sediments 

are relocated into the Hangzhou Bay under the influence of the Taiwan Warm Current and 

the Zhejiang–Fujian Coastal Current (Cheng et al. 2009; Liu et al. 2007). To convert the 

deposited estuarine material into usable land, land reclamation by building protective dikes 

was carried out. This is a common practice to satisfy the economic expansion in coastal 

areas. After diking, followed by leaching, the land becomes arable. Parts of the reclaimed 

land were used for paddy rice, other parts for a variety of non-irrigated crops. The time of 

dike construction is recorded in the Cixi County Annals written in the first half of the 17
th

 

century. The same documents reveal, that the first rice was cultivated in this area between 

25 and 27 A.D. (Cheng et al. 2009). These dates, provided by the Chinese partners, were 

the basis for the determination of duration of cultivation. Depending on the time since 

diking, a chronosequence of soil formation developed 

 

The soil chronosequence consists of soils formed on the same substrate under comparable 

conditions of climate, topography and vegetation (Harden 1982). The use of such soil 

chronosequences for the investigation of rates and direction of soil development is a 

proven approach (Huggett 1998) revealing changes in soil properties over time. This has 

been shown for different environments like pasture (Kieft 1994) or marine terraces (Aniku 

and Singer 1990). Baisden et al. (2002) and Baisden and Parfitt (2007) used 

chronosequences to document the gradual accumulation of bomb carbon in the subsoil. 

Reports by Cheng et al. (2009) and Ma et al. (2010) are related to paddy soils. The fact that 

the soil formation of all our sampled sites started on the same homogeneous estuarine 

sediment, with a fairly uniform 
14

C concentration about half that of the atmosphere, 

provides a unique opportunity to study the establishing of a 
14

C concentration-depth 

gradient by uptake and transport of organic carbon (OC) with atmospheric 
14

C 

composition. 

 

Methods 

 

In this study, 
14

C is used as a tracer for the stabilization and turnover of soil organic carbon 

and not as a dating tool. Thereto we measured the radiocarbon and total organic carbon 

(TOC) content of bulk soil samples. The soil profiles of the chronosequence, reported here, 

were excavated in a joint sampling campaign in June 2008. The complete soil horizons 
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were described by P. Schad and R. Jahn, members of FOR 995, according to FAO (2006). 

The paddy soil profiles were divided into topsoil and subsoil. Topsoils are represented by 

puddle layer and plough pan (A-horizons) and obtain average depths between 20 and 25 

cm. The subsoils consist of several B-horizons. More detailed information regarding the 

soil profile description is given by Wissing et al. (2011). 

 

Multiple samples within single soil horizons were taken to reveal gradients in TOC and 

14
C. A total of 12 soil profiles were sampled up to a depth of 1 m; 7 paddy soil profiles 

(50, 100, 300, 500, 700, 1000, 2000 years of lowland rice cultivation: P 50 - P 2000) and 5 

non-paddy soil sites (50, 100, 300, 500, 700 years of agricultural use without lowland rice: 

NP 50 - NP 700). In addition different wetland sites and a tidal flat (estuarine sediment) 

were sampled. The latter represents the parent material from which soils developed in this 

region. Sites with a non-paddy cultivation history older than 700 years could not be found.  

 

The soil samples were air-dried and sieved through 2 mm mesh size to homogenize the 

material. Non soil-derived particles as well as identifiable plant residues were removed and 

kept for further studies. The bulk soil was treated with 4 ml dilute (1 %) hydrochloric acid 

per gram of soil to remove carbonates and freeze dried without washing. The samples were 

transferred into pre-combusted quartz tubes, evacuated, subsequently flame sealed and 

combusted with CuO and silver wool at 900 °C for 4 hours. The resulting CO2 was 

reduced to graphite. The 
14

C measurements were made with the 3 Million Volt HVE 

Tandetron AMS (accelerator mass spectrometry) system at Leibniz-Laboratory in Kiel 

(Germany), with a 1-σ precision of about 0.25 pMC (Nadeau et al. 1997). The 
14

C contents 

are stated in percent modern carbon (pMC) (Stuiver and Polach 1977). 

 

The initial results for the tidal flat and subsoil samples indicate that the soil profile 

development of the chronosequence started on a fairly homogeneous estuarine sediment 

with ca. 0.3 % TOC and a 
14

C concentration of organic material of ca. 50 pMC. The low 

14
C value of 50 pMC reflects a large contribution of old reworked organic carbon, 

transported in the sediments, to the tidal flats. An isotope and mass balance calculation can 

be used to estimate the contribution of reworked old carbon in tidal flat and subsoils over 

time and thus the homogeneity of the chronosequence substrate. The initially 

homogeneous TOC and 
14

C depth distribution, with a 
14

C concentration quite different 

from that of photosynthetic organic matter added by agriculture, is the basis for the 
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interpretation of the profiles of the chronosequence. For the mass balance calculation we 

used the following equation: 

 

As = ( Am ( 1 – X ) + Ae · X ) e
-λ·t

   (pMC)     (6) 

 

where As is the measured 
14

C content of sediment and subsoil, Am the 
14

C content of OC in 

equilibrium with the atmosphere and, Ae that of the eroded, reworked carbon at the time of 

sedimentation t (0 for the tidal flat, 2000 for Paddy 2000), X is the percentage of old 

reworked carbon, and λ the 
14

C decay constant (1/8267 yr
-1

). 

 

Results and Discussion 

 

The OC and 
14

C observed for the first and the last member of the chronosequence, the 50-

yr and the 2000-yr profiles, are shown in Figure 3.2 and 3.3, together with the values 

obtained for the parent material, the tidal flat. After the onset of paddy/non-paddy 

management, a soil profile rapidly forms. Already after 50 years, the low 
14

C signature of 

the tidal flat sediments has been replaced in the top soils by modern 
14

C values, and OC 

contents have increased significantly when compared to the parent material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: TOC content of bulk soil samples from paddy and non-paddy sites with 

different ages; a (50 years), b (2000 years) and tidal wetland. 
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The OC increase is more important in the paddy than in the non-paddy (Figure 3.2). 

Across the low permeability plough pan, which develops in paddy soils due to puddling, 

we see in the 50-yr paddy a strong decrease in 
14

C and OC concentrations, with virtually 

unchanged values of the tidal flat in the subsoil. For the NP 50 profile, the less restricted 

water transport has already led in the subsoil to slightly increased OC and the 

establishment of a 
14

C-depth gradient down to tidal flat values at 80 cm depth.  

 

After 2000 years, the paddy profile also shows a gradual decrease in 
14

C with increasing 

depth (Figure 3.3). Other studies observed similar 
14

C gradients with soil depth 

(Scharpenseel et al. 1989; Paul et al. 1997) at other sites. Such gradients were, however, 

generally interpreted as the result of gradual sediment accumulation over time instead of 

OC transport. The OC values are quite high in the P 2000 topsoil, but drop rapidly in and 

just below the plough pan. They decrease to below those of the tidal flat below ca. 40 cm, 

which indicates a loss of organic carbon in the deeper subsoil under paddy management.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Radiocarbon content of bulk soil samples from paddy and non-paddy sites 

with different ages; a (50 years), b (2000 years) and tidal wetland. 
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The three tidal flat samples show fairly uniform OC and low 
14

C values, similar to those in 

the deeper subsoil of the chronosequence profiles. Considering the large sediment load of 

the Yangtze River (Milliman et al. 1985; Wang et al. 2008), the relatively stable conditions 

of sediment production and transport (Yang et al. 2001), and the frequent dike building, it 

is likely that, for the 2000 years covered by the chronosequence, the time needed to 

accumulate 1 m of sediment column was relatively short, of the order of a century, 

compared to the 
14

C half-life of 5,730 years. 

 

To check the assumed homogeneity of the tidal flat sediments deposited over time, we 

used Eq. 6 to calculate the admixed fraction of old reworked carbon from the measured 
14

C 

concentrations of the three tidal flat samples and the deepest parts of the soil profiles. For 

the two tidal flat top samples, Am was assumed to be 120 pMC, the mean 
14

C concentration 

of OC in topsoil samples after 1954 (Rethemeyer 2004); for all other samples a value of 

100 pMC was chosen. We chose Ae zero, which facilitates calculations and provides the 

minimum amount of reworked carbon needed. For more realistic mixtures of younger and 

older eroded material, the reworked fraction increases with increasing Ae. The calculations 

yield 49 % admixture to the tidal flat surface and 51 % at depth. The P 50 profile gave 

values from 49 % to 53 % below the plough pan and NP 50 52-54 % at depth. Similar 

admixtures calculated for other profiles of the chronosequence support our assumption that 

for each of these at time zero soil development started on a uniform old sediment column, 

thus providing an ideal substrate to study the effects of management on soil development. 

The very low radiocarbon content of the total inorganic carbon (TIC) of the tidal flat 

samples (Table 3.1) indicates around 95 % dead carbonate admixture, which strengthens 

the argument that the deposited sediment originated from the Chinese inland. 

 

Table 3.1: 
14

C and C contents of tidal flat samples with standard deviation. 

sample 

 

depth 

(cm) 

14
C of TOC 

(pMC) 

14
C of TIC 

(pMC) 

TOC 

(%) 

tidal flat 

 

0-2 61.78 ± 0.19 7.08 ± 0.08 0.33 ± 0.03 

18-20 61.32 ± 0.21 6.67 ± 0.08 0.31 ± 0.03 

115-120 48.74 ± 0.20 4.93 ± 0.08 0.18 ± 0.02 
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The difference between paddy and non-paddy sites regarding their 
14

C depth gradients is 

caused by the paddy management, which quickly leads to the development of a slightly 

permeable plough pan. This dense layer works like a barrier, which seriously reduces, but 

not totally prevents the downward transport of OC. Especially the comparison between P 

50 and NP 50 shows this effect very clearly. With increasing time of cultivation, paddy 

soils show increased 
14

C contents for the subsoils, signaling an increased penetration of 

OC with higher 
14

C values. After 100 years of paddy management, 
14

C concentrations 

similar to P 50 values on plough pan level are observed 20 cm below the plough pan. The 

longer a site is under paddy management the more its 
14

C depth distribution seems to 

converge to the 
14

C depth distribution of a non-paddy site. Thus, a differentiation between 

paddy and non-paddy soils, by means of their radiocarbon depth gradients, becomes more 

and more difficult with increasing time of cultivation. Therefore, it can not be excluded 

that an old paddy soil was used as non-paddy for a short period in its agricultural history. 

Increasing 
14

C concentrations in the subsoil at constant or decreasing TOC values 

document the replacement of original estuarine TOC by OC transported from above 

(Figure 3.2 and 3.3).  

 

It is thus evident that the observed age-depth profiles for the older members of the 

chronosequence, with 
14

C values decreasing with increasing depth, are the result of post 

depositional transport processes and were not derived by sedimentation over a long time. 

This emphasizes the importance of (vertical) OC transport for soil organic carbon 

dynamics. More data are needed to understand the carbon dynamics under paddy 

management. These are being collected and will indicate the role of plant remains, 

especially rootlets with their exudates, and DOC for the input of fresh SOC into the 

subsoil.  Several reports brought up the relevance of SOM input into the sub soil by fresh 

plant remains (Baisden et al. 2002; Baisden and Parfitt 2007; Sanderman et al. 2008). 

 

Conclusions 

 

The chronosequence started on fairly uniform sediments, which were significantly 

depleted in 
14

C relative to the atmosphere. Results reveal a 
14

C-documented replacement of 

“old” carbon by “modern” carbon over time. Thus, the observed TOC and 
14

C gradients 

are the result of OC mobility and relocation instead of accumulation, as usually assumed. 
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Especially the first decades of paddy management highlight the differences between soil 

formation under paddy and non-paddy management and accent the reduced transport of 

OC through the plough pan into the subsoil. Paddy topsoils show a higher TOC content 

than non-paddies. Yet, the increased accumulation of OC in the topsoil does not inevitably 

lead to a higher OC content in the paddy subsoil, even after 2000 years of rice cultivation. 

The OC and 
14

C depth profiles reflect a dynamic equilibrium between OC import, export, 

and stabilization on a time scale of decades. At this time it is not yet known, which parts of 

the OC are responsible for the observed TOC replacement and to which of the functional 

OC pools they belong.  
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Abstract 

 

Rice paddies are highly important agricultural soils in view of their relevance as major 

staple food provider in the world and their key role in the global carbon cycle, caused by 

special management practices. A soil chronosequence, consisting of paddy and upland 

soils, developed on reclaimed estuarine sediments in the Province of Zhejiang, China, was 

sampled to investigate the influence of duration of agricultural use (50 yrs to 2,000 yrs) on 

soil composition. The uniform composition of the parent material provides the unique 

opportunity to compare the effects of different land management practices (paddy and non-

paddy) on soil carbon dynamics and the origin of organic carbon (OC) in top- and subsoils, 

using 
14

C measurements by accelerator mass spectrometry (AMS). The total soil organic 

carbon (TOC) was split into chemically defined pools of different mobility, namely the 

acid and water soluble fulvic acids (FA), the alkali soluble humic acids (HA) and insoluble 

humin fraction. The more mobile HA and FA fractions contain significantly more 
14

C than 

the corresponding TOC and humin, indicating a downward transport of OC in the subsoil. 

Plant roots with 
14

C concentrations up to 128 % of the modern standard, found far below 

the plough pan, reveal plant roots and root exudates as other direct sources of subsoil OC 

in paddy soils. 



Chapter IV  61 

Introduction 

 

Rice paddy soils are the most important agricultural soils in the world because (i) Paddy 

soils provide the staple food for nearly half the world population (MacLean et al. 2002) 

and (ii) Paddy soils play an important role in the global carbon and methane cycle. Rice is 

the major crop in the tropics and sub-tropics, whereas China represents the predominant 

rice producer with about 30 % of the global rice production and 19 % of the total world 

rice paddy area (FAOSTAT 2010). In the context of mitigating the increase of the 

atmospheric greenhouse gases CO2 and CH4, paddy soils are considered of outstanding 

importance in view of the high soil organic carbon (SOC) level observed in paddy topsoils, 

their assumed high C sequestration potential (Pan et al. 2003; Xu et al. 2011), and the 

amenability of their properties to active management. The larger paddy topsoil SOC 

stocks, compared to upland soils, are caused by a large carbon input via straw 

incorporation and/or other organic additions (Tanji et al. 2003; Rui and Zhang 2010). 

Furthermore, the water logged conditions during flooded phases lead to decreased 

decomposition rates and enhance the accumulation of SOC (Huang and Sun 2006; Kögel-

Knabner et al. 2010).  

 

After the oceans, soils are the largest active pool within the global carbon cycle (Lal 2008). 

The SOC pool is two times the size of the atmospheric C pool and nearly three times the 

size of the biotic C pool (Lal 2004). The amount of organic carbon (OC) in the upper 100 

cm in the world’s soils is estimated to be about 1,550 Pg (1 Pg = 10
15 

g) (Batjes 1996). 

Since soils are the largest reservoir for C in the terrestrial ecosystem, they play a key role 

within the global carbon cycle, and SOC dynamics were examined in numerous studies of 

increasing organic complexity over the past decades (Scharpenseel et al. 1989; Trumbore 

et al. 1989; Becker-Heidmann and Scharpenseel 1992; Wang et al. 1996; Six et al. 2001; 

Baisden et al. 2002; Rethemeyer et al. 2005;  Dreves et al. 2007; Flessa et al. 2008; 

Marschner et al. 2008; Laskar et al. 2012). 

 

In many cases only the topsoil (ca. 0-30 cm) of the related soil profile is considered.  

Although those upper 30 cm contain less than 50 % of the SOC (Jobbagy and Jackson 

2000), the organic carbon located in subsoil horizons was assumed to be insignificant 

within the system of SOC transport and stabilization. Land-use-change related changes in 

SOC stocks, for example, were assumed to be significant only in topsoils (O’Brien and 
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Stout 1978; Baisden et al. 2002). The main reason for this point of view is the assumption 

that subsoil carbon is inert and does not take part in the dynamic interactions between 

different soil compartments. This is based on very low annual inputs of fresh organic 

matter and the limited spatial accessibility of subsoil OC for microbial activities and 

oxygen within the soil profile (Christensen 2001). Furthermore, in view of low 
14

C activity 

of subsoil horizons, it is assumed that, with increasing depth, SOC becomes more 

stabilized and shows longer residence times (Rumpel and Kögel-Knabner 2011).  

 

In the course of the discussion about global warming and the potential of deep soil OC as a 

sink for CO2, subsoil OC attracted more attention over the last decade, with more and more 

reports pointing out the role of subsoil OC within the dynamic system of SOC transport 

and stabilization (Trumbore 2000; Baisden and Parfitt 2007; Helfrich et al. 2011). Thus, 

subsoil OC seems to be less inert than commonly assumed, especially with the input of 

fresh OC in the subsoil priming microbial processes (Fontaine et al. 2007). 

 

Suitable for investigating subsoil OC dynamics under paddy management are the large 

floodplains in the coastal zone of subtropical China. Paddy and non-paddy soils (upland 

soils not used for submerged rice cultivation) of different ages, developed on reclaimed 

estuarine sediments originating from the nearby Yangtze River, were sampled near Cixi in 

the Province of Zhejiang, China. Previous results of bulk soil samples documented the 

transport-induced development of TOC and 
14

C depth gradients in the initially uniform 

upper 1 m of sediment, and demonstrated a replacement of old organic carbon by young 

OC by using the radioactive isotope 
14

C as a tracer (Bräuer et al. 2013). Water is the most 

likely transport medium, so a simple OC partition in acid/water soluble, alkali/water 

soluble and water insoluble was chosen to further evaluate OC transport. This is the 

classical purification scheme of radiocarbon dating, where the insoluble, non-mobile 

fraction is generally chosen as the most reliable fraction for dating (e.g. Grootes et al. 

2004), and closely resembles the classical separation in fulvic acids, humic acids and 

humin of soil sciences. It serves to demonstrate OC transport by, and dynamic exchange of 

OC between these fractions without the necessity to define specific processes and their 

relative importance (e.g. Kleber et al. 2007). 

 

Elevated 
14

C concentrations, connected with the atmospheric testing of nuclear weapons of 

the late 1950’s and early 1960’s, make it possible to demonstrate the presence of 
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(sub)recent plant remains in the subsoil and the potential of roots and their exudates for 

introducing fresh OC into deep soil horizons. Identification of rice DNA in root material at 

1 m depth in a paddy soil further documents rice root penetration deep below the plough 

pan. We here use 
14

C concentrations of plant remains and of SOC fractions, characterized 

by different stability and mobility, to reveal the pathways of dynamic relocation of SOC 

into the subsoil and show that, despite the decoupling between topsoil and subsoil 

regarding OC accumulation (Wissing et al. 2011), subsoil OC dynamics, is important for 

understanding the role of soils in the global carbon cycle.  

 

Methods 

Study sites and soil sampling 

 

The study sites belong to one of the oldest paddy soil regions in the world (Cao et al. 

2006). The soil samples were taken near the southern coast of Hangzhou Bay around Cixi, 

Zhejiang Province, China (Fig. 4.1). With a mean annual temperature of 16.3°C and a 

mean precipitation of 1,325 mm per year the climate is classified as subtropical with 

periodical monsoon rain (Cheng et al. 2009). Estuarine sediment, which originates from 

the Yangtze River, represents the parent material of the study sites. Over the past centuries 

protective dikes were built to establish arable land. This led to the development of 

differently aged soils formed on the same substrate under comparable conditions of 

climate, topography and vegetation – the development of a soil chronosequence (Harden 

1982). This circumstance allows us to study the uptake and relocation of OC with 

atmospheric 
14

C composition on comparable sites established at different times. More 

detailed information about the study area and the historical development of the differently 

aged soils is given by Cheng et al. (2009) and Kalbitz et al. (2013). 
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Figure 4.1: Geographical locations of the sampling sites at the south coast of Hangzhou 

Bay. To reclaim arable land protective dikes, partly indicated by heavy black lines, were 

built. Years of dike construction are given next to the dike lines. Stars represent the 

position of sampling points (P 50, NP 50, P 100, P 1,000, P 2,000-year old soil profiles 

and tidal flat). 

 

 

Soil horizons were described by the FAO Guidelines for Soil Description (FAO 2006) and 

classified according to IUSS Working group WRB (2007). Paddy soil profiles were 

divided into topsoil and subsoil. Topsoils are represented by puddle layer and plough pan 

(A-horizons) and obtain average depths between 20 and 25 cm. The subsoils consist of 

several B-horizons. More detailed information regarding the soil profile description is 

given by Wissing et al. (2011). In addition to paddy (P) and non-paddy (NP) soils with 

different ages (50 yrs and 2,000 yrs), tidal flat samples (estuarine sediment) were taken. 

The latter represent the parent material from which soils developed in this region. 

 

Sample preparation 

 

All soil samples were air-dried and sieved through 2 mm mesh size to homogenize the 

material. Non soil-derived particles as well as identifiable plant residues were removed and 

kept for further studies.  
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Chemical Extraction 

 

Soil samples were treated with 4 ml dilute (1 %) hydrochloric acid (HCl) per gram of soil 

to remove carbonates, and freeze dried without washing to determine their TOC content 

and TOC 
14

C concentration. Furthermore, tidal flat, 50 years and 2,000 years old soil 

samples underwent chemical fractionation by acid-alkali-acid extraction (AAA). AAA in 

air is a standard method in radiocarbon dating to remove contaminating carbon from 

organic samples (charcoal, plant remains etc.) prior to 
14

C measurements (Grootes et al. 

2004). The application of AAA is similar to the classical humus fractionation procedure 

according to Stevenson (1994), resulting in three fractions: the acid soluble fulvic acid 

(FA), the alkali soluble humic acid (HA) and the insoluble humin fraction (alkali residue). 

 

Dried soil samples were treated with diluted (1 %) HCl for > 10 hours to remove 

carbonates. The yellowish supernatant, containing acid-soluble compounds (FA), was 

separated. The pellet was washed with Milli-Q
®
 water until pH > 4 to remove the 

hydrochloric acid and dissolved contaminants. Samples were then extracted with 1 % 

NaOH for 4 hours at 60°C. This yields an alkali-soluble fraction and a non-soluble residue 

(humin). Humic acids were precipitated from the alkaline solution by acidification with 37 

% HCl down to a pH < 1 and washed till pH > 4 as above. In several cases the supernatant 

was kept to recover acid-soluble FA’s. The insoluble residue (humin fraction) was washed 

with Milli-Q
®
 water until pH < 10. To remove any atmospheric CO2 introduced during the 

alkali treatment, the humin fraction was again treated with 1 % HCl and washed till pH > 

4. All extracts, fulvic acids, humic acids and humin fractions were freeze-dried. 

 

Macro-fossils (plant remains, roots) 

 

To obtain identifiable macro-fossils water was added to large soil samples (ca. 5 kg) and 

plant remains were separated by elutriation and sieving (400 µm mesh size). The sieved 

material was inspected under a microscope and non-plant components (stones, shells etc.) 

were removed. Selected plant samples were subjected to the AAA treatment described 

above. 
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Isolation of genomic DNA and 18S rDNA analysis 

 

To test whether rice plants roots reach below the plough pan, root material found at depth 

was tested for rice DNA by Dr. Nancy Weiland-Bräuer at the Institute of Microbiology, 

Christian-Albrechts Universität zu Kiel (CAU). Twenty samples of root material were 

used for genomic DNA extraction according to Doyle and Doyle (1987) with 

modifications. Plant parts (300 mg) were resuspended in CTAB buffer (140 mM sorbitol, 

220 mM Tris
1
, 22 mM EDTA

2
, 800 mM NaCl, 1 % sarkosyl, 0.8 % CTAB

3
, pH 8.0) and 

glass beads of 0.1 mm, 0.5 mm and 2.5 mm size were added prior to the mechanical cell 

disruption for 9 min. at 1,300 strokes/min (GenoGrinder
®
; BT&C/OPS Diagnostics, 

Bridgewater/USA). Chloroform extraction of the supernatant was performed followed by 

precipitation of the nucleic acids with isopropanol (0.7 vol) for 20 min. at room 

temperature and subsequent centrifugation for 1 h at 16,000 × g and 4°C. The DNA 

precipitate was washed twice with 70 % ethanol and resuspended in 15 µL Tris-EDTA 

buffer (10 mM Tris, 1 mM EDTA, pH 8.0). 

 

18S rDNA gene fragments were amplified in a standard PCR (polymerase chain reaction) 

using 50 ng isolated genomic DNA, GoTaq
®

 polymerase (Promega, Mannheim/Germany) 

and primer set 18S_FW (5’-AGGAATTGACGGAAGGGCAC-3’) and 18S_RV (5’-

GGACATCTAAGGGCATCACA-3’) (Luan et al. 2005). Reaction mixtures were 

incubated in a PT-100 thermal cycler
®
 (MJ Research Inc., Waltham/USA) at 94°C for 5 

min., followed by 30 cycles at 94°C for 30 sec., 50°C for 45 sec., and 72°C for 30 sec. 

resulting in a 324 bp PCR fragment. DNA sequences of PCR products were determined 

completely by the sequencing facility at the Institute of Clinical Molecular Biology, CAU 

(IKM). Sequences were compared to available databases using BLAST (Basic Local 

Alignment Search Tool) network service (Altschul 1990) to determine their approximate 

phylogenetic affiliations.  

 

Sample treatment for AMS 

 

After freeze-drying, sample aliquots were transferred into pre-combusted (4 hours, 900°C) 

quartz tubes, evacuated, subsequently flame sealed, and combusted with CuO (450 mg) 

and silver wool (150 mg) at 900°C for 4 hours. The resulting CO2 was reduced to graphite 
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with H2 at 600°C over an iron catalyst. The 
14

C measurements were made with the 3 

Million Volt HVE Tandetron AMS (accelerator mass spectrometry) system at the Leibniz-

Laboratory in Kiel (Germany), with a 1-σ precision of about 0.25 pMC (Nadeau et al. 

1997, 1998).  

 

Radiocarbon values are stated in percent modern carbon (pMC) and were calculated from 

the measured 
14

C/
12

C ratios of the sample and the oxalic acid standard according to Stuiver 

and Polach (1977). 

 

 

Results and discussion 

 

Depth gradients of 
14

C in chemical soil organic matter (SOM) fractions 

 

The 
14

C concentrations of TOC (Bräuer et al. 2013) and the three corresponding chemical 

fractions humin, humic acid, and fulvic acid are given as function of depth for the 50 years 

old paddy (P50) and non-paddy soil (NP50) and the 2,000 years old paddy soil (P2000) in 

Figures 4.2a-c and Table 1, together with the values obtained for the sediment of the tidal 

flat. The results clearly show the age inhomogeneity of the TOC, with the insoluble humin 

fraction consistently older, and the more mobile humic acids younger than TOC. The 

measured fulvic acids have, with one exception, a higher 
14

C concentration than the humic 

acids. In P50, the striking drop in 
14

C concentration across the plough pan (horizon Ardp), 

already observed for TOC (Bräuer et al. 2013), is also seen in the chemical fractions 

(Figure 4.2a). The development of their 
14

C concentrations with depth is very similar. The 

NP50 shows a more or less constant decrease in 
14

C with depth for all SOC fractions, 

comparable to 
14

C gradients reported by Scharpenseel et al. (1989) and Paul et al. (1997). 

Thus, the decoupling of topsoil from subsoil by plough pan development under rice paddy 

management clearly affects all SOC fractions in the subsoil and delays the buildup of the 

customary 
14

C - or “age” -depth profile beyond 50 years. After 2,000 years such a profile 

is also found in the paddy subsoil (Fig. 4.2c).  

 

 

 



Chapter IV  68 

 

 

 

Figure 4.2: 
14

C concentrations of bulk soil samples and the corresponding SOM fractions 

(humin, humic acid, fulvic acid) for P50, NP50 and P2000. The stars display 
14

C 

concentrations of the parent material, represented by tidal flat samples from depths of 0-2 

cm, 18-20 cm and 115-120 cm (black: humin fraction; dark grey: bulk soil; light grey: 

humic acid and white: fulvic acid). 
14

C measurement uncertainties are smaller than the 

symbol sizes. 

 

 

After 50 years of cultivation, bulk soil samples from the topsoil of both paddy and non-

paddy gave 
14

C contents above 100 pMC, close to the atmospheric 
14

CO2 level (105 pMC) 

in 2008, the year of sampling (Levin et al. 2010; Graven et al. 2012). This indicates that, 

already after 50 years, a high proportion of the original OC of the tidal flat sediments, with 

about 61 pMC, had been replaced with OC derived from recent atmospheric 

photosynthesis products. Both, P50 and NP50 topsoils show comparable radiocarbon 

concentrations for all SOC fractions. The humin fraction, with 
14

C values around 85 pMC, 

still clearly shows the influence of the original OC. The rapid 
14

C increase in this relatively 

stable fraction may be due more to the increase in TOC and humin OC in the paddy topsoil 

than to replacement. All topsoil fractions of P2000 are characterized by 
14

C values 

significantly higher than those of the P50 and NP50 sites (Table 4.1).  
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The high 
14

C and TOC values can be assigned to the accumulation of plant-derived carbon 

during the last several decades. Interestingly, the humin fraction, which is assumed to be 

the most stable part of SOC, shows the highest modern 
14

C concentrations within the 

uppermost 15 cm (116.4 pMC in horizon Alp). These values, which exceed the 

atmospheric radiocarbon level in 2008, indicate the contribution of OC from the last 40 to 

50 years (average 
14

CO2 = 116.6 pMC in 1989). The 
14

C concentrations of the humic and 

fulvic acids in the P2000 topsoil, (slightly) below those of the TOC, though still well 

above the atmosphere of 2008, suggest these derive on average from more recent 

decomposition of organic material.  

 

The observed decrease in 
14

C in the humin fraction with increasing soil depth is commonly 

observed and has been interpreted in previous reports by Balesdent (1987), Pessenda et al. 

(2001), and Rethemeyer et al. (2005) as aging and a relative increase of recalcitrant 

organic compounds in the humin fraction (Rice 2001). Yet, in the case of this 

chronosequence, it documents the replacement of the original estuarine OC by younger 

components moving down the soil profile, presumably as DOC, and then becoming 

incorporated in the humin fraction. Right below the P2000 plough pan with 116 pMC the 

humin fraction shows 67 pMC, already indicating mostly aged, recalcitrant SOC with an 

apparent age of ca. 3,000 
14

C years, yet almost 20 pMC enriched in 
14

C compared to the 

original estuarine sediments of the tidal flat.  

 

The humin fraction shows 
14

C contents lower than those of the initial tidal flat sediment at 

depth in all profiles (Fig. 3.2). The decrease is too large to be caused by natural decay, 

even in 2,000 years, which would reduce the 47.6 pMC of the deep tidal flat to 37.4 pMC. 

Instead, the low 
14

C concentrations of the deep humin fractions may reflect the effect of a 

supply of fresh OC to a subsoil containing a mixture of organic material, in part old, 

reworked, and in part contemporaneous with the time of sedimentation (Bräuer et al. 

2013). With measured 
14

C concentrations in the deep tidal flat close to 50 pMC, the 

contemporaneous fraction must be at least 50 % of the bulk and humin OC. The values 

close to 23 pMC at 30 to 40 cm in P50, and around 80 cm in NP50, as well as the values 

below 20 pMC in P2000 below 70 cm (Table 4.1), indicate only 23 % or less ‘young’ OC 

remained in these humin fractions, which means that 65 % or more of the younger 

components of the estuarine OC mixture were preferentially degraded and lost. 

Interestingly, in P50, where the ploughpan still has blocked most of the downward 



Chapter IV  70 

transport of OC, the minimum 
14

C concentration is found closely below this ploughpan, 

while in NP50 and P2000 minimum concentrations are found at depth, near the 

groundwater table. This suggests a relatively rapid preferential degradation of younger OC 

stimulated by a supply of fresh OC (‘priming’) and a gradual buildup of more recalcitrant 

young OC. The ca. 50 pMC still found at depth in the tidal flat may then reflect absence of 

vegetation and anoxic conditions. 

 

The extracted FA’s differ in 
14

C concentration from the humic acids and the humin, and 

show small, yet significant differences before and after alkali treatment. In the P2000 

topsoil the 
14

C of all FA’s is above that of the 2008 atmosphere (105 pMC, Levin et al. 

2010; Graven et al. 2012), in NP50 this is only true for FA II, while in P50 only one FA II 

exceeds the atmosphere. With the exception of the Bdg horizon at 26 cm in P2000, the 

FA’s in the subsoil have a 
14

C concentration below 100 pMC. In the P2000 topsoil, the 
14

C 

in FA II is higher than in FA I at 13.5 and 16 cm depth (Table 4.1) and closer to the humin 

fraction from which it was separated. At 19 cm FA II has less 
14

C than FA I and, thus, is 

again closer to the humin fraction. This apparent link between FA II and the humin 

fraction seems broken in the NP50 topsoil, where FA II shows a 
14

C concentration well 

above that of the 2008 atmosphere, although all other fractions are below it. This 

seemingly erratic pattern may be ascribed to the diverse components of the organic 

mixture. The starting material was a mixture of old, reworked OC and young OC with a 

14
C concentration, presumably, close to 100 pMC, to which plant material was added over 

the years with 
14

C concentrations increasing irregularly from 98 pMC in 1954 to ca. 180 

pMC in 1964 and then gradually dropping to 105 pMC in 2008 (Levin et al. 2010; Graven 

et al. 2012). This is reflected in the high pMC values of the humin fraction in the P2000 

topsoil, indicating OC on average a few decades old with high bomb-
14

C concentrations. 

The FA I fraction is fairly small (Fig. 4.3) and contains readily accessible and 

exchangeable components (Kleber et al. 2007) with a 
14

C closer to the recent atmosphere.  
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Relative importance of mobile fractions 

 

The relative contributions of the SOC fractions to the TOC are given in Figure 4.3. As 

described under Methods, the humin fraction is what remains after acid-alkali-acid 

extraction. The humic acid fraction is precipitated from the alkali extract with acid and 

washed until free of acid and soluble organic compounds. Quantification of the humic 

acids and the humins generally yields calculated fulvic acid (FA) contents as the difference 

with TOC (Figure 4.3). Direct recovery of the complete fulvic acid fraction is difficult, 

since it requires collection of all water used in the various washings. In a number of cases, 

fulvic acids were recovered by freeze-drying the first acid extract (FA I) and the acid 

supernatant after precipitation of the humic acid fraction from the alkali extract (FA II).  

 

For practical reasons the subsequent, ever more diluted washings were not included. The 

isolated fulvic acids thus represent only a fraction of the TOC not accounted for by the 

humin and humic acid fractions (10 to 50 % for FA I plus FA II, Figure 4.3). The missing 

material was assigned to the fulvic acid fraction, although it may include some fine 

colloidal material, which chemically does not belong to the fulvic acids. Interestingly, 

FA II generally contains more OC than FA I. While slightly acidic water can mobilize only 

a small fraction of the available SOC, as generally observed, the four hours of alkaline 

extraction at 60°C apparently loosens chemically bound compounds (e.g. Kleber et al. 

2007), many of them belonging to the fulvic acid fraction, that were resisting the acidic 

solution. 

 

With an average contribution of close to 50 % of the TOC, the so-defined FA’s constitute 

the main SOC fraction in each profile. The average contribution of the humic acid fraction 

is less than 20 % for all soil profiles, while the humin fraction represents ca. 30 % of the 

TOC. The importance of the insoluble humin fraction increases with increasing depth 

(Figure 4.3), up to 47 % of TOC at depth in P50 and 67 % in P2000, but only 36 % in 

NP50. Since both TOC and the humin fraction decrease strongly with depth, especially 

from plough pan to subsoil (e.g. Table 4.1, TOC from ca. 1.2 % C in the P50 topsoil to 

0.14 % C at depth, from 3.3 % C in the P2000 topsoil to ca.0.1 % at depth), this relative 

increase reflects a very strong decrease in the more mobile fractions, especially in the 

FA’s, in the subsoil.  The TOC in the deeper subsoil is more or less the same in all three 

profiles (P50, NP50 and P2000) and similar to, or slightly lower than that in the deep tidal 
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flat. The same is true for the three humin fractions, which are, however, reduced relative to 

the tidal flat. The carbon mass balance thus provides the picture of strongly decreasing 

mobile components and little change in the subsoil that led to the neglect of subsoil 

processes. 

 

 

 

 

Figure 4.3: The proportions of single SOM fractions on the total organic carbon (TOC) 

given in percent. Quantification of humic acids and humin fraction yields fulvic acids (FA) 

as difference with TOC. The FA of samples without a stated loss was calculated from the 

TOC, humin and HA fraction amounts and not isolated. The mass balance for samples, 

from which FA’s were extracted for 
14

C measurement, is incomplete due to material loss 

during wet chemistry sample preparation. In cases where both FA fractions, before (FA I) 

and after alkali treatment (FA II), were recovered FA II always delivers proportions on 

TOC at least two times (max. 6x) higher than FA I. 

 

 

The buildup of 
14

C concentration profiles in the originally homogeneous, 
14

C-depleted 

sediment of the subsoil documents, however, the downward transport of SOC, presumably 

as dissolved organic carbon (DOC), with infiltrating water. FA’s are of major importance 

for this transport of OC through the soil profile as indicated by their high proportion, 

especially within the transition zone from plough pan to subsoil. Maie et al. (2004) 

reported chemical characteristics of FA’s leached from the plough layer of a paddy soil, 
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where the FA fraction was up to 56 % of the OC. The liberation of FA’s by alkali 

extraction and the parallel behavior of the 
14

C-depth curves for humins, humic acids, and 

fulvic acids (Figure 4.2) suggest a dynamic exchange between these three SOC fractions 

and a likely role of the mobile FA and HA fractions as main driver for the described 

refreshment of SOC pools below plough pan level by organic matter with younger 
14

C 

signature. 

 

Plant remains - another pathway of OC transport into subsoil 

 

In addition to visual methods, molecular biological methods were applied to identify plant 

remains found deep in soil profiles. This is particularly useful when only parts of plants are 

available. The characterization is based on isolation of genomic plant DNA and subsequent 

amplification of the 18S rDNA fragment with specific primers in a PCR.  Plant remains 

recovered by wet sieving from all depths of the soil profiles were differentiated by 

morphological means. Most of these plant-derived macrofossils were found in the topsoil 

of each profile. The assemblage consists of seeds, spelts and grains of several species like 

millet, wheat, barley or rice. Furthermore, straw, rice hulls, roots and charcoals were 

found. Collecting such plant remains below the plough pan was more difficult due to their 

rare occurrence. Most of the plant remains found in deep soil horizons could be identified 

visually only as roots or rather root remains and root mats. Thus, classification into a 

species by visual means was not possible. DNA extraction and analysis identified one out 

of twenty root samples as rice (Oryza sativa) indicating rice root penetration below the 

plough pan to a surprising depth of 97-100 cm (Table 4.2).  

 

Rice is often described as a shallow-rooting crop with roots mostly located above the 

plough pan, which restricts deep-rooting growth (Wade et al. 1999). Yet, Mishra et al. 

(1997) reported a maximum rooting depth between 55 cm and 65 cm, depending on water 

table conditions. The rooting depth is assumed to be influenced by the prevalent water 

regime, so dry-land varieties are characterized by deeper rooting depths, while submerged 

rice plant varieties tend to be shallow-rooted (Yoshida and Hasegawa 1982). Soil cracks 

that develop when the soil dries out facilitate root penetration below the plough pan. Thus, 

the presence of roots, including those of rice, is not totally unexpected and indicates that 

young carbon may be inserted directly into the subsoil as root material and root exudates.  
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Table 4.2: Radiocarbon and organic carbon contents of plant remains (roots and root mats) 

selected from deep subsoil horizons of different aged paddy soils. The table includes also 
14

C data of plant remains of 100 yrs and 1,000 yrs old paddy soils. No data are available 

for the P2000 soil profile. The presented data belong to the samples which were used for 

DNA analysis. 

    
 

  
Sample ID Sample site Horizon sampled depth 

14
C  Corg 

   (cm) (pMC) ± (%) 

       
KIA 39164 Paddy 50 Bwg2 38-41 112.08 0.47 52.34 

KIA 39166 Paddy 50 Blg 70-73 119.57 1.03 48.44 

KIA 40291 Paddy 100 Bwlg1 72-75 110.08 0.46 37.11 

KIA 40292* Paddy 100 Bwlg2 97-100 127.57 0.75 41.88 

KIA 40324 Paddy 1000 3Bl 107-110 118.34 0.33 49.28 

* This is the only sample, which could be identified as rice (Oryza sativa).  

 

Although the roots formed a root mat, it cannot be excluded that plant and root remains 

were relocated down by bioturbation, since canals and holes of up to several mm diameter 

as well as living earthworms as indicators for bioturbation activity were observed during 

sampling across the entire soil profile. Recent studies identified such macropore systems as 

flow paths and therefore revealed crack and root channels as well as earthworm burrows as 

responsible for water loss and solute leaching (Janssen and Lennartz 2008; Lennartz et al. 

2009). 

 

Conclusions 

 

Soil profiles from a chronosequence of plots under paddy and non-paddy management 

formed on the same uniform 
14

C depleted estuarine sediments reveal the rapid 

development of 
14

C and TOC gradients in the subsoil as a result of organic carbon mobility 

and relocation. Processes of subsoil “OC-refreshing” indicated by radiocarbon 

concentrations are: 

 

1. Direct input of fresh (modern) SOC into deep subsoil by plant roots and their 

exudates. This process is evident by roots and root remains, including rice roots 

identified by their DNA signature, with modern 
14

C signature found far below the 

plough pan in deep soil horizons. 
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2. Relocation and transport of young OC through the plough pan via mobile SOC 

fractions (humic acids and fulvic acids). Due to their high proportion on total 

organic carbon, we assume fulvic acids to be the main driver for the input of OC 

through the plough pan into the subsoil. 

 

3. Downward movement of plant remains into the subsoil through animal activity and 

soil cracking. 

 

Despite this input of fresh organic material, OC concentrations in the subsoil remain 

largely constant over the chronosequence, while the 
14

C concentration increases. The 

composition of subsoil OC down to the 1 m depth of this investigation is thus determined 

by a dynamic equilibrium between the import of fresh OC, mineralization, and export into 

groundwater and deeper subsoil.  
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Abstract 

 

We investigated the dynamics of soil organic matter (SOM) along a chronosequence of 

paddy soils in Eastern China that developed on reclaimed marsh sediments during the past 

2,000 years. To estimate turnover times and pool sizes of organic matter, we used a time-

dependent steady-state box model and radiocarbon data of soil samples collected to at least 

1 m depth. The model yielded two SOM pools. The more labile pool gave turnover times 

ranging from 1.5 to 21 years depending on the soil depth. The stable C pool is 

characterized by residence times ranging from 150 to 2,000 years. The wide range of the 

calculated values is caused by (i) the different depth intervals within the soil profile and 

(ii) the age of the paddy soil site. Thus, the oldest soils reveal the lowest decomposition 

rates and topsoils are characterized by the shortest turnover times. However, the calculated 

pool sizes as well as the residence times are strongly affected by the choice of model 

parameters. This is evident from repeated calculations with different starting values 

resulting in varying results for C pool sizes and residence times. 
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Introduction 

 

Due to its influence on soil physical properties and plant nutrient supply, soil organic 

matter (SOM) is linked to soil fertility. According to this, the importance of organic 

manures for maintaining or improving the fertility of soils has been recognized since the 

first days of agriculture (Allison 1973). Guidelines for farmers about crop and soil 

management were developed, based on the results of experimental studies conducted since 

the middle of the last century (Henin and Dupuis 1945; Springer and Lehner 1952; 

Kortleven 1963; Sauerbeck and Gonzalez 1977). However, SOM content of soils tends 

towards an equilibrium value that is characteristic for the environmental conditions to 

which that system is exposed (Powlson and Olk 2000). For example, a soil under 

continuous flooded rice (rice–rice) accumulates carbon at a higher rate than under a rice–

wheat rotation that is aerobic for part of the time (Shibu et al. 2006). 

 

In the last two decades, more and more attention has been paid to the sustainability and the 

effects of crop management practices on resource quality of the rice-based production 

systems in tropical and subtropical Asia (Cassman and Pingali 1995; Dawe et al. 2000; 

Dobermann et al. 2000; Aggarwal et al. 2000; Arora et al. 2006; Fageria et al. 2011; 

Schulz et al. 2011). One of the major findings, provided by long-term experiments under 

intensive rice-cropping systems, is the disclosure of ‘soil-exhaustion’, indicated by 

declining or stagnating yields (Dawe et al. 2000; Narang and Virmani 2001; Ladha et al. 

2003). Especially, a quantitative and qualitative reduction of SOM, leading to a depletion 

of soil fertility, is supposed to be the main driver for the observed decrease in yield (Ram 

1998, 2000; Dawe et al. 2003). At this point SOM models can be important tools for the 

investigation of long-term effects of intensive cultivation on soil C dynamics. Such models 

describe the influence of environmental conditions, as well as the relations between the 

various components. Subject to the condition that a suitable calibration and validation is 

available, models can be used to explore soil organic matter dynamics and to examine the 

possibilities for modification of SOM content through various intervention measures in the 

system. 

 

In addition to its importance for soil fertility, soil organic carbon (SOC) is the largest 

active C pool within the global carbon budget (Lal 2008). More than 50 % of the organic 

carbon stored in soils worldwide is located in subsoil horizons (Jobbagy and Jackson 
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2000). Estimates of the global total organic carbon in the upper meter of the world’s soils 

converge to an amount of ca. 1,500 Pg (1 Pg = 1 Gt = 10
15 

g) (Batjes 1996). Additionally 

800 Pg of organic carbon are stored at a depth between one and three meters below surface 

(Jobbagy and Jackson 2000). Despite this knowledge, the majority of the existing C-

dynamic investigations examine only the organic carbon stock of the topsoil horizons 

(upper 30 cm) (Parton et al. 1987; Jenkinson et al. 1992). 

 

Several aspects which are responsible for SOC studies mostly investigating the topsoil 

horizons during the last decades are discussed in detail by Rumpel et al. (2012). Briefly, 

organic carbon located in subsoil horizons was assumed to be functionally inert and 

insignificant within the system of SOC transport and stabilization, due to its chemical 

composition, a strong adsorption to mineral surfaces, very low annual inputs of fresh 

organic matter and reduced microbial activity (Taylor et al. 2002; Fierer et al. 2003, von 

Lützow et al. 2008). Furthermore, increasing mean residence times (MRT) with increasing 

soil depth, reaching values of several thousand years, suggest a higher level of stabilization 

of deep SOC compared to OC in topsoil horizons (Rumpel and Kögel-Knabner 2011). 

However, the recent past generated studies directing more attention to SOC of deep soil 

horizons, since subsoil OC seems to be less inert than commonly assumed and contains 

more components that turn over on timescales of decades. (Trumbore 2000; Baisden and 

Parfitt 2007; Sanderman et al. 2008; Helfrich et al. 2010; Schimel et al. 2011). 

 

The experience of several decades in measuring radiocarbon of soils and SOC fractions led 

to an increased understanding of the changing global carbon cycle in general (O’Brien and 

Stout 1978; Goh et al. 1976; Scharpenseel et al. 1989; Trumbore et al. 1989; Becker-

Heidmann and Scharpenseel 1992; Wang et al. 1996; Gaudinski et al. 2000; Baisden et al. 

2002; Bruun et al. 2005; Kondo et al. 2010). Yet, only little is known about SOC dynamics 

occurring in deep soil layers due to methodical and technical issues. Namely, SOC consists 

of a wide variety of compounds with different origins and apparent ages (mean residence 

times) ranging from years to millennia. Consequently, its average 
14

C concentration is 

determined by the mixing ratio and 
14

C contents of its components. To handle this 

problem, fractionation schemes (physical and chemical) were developed to separate SOC 

into discrete pools with intrinsic turnover times (Baisden and Amundson 2003; Trumbore 

2009). Since the use of such separation methods turned out to be less satisfying than 

assumed, the use of distinct C pools separated mathematically became favored in recent 
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years (Krull et al. 2003; Trumbore 2009). Trumbore (1993) described 
14

C time series 

measurements as an appropriate tool to quantify SOC turnover rates, since turnover rates 

up to thousands of years are detected by radioactive decay as well as turnover rates in the 

order of years due to highly elevated 
14

C concentrations in the atmosphere after nuclear 

weapons tests over the years 1954 to 1962. Furthermore, Baisden et al. (2011) 

demonstrated the ability of 
14

C time series measurements in association with modeling to 

quantify conceptual SOC pools without the need of physical or chemical separation of 

SOC fractions. 

 

Several studies addressed the estimation of turnover rates and investigated SOC dynamics 

(Elzein and Balesdent 1995; Baisden et al. 2002; Castanha et al. 2008). However, the 

authors are aware of only a few studies that examine SOC dynamics in subsoil horizons 

(Parton et al 1998; Jenkinson and Coleman 2008). These elaborate models, which often 

include dissolved organic matter (DOM), require considerable analytical data, including C 

concentrations, C stocks and specific C pools, obtained by physical and chemical 

fractionation (Tipping et al. 2012). Often, these data are not available. Thus, it remains 

uncertain how a complex model of subsoil C dynamics can be calibrated and validated 

with the limited information available (Helfrich et al. 2010). 

 

According to this, we used 
14

C data, obtained from paddy soils of various ages, in a simple 

two-pool model to estimate residence times for a fast and slow cycling SOC pool. We 

simulated the carbon dynamics of the entire soil profiles down to 1 m depth and compared 

measured and modeled SOC pools. The calculations were conducted in multiple 

approaches to investigate the sensitivity of the model towards changes in assumptions. 

Furthermore, running the model several times with different initial values made it possible 

to assess the reliability of estimated turnover rates and the contribution of calculated C 

pools to total organic carbon (TOC) by comparison with previous findings, obtained by 

radiocarbon analysis of different chemically isolated SOC fractions (Bräuer et al. 2013b). 
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Methods 

 

Site description and soil sampling 

 

To satisfy the need of food supply of the rapidly expanding human population, huge paddy 

field areas developed, governed by a unique water regime for rice cultivation (Timsina and 

Connor 2001). Irrigated rice-based cropping systems, with up to three rice crops produced 

each year at the same field, are the predominant agricultural land use in the lowland areas 

in subtropical to warm-temperate climate zones in Southeast Asia (Cassman and Pingali 

1995). About 30 % of world total rice production is provided by China (FAOSTAT 2011). 

Further, the total Chinese cropland area comprises 20 % of paddy fields, whereat this fifth 

part contains about 30 % of the topsoil soil organic carbon stocks of China’s croplands 

(Zhao et al. 1997).  

 

Paddy soils are assumed to have a greater potential for SOC sequestration than upland 

soils in the same climate zone due to specific management practices (Pan et al. 2003; Liu 

et al. 2006; Xu et al. 2011; Zhang et al. 2012).  The paddy soil development is attributed to 

periodical phases of submergence, which indicate the paddy ecosystem as a temporary 

man-made aquatic habitat (Rui and Zhang 2010). Paddy soils are characterized by high 

SOC levels, which have been repeatedly observed for paddy soils in China (Pan et al. 

2003; Li et al. 2010). The enlarged SOC stocks, compared to non-paddy soils, are caused 

by high rates of organic amendments, carbon inputs via straw incorporation (Tanji et al. 

2003), and retarded decomposition rates, respectively (Huang and Sun 2006; Kögel-

Knabner et al. 2010).  

 

The study sites are located around Cixi (30° 10′ N, 121° 14′ E), approximately 180 km 

south of Shanghai and 150 km east of Hangzhou, within the warm temperate zone of the 

East Asian monsoon region. The mean annual temperature amounts 16.3°C and the mean 

precipitation of 1,325 mm per year is massed with nearly 75 % during the rice paddy 

flooding season from April to October (Cheng et al. 2009; Zou et al. 2011). More detailed 

information about the study area and the historical development of the differently aged 

soils is given by Su and Wang (1989), Cheng et al. (2009) and Kalbitz et al. (2013). 
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During the past centuries new farmland was created through consecutive land reclamation 

by protective dikes in the Zhejiang Province, PR China. These land reclamation efforts 

provide a unique chronosequence of soil formation under agricultural use. Parts of the land 

were used for paddy rice, other parts for a variety of non-irrigated crops. Thus, we are able 

to study the uptake and relocation of OC over time by using the atmospheric 
14

C input and 

to examine the dynamics of paddy soil development in direct comparison to soils not used 

for lowland rice cultivation. (Bräuer et al. 2013a). 

 

In a joint sampling campaign in June 2008, soil profiles of the chronosequence were 

excavated and horizontally described according to FAO (2006) and classified according to 

IUSS Working group WRB (2007). One soil profile was situated at the tidal flat, 

consisting of estuarine sediment. These deposits represent the parent material and, 

consequently, day zero of paddy soil development. The other seven profiles represent 

different stages of the chronosequence, ranging from 50 to 2,000 years of rice cultivation 

(P50-P2000).  

 

Sample treatment and analysis 

 

Soil samples were air-dried and sieved through 2 mm mesh size to homogenize the 

material. Non soil-derived particles as well as identifiable plant residues were removed and 

kept for further studies. Bulk soil samples were treated with 4 ml dilute (1 %) hydrochloric 

acid (HCl) per gram of soil to remove carbonates, and freeze dried without washing to 

determine their TOC content and 
14

C concentration.  

 

After freeze-drying, sample aliquots were transferred into pre-combusted (4 hours, 900°C) 

quartz tubes, evacuated, subsequently flame sealed, and combusted with copper oxide 

(CuO) (450 mg) and silver wool (150 mg) at 900°C for 4 hours. The resulting CO2 was 

reduced to graphite with hydrogen (H2) at 600°C over an iron catalyst. The 
14

C 

measurements were made with the 3 Million Volt HVE Tandetron AMS (accelerator mass 

spectrometry) system at the Leibniz-Laboratory in Kiel (Germany), with a 1-σ precision of 

about 0.25 pMC (Nadeau et al. 1997, 1998). 
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Radiocarbon values are stated in percent modern carbon (pMC): 

pMC (percent Modern Carbon) = 100
abs

sn

A

A
,    

 

where Asn is the 
14

C activity in the sample (i.e. the measured 
14

C/
12

C ratio) normalized to 

δ
13

C = -25‰ and Aabs is the absolute 
14

C activity in the international isotopic standard 

(NBS oxalic acid) according to Stuiver and Polach (1977). 

 

Modeling 

 

One of the criteria for accurate radiocarbon dating of a sample is that the system has to be 

closed with respect to 
14

C (Wang et al. 1996). Soils which form over long periods of time 

represent open systems with respect to carbon and are in apparent violation of this 

criterion. Obviously, the standard C dating models are not applicable to soils. However, 

existing models describe the variation in organic carbon with time for a soil or any of its 

horizons under the assumption that organic matter decomposition is the only mechanism 

for carbon loss in soils (Wang and Hsieh 2002). 

 

Considering the description of SOM dynamics, existing SOM models can be classified on 

the basis of the type of quantitative description. One can distinguish analytical models and 

simulation models. In analytical models, SOM is considered to be a single homogenous 

pool with a characteristic relative decomposition rate (k), that is either constant or changes 

with time (Henin and Dupuis 1945; Kortleven 1963; Kolenbrander 1969; Janssen 1984; 

Yang 1996).  

 

In contrast, simulation models consider SOM as a heterogeneous mixture represented by a 

number of functional pools. Decomposition of components in this mixture occurs at 

different relative rates. The application of such a process-based modeling approach to 

simulate SOM dynamics was initiated by Parnas in 1975 (Parnas 1975). Most of the 

current multi-component models (e.g., ANIMO, DAISY, SUNDIAL, RothC, CANDY, 

and CENTURY) are based on a similar structure with a variable number of pools of fresh 

organic matter (residues), old (more stable) organic matter and microbial biomass.   
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The decomposition rate constants of these different pools have generally been derived 

from fitting the models to measured data (Paustian 1994). Here, we pursued the approach 

of simulation models. A rice-based cropping system, which is characterized by a puddle 

and flooded soil during part of the year, needs at least two layers to represent a paddy soil 

profile. Thus, models like RothC and CENTURY, which are related to a single 

compartment concept assuming a uniform layer to a depth of 20 cm, are not able to 

simulate such a system. DNDC, which can be applied to wetland ecosystems, is 

inappropriate as well, since a fixed number of soil compartments (10 layers of 5 cm each) 

make the model more comprehensive. Further, a number of soil characteristics for 

different soil depths, which are required by DNDC, may not be measured routinely. 

 

We calculated the SOC turnover times using measured 
14

C values of bulk soil samples 

from paddy soils of a 2,000 yr chronosequence. The used 
14

C time series consists of 2 

points, (i) the 
14

C content of the soil sample at the beginning of agricultural use, estimated 

from tidal flat samples representing the parent material as the starting point of the time 

series and (ii) the measured 
14

C content of the soil sample in the year of sampling 

representing the endpoint of the time series. SOC turnover times were estimated using a 

simple first-order decomposition model, which we developed according to a time-

dependent steady-state box model described elsewhere (e.g. Wang et al. 1996; Castanha et 

al. 2008). However, two improvements were made to examine SOC dynamics under paddy 

management. 

 

In contrast to the existing approach, our model provides SOC pools as a function of depth, 

i.e. turnover rates were estimated for every single genetic horizon across the entire soil 

profile. The consideration of different depth intervals is an improvement for the 

application of the existing models, which are usually working only with single topsoil 

layers. To consider different depth levels, a new parameter was implemented to simulate 

SOC turnover down to 1 m depth: r, which moves organic carbon down the profile also 

referred to as the downward transport rate.  

 

Furthermore, we improved the simple steady-state box model in regard to the assumption 

that a soil horizon can be modeled as a time-dependent box and SOM decomposes 

homogeneous as one component. For this purpose, the total SOC was divided into two 
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pools of different stabilities and another parameter was implemented: p, which describes 

the interaction between the two SOC pools. 

 

We assume two SOC pools: P1 (labile) and P2 (stable), whereat each pool comes with a 

first-order decomposition rate, a downward transport rate and a pool - pool interaction rate, 

which represents the exchange between the pools. Beginning in the year of agricultural use 

(e.g. paddy management), the model incorporates input of organic carbon to the SOC 

pools into the uppermost soil horizon with a 
14

C signature equal to that of the atmosphere, 

taken from atmospheric 
14

CO2 data (Levin et al. 2010). The below-surface SOC pools gain 

C input from each other and from the horizon above (cf. Figure 5.1).  

 

 

For each year (y) the carbon stock (C) is calculated as follows: 

 

Cy(P1) = Cy-1(P1) (1-(k + r + p)) + (Cy-1(P2) · p) + (I · I%(P1)).     

 

 

 

The radiocarbon content can be expressed according to the following equation: 

 

14
Cy(P1)=
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where, C is the carbon stock of a soil fraction (kg m
-2

); 
14

C is the 
14

C concentration of a 

soil fraction (pMC); k is the decomposition constant; r is the downward transport rate; p is 

the pool - pool interaction rate; I is the annual carbon input (kg m
-2

); I%(P1) is the 

proportion of P1 on the Input; 
14

CAtm is the 
14

C value of the atmosphere (Levin et al. 2010); 

and λ is the radioactive decay constant (1.21·10
-4

).  

 

 

 

 

 



Chapter V  91 

 

 

 

 
 

 

Figure 5.1: Structure of OC decomposition and relocation model. 

 

 

The model assumes that the single SOC pools are homogenous regarding the contained C 

and that the material is in steady state. The numerically starting point of our model is the 

respective year, in which the reclaimed marsh was converted to arable land and paddy 

management started. We further assume the time period between diking-in and beginning 

of tillage as negligible. Cui et al. (2012) and Iost et al. (2007) suggest a rapid 

desalinization of soils in this region immediately after reclamation. Thus the 
14

C 

concentration of the parent material, of about 50 pMC, is a suitable value as starting point 

for our model. Further assumptions are: (1) since the parent material was deposited after 

passing the Yangtze delta and the contained OC is assumed to be old reworked carbon 

originating from the Chinese inland, the major part of OC located in the original sediment 

was accounted to the more stable SOC pool (P2). Given that P2 comprises 95 % of the 

entire OC stock with a 
14

C signature of 48 pMC, P1 contains the remaining 5 % with a 
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calculated 
14

C concentration of 98 pMC. (2) The assignation of the annual OC input to the 

uppermost soil horizon, derived from photosynthesis, turned out in favor of the more labile 

and mobile SOC pool, Pool 1 (I%(P1) = 0.95). (3) The OC input to the topsoil was assumed 

to be constant with time. (4) The downward transport rate r is assumed to be higher in the 

uppermost horizon (0.1 for P1 and 0.005 for P2) compared to subsoil layers and decreases 

to a constant value below the topsoil (0.01 for P1 and 0.001 for P2). Furthermore, r is 

assumed to be higher in the labile SOC pool (P1) than in the stable pool (P2). 

 

To check the applied two-pool model (model A) regarding the impact of certain model 

parameters the calculations were carried out repeatedly with a modified downward 

transport rate r, which led to an altered decomposition constant k (model B) and a 

readjustment of the initial C stocks of the tidal flat (model C). Thus, model C is 

determined by initial SOC pools, each containing 50 % of the entire OC stock. A summary 

of the used model parameters and the revealed residence times is given in Table 5.1. Table 

5.5 gave the amounts of OC transferred ‘vertical’ from horizon to horizon and ‘lateral’ 

between SOC pools, calculated according to the applied r and p values. 

 

 

Table 5.1: Parameter and mean residence times of applied models 
     
 Model parameter Model A Model B Model C 

        
  Pool 1 Pool 2 Pool 1 Pool 2 Pool 1 Pool 2 

        
        

to
p

so
il

 

starting 
14

C of tidal flat (pMC) 98 47.47 98 47.47 98 2 

starting content on SOC (%) 5 95 5 95 50 50 

I (kg m
-2

 year
-1

) 0.4 0.4 0.4 

I% 95 5 95 5 95 5 

MRT (years) 2 200 1.5 2,000 3-7 150-300 

r r1 > r2 r1 > r2 r1 > r2 

p p1 = p2 p1 = p2 p1 = p2 

λ (decay) 1.21·10
-4

 1.21·10
-4

 1.21·10
-4

 

        

su
b

so
il

 

       

starting 
14

C of tidal flat (pMC) 98 47.47 98 47.47 98 2 

starting content on SOC (%) 5 95 5 95 50 50 

MRT (years) 5 500 1.5 2,000 7-21 300 

r r1 > r2 r1 = r2 r1 > r2 

p p1 = p2 p1 = p2 p1 > p2 

λ (decay) 1.21·10
-4

 1.21·10
-4

 1.21·10
-4
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Model calibration 

 

The data set of the 50-year old paddy site (P50) was used to calibrate the models. The 

decomposition constant, k, or its reciprocal, the turnover time or mean residence time is 

obtained by matching the modeled and the measured 
14

C values for the year of soil 

sampling. The number of adjustable parameters was three (the decomposition rate k, the 

downward transport rate r, and the pool-pool interaction rate p). The calculations were 

implemented in Microsoft
®
 Excel

®
 with an annual time step. The value of k was obtained 

by fitting the modeled and the measured data using the optimization tool ‘solver’. The 

optimized fit minimizes the sum of squared errors between the modeled and measured 

values. However, regarding the optimization process, it cannot be excluded that only a 

local minimum was found. Table 5.2 shows the obtained decomposition rates. 

 

 

 

Table 5.2: Calibration results (decomposition rates) for model A, B and C. 

    
Model  k Pool 1 k Pool 2 

    
    
A topsoil 5·10

-1
 5·10

-3
 

 subsoil 2·10
-1

 2·10
-3

 

    
B topsoil 6.7·10

-1
 1·10

-3
 

 subsoil 6.7·10
-1

 1·10
-3

 

    
C topsoil 1.4·10

-1
 7·10

-3
 

 subsoil 4.8·10
-2

 3·10
-3
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Model validation 

 

The validation of the models was performed with the data sets of the older paddy sites 

(P100 - P2000) using the parameter values obtained by the calibration. Since soils are 

natural, open systems and results obtained by models are always ambiguous, validation of 

numerical models of natural systems is impossible. Thus, models are representations, 

useful for guiding further study but not susceptible to proof (Oreskes et al. 1994). To 

evaluate the performance of the applied models, the model efficiency EF was calculated as 

follows (Smith et al. 1997). 

 

 

EF =



 



 





n

i

i

n

i

n

i

iii

MM

MPMM

1

2

1 1

22

)(

)()(

; 

 

 

whereat Mi is the measured value, Pi is the modeled value, and M is the mean of the 

measured data. EF compares the efficiency of the chosen model to the efficiency of 

describing the data as the mean of the observations. Values of EF range from -∞ to 1. A 

positive EF indicates that the simulated values describe the trend in the measured data 

better than the mean of the observations. For an ideal fit, EF equals 1. The calculated 

model efficiency values for the calibration and the validation are given in Table 5.3.  

 

 

Table 5.3: Model efficiency in predicting TOC (EFTOC) and 
14

C (EF14C) for the calibration 

(P50 site) and validation (P100 and older) of the applied models. 

    
 Model A Model B Model C 

       
Site EFTOC EF14C EFTOC EF14C EFTOC EF14C 

       
       
P50 0.98 0.99 0.99 0.98 0.99 0.98 

P100 0.98 0.63 0.95 0.85 0.95 0.93 

P300 0.33 0.77 0.54 0.29 0.25 0.00 

P700 -0.30 0.81 0.66 -0.32 -0.49 -1.20 

P1000 -1.94 0.54 -1.02 -1.19 -1.57 -3.30 

P2000 0.62 0.57 0.86 -0.19 0.49 -0.97 

NP50 -7.49 -0.15 -8.34 0.11 -19.48 -3.58 
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Results 

 

Model A 

 

The calibration of model A using the P50 data set provided a nearly perfect fit between 

measured and modeled values for both, TOC (EF = 0.98) as well as 
14

C (EF = 0.99) 

(Figure 5.2a and 5.3a). Regarding the topsoil, the calculation yields a labile SOC pool (P1) 

having a MRT of 2 years comprising 35 % of total SOC. The remaining 65 % of SOC are 

assigned to a 200 year-old pool (P2). The same residence times are discovered for the 

plough pan horizon, whereat P1 contains merely 12 % of total SOC. Below the plough pan 

(17 cm) down to a depth of 1 m P1 is characterized by a residence time of 5 years and P2 

shows a MRT of 500 years. Between 20 and 50 cm P1 contains only 1 % SOC, and below 

this depth the labile pool totally disappears.  

 

According to the nearly perfect fit of the 50 year-old paddy data and due to considerations 

regarding comparability, the emerged decomposition rate k was applied to paddy soil data 

sets of all ages. Therefore, the validation of model A was performed by using paddy soil 

datasets comprising more than 50 years of paddy management (P100 - P2000). The 

proportion of both SOC pools, P1 and P2, stays more or less the same for all paddy sites 

with about 30 % of TOC in topsoils and a negligible percentage in subsoils for P1. 

Whereas the modeled values deliver nice fits to the paddy soil data with 100 (EFTOC = 

0.98; EF14C = 0.63) and 300 (EFTOC = 0.33; EF14C = 0.77) years of cultivation history (cf. 

Figure 5.2b-c and 5.3b-c), the older paddy soils start to get more problematic (P700 - 

P2000). 

 

Since the 300 year-old paddy soil shows a surprising high measured total organic carbon 

content in the topsoil (3.56 % TOC), the simulated OC content is lower than the observed 

OC value. This led to an underestimation of the calculated OC content of the A-horizon 

due to a topsoil decomposition rate too large to deliver a concordant fitting (Figure 5.2c). 

With increasing depth the underestimation of the modeled OC stocks continuous. 

Although, the decomposition rate k was reduced for subsoil samples it is still too large to 

represent the observed OC values. Exceedingly large deviations occur for 700; 1,000 and 

2,000 year-old paddy soils (Figure 5.2d-f). We assume fossil and buried A-horizons (P700: 
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45 - 69cm and 106 - 116cm; P1000: 21 - 40cm and 80 - 93cm; P2000: 27 - 35cm) to be 

responsible for the observed mismatches and the resulting low EF values. These horizons, 

partly enriched in OC, are not reproducible with the applied parameters used in our simple 

model. Concerning the 700 year-old paddy soil the estimation of 
14

C values (EF = 0.81) 

seems to be more robust regarding the choice of decomposition rates in comparison to OC 

stocks (EF = -0.30) (Figure 5.3d). Despite the large underestimation of OC, the ratio 

between labile and stable SOC pool seems to be estimated quite well. Here, with exception 

of the deep fossil A-horizon (106 - 116cm) the calculated 
14

C concentrations fit fairly nice 

to the measured data.  

 

Modeled 
14

C contents of the P2000 data set are consistently too high below the plough 

pan, while the OC values estimated as too low as mentioned before. The overestimation of 

14
C appears in a different light after considering the extremely low 

14
C values observed in 

the deep soil. The given duration time of 2,000 years would reduce the measured 48.7 

pMC of the deep tidal flat to 38.3 pMC by natural decay. Actually, 29.1 pMC were 

measured and, therefore, the decrease is too large to be explained by this cause alone. The 

additional decrease in 
14

C may be caused by fresh OC supply into the subsoil (Bräuer et al. 

2013b). A stimulation of OC decomposition due to enhanced microbial processes after the 

supply of fresh organic carbon into the deep subsoil was reported repeatedly (Dalenberg 

and Jager 1989; Kuzyakov et al. 2000; Fontaine et al. 2007). Furthermore, it shows the 

heterogeneous nature of the stable SOC pool. 
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Figure 5.2: Model A: Organic carbon contents of 6 paddy soils with different times of 

duration; a (50 years); b (100 years); c (300 years); d (700 years); e (1,000 years) and f 

(2,000 years). Black dots depict measured OC values, straight crosses represent modeled 

values of P1, diagonal crosses represent modeled values of P2 and grey triangles gave the 

combination of P1 and P2. 
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Figure 5.3: Model A: 
14

C contents of 6 paddy soils with different times of duration; a (50 

years); b (100 years); c (300 years); d (700 years); e (1,000 years) and f (2,000 years). 

Black dots depict measured OC values, straight crosses represent modeled values of P1, 

diagonal crosses represent modeled values of P2 and grey triangles gave the combination 

of P1 and P2.  
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Model B 

 

Model B is characterized by an equalization of the downward transport rate r for P1 and 

P2. Hence, both SOC pools differ solely in the decomposition rate. The matching of the 

calculated values to the measured values of the P50 site results in constant residence times 

for both, topsoil and subsoil samples. The best model fit gave a residence time of 1.5 years 

for P1 and 2,000 years for P2 (Figure 5.4a and 5.5a). Regarding the topsoil, merely 15 % 

of SOC belongs to P1. After decreasing to a content of 3 % within the plough pan, P1 

totally disappears below it. The results of model A and B regarding the 50 year-old paddy 

soil are nearly identical. The 100 years-old soil gave a satisfying fit as well, whereat the 

14
C calculation seems to be better compared to model A (cf. Table 5.3). The equal r for 

both SOC pools causes a better fitting of OC values in the subsoil for 300 and 700 year-old 

profiles (Fig. 5.4c-d). However, the modeled 
14

C concentrations of soils equal to or older 

than 700 years show a larger deviation than the results brought by model A (Fig. 5.5d-f).  

 

Due to the model-inherent assumption that the soil profiles developed on estuarine 

sediments, containing mainly old reworked carbon originating from the Chinese inland and 

the following distribution of the entire SOC stock (P1: 5 %; P2: 95 %), the observed 

predominance of the more stable SOC pool P2 is not surprising. Model A comprises an 

average SOC content of ca. 30 % for P1 in the topsoil, while model B gave about 20 %. 

For subsoil horizons it is regardless from which model approach the SOC contents were 

emerged. The labile pool disappears totally below the plough pan in both, model A and 

model B. In conclusion, the labile pool is more or less meaningless for the 
14

C calculation 

of subsoil samples and of minor significance for topsoil samples (cf. Figure 5.6). This 

conclusion is owed to the development history of the presented soil profiles on the 

estuarine sediment and the major contribution of the initial OC stock to the stable C pool 

P2. 
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Figure 5.4: Model B Organic carbon contents of 6 paddy soils with different times of 

duration; a (50 years); b (100 years); c (300 years); d (700 years); e (1,000 years) and f 

(2,000 years). Black dots depict measured OC values, straight crosses represent modeled 

values of P1, diagonal crosses represent modeled values of P2 and grey triangles gave the 

combination of P1 and P2.  
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Figure 5.5: Model B 
14

C contents of 6 paddy soils with different times of duration; a (50 

years); b (100 years); c (300 years); d (700 years); e (1,000 years) and f (2,000 years). 

Black dots depict measured OC values, straight crosses represent modeled values of P1, 

diagonal crosses represent modeled values of P2 and grey triangles gave the combination 

of P1 and P2.  
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Figure 5.6: 
14

C values of topsoil samples from a tidal flat (1945) and a paddy soil after 

land reclamation followed by 50 years of paddy management (2008). The nice fit of 

observed (measurement) and simulated (Pool 2) values disclose the predominance of 

stabilized SOC in model A and B. 

 

 

Model C 

 

The predominance of a stable SOC pool as revealed by the calculations of model A and 

model B is in contradiction with previous results (Bräuer et al. 2013b). Due to its high 

proportion on total organic carbon, we previously proposed a highly mobile and fast 

cycling SOC fraction (fulvic acids) to be the main driver for the input of OC through the 

plough pan into the subsoil. For this reason, we conducted model C which provides SOC 

pools with the same proportion on the starting TOC stock. Thereby, the quantitative 

influence of the slow cycling C pool on the calculated pool sizes could be reduced. Results 

of model C are depicted in Figure 5.7a-f and 5.8a-f. Again, the best fit between calculation 

and measurement is delivered by the youngest paddy soils (Figures 5.7a-b; 5.8a-b).  
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Figure 5.7: Model C Organic carbon contents of paddy soils with different times of 

duration; a (50 years); b (100 years); c (300 years); d (700 years); e (1,000 years) and f 

(2,000 years). Black dots depict measured OC values, straight crosses represent modeled 

values of P1, diagonal crosses represent modeled values of P2 and grey triangles gave the 

combination of P1 and P2.  
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Figure 5.8: Model C 
14

C contents of 6 paddy soils with different times of duration; a (50 

years); b (100 years); c (300 years); d (700 years); e (1,000 years) and f (2,000 years). 

Black dots depict measured OC values, straight crosses represent modeled values of P1, 

diagonal crosses represent modeled values of P2 and grey triangles gave the combination 

of P1 and P2.  
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After calibration, the residence times of P1 for the 50-year old paddy soil range from 3 to 

7 years in the topsoil (Table 5.1). The labile C pool comprises an average content on TOC 

of 73 %. The remaining SOC of P2 is characterized by a MRT between 150 and 300 years. 

In the subsoil horizons, the calculated turnover rates are decreasing. P1 shows MRT’s 

between 7 and 21 years, and P2 gave a residence time of 300 years. The labile C pool 

contains 34.6 % of the total SOC. 

 

In comparison to model A and B, the validation of model C by using the P100 dataset 

delivers the best fit between simulation and observation (EFTOC = 0.95; EF14C = 0.93).  In 

accordance with the previous model approaches, A and B, the model efficiency is 

decreasing to negative values for paddy sites older than 300 years. The fossil A-horizons 

still disturb a data fitting as good as for the young paddy soils.  

 

To obtain the very good calibration of model C, in addition to the decomposition rate k, 

another parameter had to be adjusted, the pool - pool interaction rate p. Regarding model A 

and B, p was chosen equal for both SOC pools, P1 and P2. Model C required an increased 

flux of OC from P1 to P2 for genetic soil horizons below the plough pan. Thus, the stable 

pool is growing at the expense of the labile C pool. The OC gain of P2 from P1 exceeds 

the flux by a factor of max. 10. The much higher C flux from P1 to P2 does not imply a 

large quantitative net OC gain for the stable pool, since the initial p value was very low (cf. 

model A and B). However, the applied modification of p is not only a necessary adjusting 

of the model; it is linked to natural processes occurring in soils. Changing redox conditions 

abet the development of Fe-Mn concretions, which on thermodynamic considerations are 

classified as very stable and, thus, contribute to SOM stabilization (Schwertmann and 

Fitzpatrick 1992). Results of 
14

C measurements indicate a stabilization of SOM by 

inclusion in Fe-Mn concretions. Such a process can be considered as an example for the 

growth of a stabilized SOC pool by C uptake from a less stable pool (Dreves 2008; 

Elberling et al. 2013). The concretions, which were separated from different paddy soils 

(cf. Figure 5.9) amount up to 4 % by soil weight and were found in all subsoil horizons 

with larger contents directly below the plough pans (cf. Figure 5.10). The 
14

C 

concentration of the OC in concretions is always lower than that of the surrounding bulk 

soil, which shows that in the long run OC is stabilized by inclusion in concretions (cf. 

Table 5.4).  
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Figure 5.9: Photographs of  concretions separated from paddy soils. Scale is given in mm. 

 

 

Table 5.4: 
14

C and TOC values of Fe-Mn concretions and the surrounding bulk soil.  

Concretions were separated from bulk soil by wet sieving over a 400 µm sieve of large (~ 

5 kg) soil samples. 
  

 
 

 
  

Site Depth 
14

Cbulk soil OCbulk soil 
14

CFe-Mn concr. OC Fe-Mn concr. Ø Fe-Mn concr. 

 cm pMC % pMC % mm 

       
       
P100 21-30 78.00 0.20 66.82 0.20 2-3 

P100 50-75 48.94 0.18 43.96 0.17 3-5 

P300 24-30 66.63 0.28 63.29 0.16 2-3 

P300 70-100 50.54 0.14 46.89 0.1 2-4 

P1000 21-40 87.27 0.43 75.83 0.35 4-6 

       
 

 

Table 5.5: Average amounts of OC moved downwards, calculated according to the 

downward transport rate r and average amounts of OC exchanged between Pool 1 and 

Pool 2, calculated according to the pool - pool interaction rate p for the 50-year old and 

2,000-year old paddy site. Values are given in g m
-2

 yr
-1

. 
            

   *OC according to r 

 

 **OC according to p 

             
   P50 P2000  P50 P2000 

        
Model   Pool 1 Pool 2 Pool 1 Pool 2  Pool 1 Pool 2 Pool 1 Pool 2 

            
            

A topsoil  35.00 6.00 34.50 9.40  0.70 1.00 0.69 1.80 

 subsoil  0.40 0.80 0.40 0.84  0.04 0.80 0.04 0.84 

            
B topsoil  26.50 7.60 26.50 15.80  0.53 1.52 0.53 3.16 

 subsoil  0.40 8.40 0.40 8.40  0.04 0.80 0.04 0.83 

            
C topsoil  163.00 0.46 163.00 0.65  1.63 0.46 1.63 0.65 

 subsoil  40.00 0.54 44.00 0.44  22.00 2.70 22.00 2.55 

            
*Values indicate the flux to the underlying horizon 

**Values stated in the column of Pool 1 indicate the flux to Pool 2 and vice versa. 
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Figure 5.10: Weight proportion of concretions from different paddy sites; a (Paddy 50), b 

(Paddy 100), c (Paddy 300), d (Paddy 700), e (Paddy 1000), f (Paddy 2000) 
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Discussion 

 

Results of the described calculations reveal an increasing complexity with increasing time 

of duration. The fittings between modeling and measurement become more insufficient the 

longer the period of time is which has to be comprised by the model. Although the 

decomposition of SOC is a complex process, the applied models were capable of 

simulating satisfactorily the C dynamics under paddy management for at least the first 300 

years of rice cultivation as can be seen by high positive model efficiencies. For paddy sites 

older than 300 years the model efficiency decreases strongly and the presented simulations 

are not able to predict observed conditions.  

 

The decomposition rate constants decreased with soil depth (Table 5.2), which is 

consistent with the common finding that C turnover decreases with increasing soil depth 

(Flessa et al. 2008; Rumpel et al. 2002). Furthermore, they are comparable with 

decomposition rate constants observed for other paddy soils. For example, the 

decomposition rate constants of a puddle layer of a Japanese rice field determined by Lu et 

al. (2003) ranged from 5.83·10
-1

 to 7.23·10
-1

. A comparison with results of other multi-

compartment SOM models need to be treated with caution, since most of the existing 

models are adjusted for ecosystems in temperate climate. However, depending on the 

number of C pools and their composition, complex models like DAISY, RothC, 

CENTURY or DNDC deliver decomposition rate constants in a range comparable to the 

SOC pools in our calculations. 

 

In addition, the model was run with a dataset, which originates from a 50-year old non-

paddy site (cf. Table 5.3). Results of the efficiency calculation reveal the applied model 

parameters as highly inappropriate to simulate the carbon dynamics for upland soils, 

especially for TOC. The largest deviation appears for topsoil horizons, where the 

calculated TOC exceeds the observed data by an average factor of 4. Thus, a calibration of 

the model with a non-paddy dataset delivered significant differences regarding mean 

residence times of SOC in paddy and non-paddy soils. The matching of measured and 

calculated values reveals much lower MRT’s for P2 of the non-paddy topsoil (4-7 years) 

and higher MRT’s for P1 of the non-paddy subsoil (up to 170 years). This indicates 

significant differences between paddy and non-paddy soils regarding their SOC dynamics, 
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which can be attributed to the different management practices, which result in distinct soil 

characteristics. 

 

In this context, one of the most critical points in using a steady-state model is the lack of 

knowledge regarding the C input history and the assumption of equal carbon input rates 

(Baisden and Canessa 2013). The applied amounts of OC input in our model were adapted 

according to values reported by Bronson et al. (1998) and Kimura et al. (2004), which can 

be assumed to be reasonable for the last decades. But for a period of 2,000 years of paddy 

management doubts about the reliability of those data are appropriate. In our model, it 

becomes even more difficult due to the need of the initial partitioning of SOC into two C 

pools. There is no proper way to estimate the proportion of the annual carbon input on 

SOC fractions and even more for conceptual SOC pools (Bruun et al. 2005). However, we 

decided to account the major part of OC input to the more mobile fraction (P1). Regarding 

the consistence of estimated residence times down to at least 1m depth, the paddy 

management causes differences between soil horizons above and below the plough pan. 

The apparent decoupling of the topsoil from the subsoil, caused by plough pan formation, 

is evident by increased MRT’s for the deep SOC.  

 

At this point it is not clear what is more crucial for the non-satisfying simulation of the 

older paddy sites, the duration of paddy management or the disturbed soil profile 

formation by buried A-horizons. Likely, both factors have to be considered. The influence 

of time is evident by increased topsoil OC contents with increasing age, which lead to an 

altered OC supply for the subsoil. Furthermore, the effect of fossil A-horizons is evident 

by high OC and 
14

C contents in the subsoil. 

 

Another crucial point that always has to be considered for the comparison of different soil 

profiles and sampling sites, respectively, is the spatial variability. Several studies pointed 

out the importance of the spatial-dependence of diverse soil properties. Sumfleth and 

Duttmann (2008) demonstrated the ability of terrain variables to improve the prediction of 

soil properties in a Chinese paddy soil landscapes. Accordingly, soil properties like topsoil 

carbon, nitrogen and silt content showed a significant correlation with different terrain 

variables. Regression analyses revealed the relative elevation and the distance to nearest 

flow path as the best predictors for total carbon and nitrogen content of A-horizons. Their 

findings are in accordance with large scale studies by Liu et al. (2004, 2007) dealing with 
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the spatial variability of organic matter and nutrients in paddy field landscapes located in 

Zhejiang Province at the north shore of Hangzhou Bay. The results of this studies indicated 

that the soil variability increased with the increase in study scale. Although a strong 

influence of relief parameters can be assumed to be insignificant due to the naturally flat 

characteristic of our study aera, the spatial variability of soil properties has to be 

considered in the context of the disability of our model to produce good fittings for the 

older paddy soils. Thereby, it should be suggested that the 50-year and 100-year old sites, 

which gave nice fittings, are located very close to each other (cf. Figure 2.1), in sharp 

contrast to the older paddy sites (300 yrs and older). 

 

By comparing the nearly identical data fits of model A and model B for the P50 site which 

however, deliver at the same time strongly differing residence times for the stable pool, the 

question concerning the reliability of conceptual SOC pools arises. Most critical point is 

the disability to isolate and quantify such conceptual SOC pools (Bruun et al. 2010). 

Depending on the model parameter which is in focus of the investigation, calculated 

turnover rates and pool sizes can differ significantly. The differences regarding C pool 

sizes emerged by model A and model B are negligible, since both approaches result in soil 

profiles dominated by P2. Therefore, the modification of the downward transport rate 

seems to be of minor influence for C pool sizes. In contrast, the residence times for P2 of 

subsoil samples are differing by a factor of 10. 

 

Especially, the C pool size is of importance because estimated residence times are fairly 

meaningless if the SOC pool, where they belong to, does not exist (cf. model A and B). 

Thus, we suppose model C as the most appropriate approach to calculate residence times 

since the obtained pool sizes are in accordance with results, which indicate a fast cycling 

and more mobile fraction of SOM to be responsible for OC supply to the depth (Bräuer et 

al. 2013b). Thus, the mobile SOM fraction was determined with an average contribution of 

close to 50 % of the TOC and decreasing values with increasing depth. This is concordant 

with the contribution of P1, with percentages up to 60 % in the topsoil and average 

contribution of 31 % to subsoil TOC. Further, results of model C suggest a significant 

proportion of material not originating from Yangtze River on the deposited sediments, 

which represent the parent material. Thus, the influence of marine deposits, with higher 

14
C signatures than the terrestrial material delivered by rivers, has to be accounted. 
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This becomes even more obvious by taking a look at the exchange rates between soil 

horizons (r) and SOC pools (p). Due to the modified composition of the original sediment 

(more material with higher 
14

C concentrations), r and p applied for model C are significant 

different compared to those of model A and B. Since the stable pool has to gain material 

from the labile pool to fit measured and simulated values, the young material, which is 

moving from P1 to P2, has to be provided by an increased transport of fresh SOC from 

above. Therefore, the increased C fluxes of model C can be explained. 

 

Kalbitz et al. (2013) reported a significant loss of organic carbon in paddy subsoils during 

the first 50 years after land embankment (330 - 550 kg OC ha
-1

 a
-1

) and again at later 

stages of soil development when the organic carbon accrual in the surface soil approached 

a steady-state level, i.e., after 700 years. Taking account of our calculations, we can 

confirm the loss of OC in paddy subsoils, especially for the 50-year old site. Model C 

revealed a loss of ca. 18 % OC within 50 years of rice cultivation (1962: 0.61 kg m
-2

, 

2012. 0.5 kg m
-2

). Moreover, we can attribute nearly the entire OC loss to the fast cycling 

SOC pool P1, providing that an appropriate content of the original sediment can be 

accounted to younger material (cf. model C). 

 

However, each of the three models gave mean residence times for P1 in the order of years. 

Thus, P1 can be described as a fast cycling SOC pool including fresh plant material and 

root exudates. Amundson (2001) defines stabilized C pools as pools with decadal turnover 

times and passive (inert) C pools as pools with millennial MRT’s. Since P2 comprises 

both, a stabilized and a passive nature, we assume P2, with MRT’s between 150 and 2,000 

years, as a slow cycling SOC pool. The estimated turnover rates of P1 reveal the 

investigated paddy soils as man-made wetlands with significant proportion on a fast 

cycling SOC pool with residence times in the order of years. Though, the importance of 

this labile C pool is decreasing with increasing soil depth. 
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Conclusions 

 

Bulk soil samples related to soil profiles from a chronosequence under paddy management 

formed on the same uniform 
14

C depleted estuarine sediments were used to calculate mean 

residence times of two conceptual C pools. Most relevant findings are: 

 

 The applied simple first-order decomposition models are appropriate tools to 

describe SOC dynamics in paddy top- and subsoils for the first few hundred years 

of rice cultivation. 

 To obtain high model efficiencies, the models required the implementation of two 

parameters, r and p, which take account of different depth levels and the interaction 

between different SOC pools. 

 Calculations of mean residence times and OC stocks confirm the observed loss of 

OC in paddy subsoils, especially at the beginning of paddy soil development. 

 Depending on the depth, the fast cycling SOC pool is characterized by residence 

times between 1.5 and 21 years, while the stable SOC pool reveals residence times 

from 150 to 2,000 years. 

 

However, even the simple models applied here suffered from a lack of data. Especially, the 

insufficient simulation of the older paddy sites could be improved by more detailed 

information about the carbon input and supply over the last centuries.  
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Chapter VI 

 

Synthesis 

 

Soil organic matter (SOM) has an essential impact on all physical and chemical soil 

properties and plays a key role regarding both, the agricultural productivity of soils and the 

global carbon cycle. In acting as a source as well as a sink of atmospheric CO2, soils are 

assumed to influence the climate sustainably. Therefore, a detailed understanding of 

carbon dynamics in soils is crucial. In this context paddy soils are of special interest due to 

their high SOC sequestration potential. According to IUSS Working Group WRB (2007), 

paddy soils belong to the group of Anthrosols, which comprise soils that has been formed 

or heavily modified due to long-term human activity. The required inundated conditions 

can be obtained by several ways: (i) rain water, (ii) irrigation, (iii) lifting of the 

groundwater table, and (iv) managed flooding by rivers, which burst its banks. The paddy 

soils described in this thesis belong to the second group, since they are cultivated as 

irrigated lowland rice fields. The water is retained by field-surrounding bunds and the 

percolation of water is hindered by puddling. After a few days of water saturation CO2, 

H2S, N2O and CH4 are formed and released due to the domination of anoxic conditions in 

the topsoil. Mn
4+

 and Fe
3+

 become reduced as well as SO4
2-

 and NO3-. The redox potential 

declines strongly, which is linked to a pH increase. After drainage such processes taking 

place vice versa: pH-values are sinking, Fe and Mn get oxidized and precipitate on the 

surface of soil cracks. In contrast to the uppermost horizon, the paddy subsoil is hardly 

affected by the redox potential decline during flooding, so that the zone below the topsoil 

becomes enriched in Fe and Mn oxides. Such an accumulation of concretions could be 

observed (cf. Chapter V) for the paddy soils discussed in the preceding chapters. 

 

This study was designed to investigate to what extent low land rice paddy management 

effects soil organic carbon dynamics with particular attention paid to subsoil carbon. The 

main emphasis was placed on the development of 
14

C and TOC gradients depending on the 

time of duration and the differences between paddy and non-paddy soils caused by diverse 

management practices. The rapid accumulation of Yangzte River sediments, mainly 

consisting of eroded terrestrial material (Wang et al. 2008), has led to a fairly 
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homogeneous estuarine sediment with ca. 0.3 % TOC and a radiocarbon concentration of 

ca. 50 pMC on which soil development at the various sites of the chronosequence started. 

The ‘old’, in 
14

C depleted signature of the tidal flat provided the unique opportunity to 

study the uptake and transport of OC with atmospheric 
14

C composition.  

 

Evolution of TOC and 
14

C depth gradients 

 

The 
14

C concentrations of TOC in the soils of the chronosequence indicate a rapid 

transformation of the original sediment. The uppermost topsoil horizons of both, paddy 

and non-paddy, show a replacement within decades of the carbon from the parent material 

with organic carbon derived from the recent atmosphere. Already after 50 years of tillage 

the influence on the depth distribution of SOM caused by management practices associated 

with the cultivation of irrigated low land rice is distinguishable.  

 

Non-paddy soils show high 
14

C values in topsoil horizons and a nearly constant decrease 

with increasing soil depth down to the lowest 
14

C values in the subsoil. The observed 

radiocarbon concentrations range from 103.27 pMC (modern) in the Ap (NP700) to 45.75 

pMC (6281 years BP) in the deepest subsoil horizon of the NP50 (Table A1). All non-

paddy soils show a strong correlation between the measured 
14

C activity and the content of 

total organic carbon in the soil horizons (Figure A2). This indicates that young carbon is 

located in horizons with high carbon concentrations. Thus, non-paddy soil shows the 

customary ‘age’ -depth profile, as reported frequently (Scharpenseel et al. 1989; Paul et al. 

1997; Rumpel et al. 2002; Eusterhues et al. 2003; Krull and Skjemstad 2003; Rumpel and 

Kögel-Knabner 2011; Laskar et al. 2012). Furthermore, the perception of decreasing 
14

C 

contents with increasing depth could be confirmed by radiocarbon measurements of 

additional samples, which were taken in March, 2010. The first profile was excavated 

behind a dike, which was constructed in 1977. Therefore, soil profile formation takes 

places since ca. 30 years. The area is equipped with ponds for fish and crab farming. The 

second sample set was taken on a wheat field, which was also located behind the ‘1977’-

dike but closer to the next older dike (constr. 1958). Results of both additional non-paddy 

profiles are given in figure A3. he reasons for the repeatedly described decrease of 
14

C 

concentrations with depth are still not completely understood (Trumbore 2009). It is 

assumed that carbon compounds with long residence times, which are found in subsoil 

horizons in high concentrations, are responsible for high radiocarbon ages of deep soil 
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organic matter (Rumpel and Kögel-Knabner 2011). However, even recently synthesized, 

chemically labile carbon compounds can be characterized by high 
14

C ages, due to the re-

use and recycling of old, stabilized SOC in subsoils by microbial biomass (Rethemeyer et 

al. 2005). Furthermore, the supply of young carbon derived from plant litter into the 

subsoil is limited and led to a higher contribution of carbon resisting decomposition due to 

recalcitrance or adsorption to the mineral phase compared to topsoil horizons (Sollins et al. 

1996). Due to the soil profile development on a sedimentary parent material, the 

explanation for low 
14

C activity in subsoils given by Paul et al. (2001) and Helfrich et al. 

(2007) has to be accounted for our paddy and non-paddy soils as well. Both studies found 

high 
14

C ages for resistant SOC in loess derived parent materials. Thus, a low 
14

C activity 

could be attributed to the influence of SOC that was not formed in situ, but originally 

associated with the parent material. Therefore the contribution of old, reworked, maybe 

geogenic carbon (dead carbon) to the TOC has to be considered for the development of the 

observed 
14

C depth gradients with low radiocarbon values (avg. over all profiles: 5,900 

years BP) at the lowest depth in the soil profiles of our study area. 

 

The 
14

C depth profile of the contemporaneous paddy soil is strongly affected by the 

management-induced establishment of a dense, slightly permeable layer - the plough pan. 

The plough pan has a high mechanical strength and low hydraulic conductivity and 

therefore, controls the water regime of the underlying horizons (Chen and Liu 2002). 

Consequently, the downward transport and relocation of SOM through the plough pan is 

strongly diminished. This results in an observed 
14

C depth gradient of the youngest paddy 

soil which is designated by a bisection of the radiocarbon content within several 

centimeters (Table A1). The radiocarbon content above the plough pan amounts 101.48 

pMC and nine cm below, beneath the plough pan, the bulk soil contains 49.81 pMC. This 

large shift in 
14

C within a relative small depth range decreases with increasing time of 

duration until it disappears completely. The assumption of a plough pan development 

which is well advanced within the first decades of paddy soil evolution is also indicated by 

the bulk density profiles (Wissing et al. 2011). Bulk densities between 0.9 - 1.2 g cm
-3

 

were found in all puddled topsoil horizons. The highest bulk densities were measured in 

the plow pan (1.4 - 1.6 g cm
-3

). Within the subsoil horizons the bulk densities slightly 

decrease, whereat the obtained values do not show a chronological trend. In contrast, the 

non-paddy soils are characterized by a more homogeneous distribution of bulk density 

with values ranging from 1.3 - 1.5 g cm
-3

. However, results from Janssen and Lennartz 
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(2007) also indicate that the maturing process of the plough pan may take several decades. 

They reported infiltration rates from a plough pan of a loamy paddy soil, which decreased 

35-fold after 20 years of cultivation and 175-fold after 100 years of cultivation. 

 

According to the finding of a 
14

C-documented plough pan formation of this study, OC 

contents higher in paddy topsoils than in non-paddy topsoils were quantified. This is in 

accordance with earlier results, as reported by Kögel-Knabner et al. (2010). It is still 

subject of discussion whether the increased SOC contents are caused by high organic 

matter input or by retarded decomposition rates (Neue et al. 1997; Kirk and Olk 2000; 

Tanji et al. 2003). However, topsoil OC stocks increase with slight variations with 

increasing time of duration. Aside from the plots including fossil A-horizons, all paddy 

soils show a correlation between the measured 
14

C activity and the content of total organic 

carbon in the soil horizons as strong as the non-paddy soils (Figure A1). 

 

The described plough pan formation leads to an apparent decoupling between topsoil and 

subsoil. Especially the subsoil horizons located below the plough pan will be discussed in 

the following. In general, subsoil horizons attracted more attention during the last years 

(Rumpel and Kögel-Knabner 2011; Rumpel et al. 2012). The increased accumulation of 

OC in paddy topsoils does not inevitably lead to a higher OC content in the paddy subsoil, 

even after 2,000 years of rice cultivation. Results for subsoil samples of paddy soils reveal 

increasing 
14

C concentrations at constant or decreasing OC values. This vertical gradients, 

connected to the plough pan, document the replacement of original estuarine organic 

carbon by organic matter transported from above. Thus, the observed characteristic vertical 

distribution of SOC develops with paddy soil evolution and the presented age-depth 

profiles are the result of post-depositional transport processes. This finding emphasizes the 

importance of vertical OC relocation regarding the development of soil profiles on uniform 

sediments and the SOC dynamics under paddy management. However, 
14

C depth gradients 

of the older paddy soils which start to match to those of the non-paddy soils indicate an 

increased penetration of OC with higher 
14

C values. This confirms the findings of Sander 

and Gerke (2007), who demonstrated the occurrence of preferential flow in paddy rice 

fields. They conducted a dye tracer experiment on two rice fields located in the Sunjian 

watershed in the southeast China (Jiangxi province). The experiment demonstrated that the 

puddling and thus, plough pan formation did not completely destroy the connectivity of 

pathways in the plough pan. This is in accordance with 
14

C results of this study, which 
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suggest a disturbed but not totally prevented penetration of fresh OC into the paddy subsoil 

horizons. 
14

C and TOC results of different aged paddy soils suggest well mixed topsoils 

and a reduced OC transport through the low-permeability plough pan. Thus, the specific 

paddy management (e.g. puddling) seems to play a key role in the formation of OC depth 

profiles and 
14

C depth profiles reflect a dynamic equilibrium between OC import, export, 

and stabilization on a time scale of decades.  

 

Origin of subsoil OC 

 

In a next step this study aimed to abolish the lack of knowledge regarding the components 

of SOC which are responsible for the observed organic carbon replacement in paddy 

subsoils. In general, four different sources of organic matter input into subsoils are widely 

recognized: plant roots, root exudates, dissolved organic carbon (DOC) and bioturbation. 

The input of plant-derived organic carbon into the soil can be distinguished. The first 

source of the carbon input into soils comprises all organic carbon released by living roots. 

Organic substances like water-soluble exudates, secretions, lysates, mucilages and 

sloughed-off cells are discharged continuously during the life of plants and are referred to 

as rhizodeposits (Lu et al. 2003). After plant death, root and shoot remains represent the 

second source of C input and contribute to the accumulation of soil organic matter in 

subsoils (Kuzyakov and Domanski 2000). The high potential to be stabilized in soils 

indicates the importance of roots for SOC sequestration (Rasse et al. 2006). The longevity 

of roots was determined with a mean age up to 18 years (Gaudinski et al. 2001). Despite 

the importance of roots as a subsoil C source, our knowledge on the carbon input by roots 

into soils is still incomplete due to uncertainties regarding the measurement of total root C 

input caused by low concentrations of root-derived organic substances in soils and fast 

decomposition of organic substances released from roots by microorganisms (Kuzyakov 

and Domanski 2000). However, Kleja et al. (2008) estimated roots and DOC equally 

important for OC supply into soils of a northern hardwood forest. 

 

Organic matter as constituent of DOC has been identified as crucial for the translocation of 

pollutants, metals and nutrients in soils (Kaiser and Kalbitz 2012). Furthermore, DOC is 

considered to be the main source of deep SOC, especially under humid climate conditions 

(Kaiser and Guggenebrger 2000). Results reported by Baisden et al. (2002) indicate DOC 

transport as an important process in annual grassland ecosystems. The frequently observed 
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negative correlation between DOC concentrations and soil depth is attributed to the 

retention in the mineral soil by adsorption (Qualls and Haines 1992; Kaiser and Zech 

1997). Strahm et al. (2009) disclosed the potential influence of land-use and management 

on DOC fluxes. Regarding paddy soils, especially soil cracks can be considered as 

important part of the macropore system, which facilitates water flow (Wopereis et al. 

1994). Cracks may develop in the surface of paddy fields due to continuous drying after 

drainage and harvesting (Liu et al. 2003). The fourth C source for subsoils is the 

downward movement of SOM through bioturbation. Arthropods, earthworms, ants, 

termites and tree roots are efficient in forming voids in form of burrows, nests, chambers 

and root channels (Paton et al. 1995; Lavelle et al. 1997). The input of SOC in subsoils via 

such biopores is affected directly as well as indirectly by bioturbation (Wilkinson et al. 

2009). Litter sequestration into nests, borrows etc. and animal waste disposal in form of 

dead tissues represent direct inputs. Indirect inputs of SOC into subsoils may occur by 

redistribution of SOC and subsurface mixing and burial. In addition there may be 

translocation of particulate organic matter and transport of clay-bound organic matter in 

certain soil types considered as fifth C input source (Rumpel and Kögel-Knabner 2011). 

Particulate organic matter such like black carbon seems to migrate easily into deeper soil 

horizons (Dai et al. 2006; Rumpel et al. 2009). Bioturbation can enhance the migration of 

such particles. 

 

The relative importance of the different OC input sources is dependent on climatic 

parameters, soil inherent processes, vegetation types and land-use. In subsoil horizons, 

environmental conditions are supposed to be different from those in topsoil horizons, and 

SOC storage may be driven by specific processes (von Lützow et al. 2006). To reveal the 

most important SOC source for paddy subsoils the entire SOC pool was chemically 

fractionated into SOM fractions of different mobility, whereat the fulvic acid fraction, 

which is assumed to be the most mobile fraction among the three groups of humic 

substances, was revealed as the main driver for the input of organic matter into the subsoil. 

Since fulvic acids are the major component of dissolved organic matter (Stevenson 1994; 

Maie et al. 2004), the relocation of organic matter through the plough pan via mobile SOC 

fractions transported by percolating water is assumed to be a major process of subsoil 

‘OC-refreshing’ in paddy soils. This is approved due to the high content of mobile SOC 

fractions on the total organic carbon in the investigated paddy soils (cf. Chapter IV).  
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A necessary precondition for the downward movement of DOC is the existence of an 

efficient system of preferential flow paths. The occurrence of such a network of cracks and 

biopores in paddy soils far below the compacted plough pan was described by Sander and 

Gerke (2007). The dye tracer experiments, already mentioned above, reveal losses of water 

and dissolved chemicals through the plough pan despite repeated soil structure destruction 

and soil compaction by puddling. It was shown that water movement occurs through 

preferential flow paths that are strongly correlated with the observed cracks and biopores 

(Lennartz et al. 2009). These earlier results, together with the 
14

C data obtained in this 

study indicate puddling as a management procedure that does not necessarily prevent 

preferential flow in paddy fields and does not completely destroy the hydraulic continuity 

of macropores in the plow pan. Thus, preferential flow has to be considered as a relevant 

factor for water, nutrient and carbon cycling in paddy soils. Further indicators for the 

importance of DOC, in context of subsoil OC supply, are the large DOC concentrations 

and fluxes found in paddy soils. Katoh et al. (2004) gave fluxes of DOC in the field during 

a 98-day study between 320 and 630 kg DOC ha
-1

 a
-1

. This percolation from the puddle 

layer into the subsoil exceeds the large fluxes from Oa horizons of forest soils (100-400 kg 

C ha
-1

 a
-1

) under temperate climate (Michalzik et al. 2001). Also Maie et al. (2004) 

described the main part of subsoil organic matter in paddy soils as leached dissolved 

organic matter originating from the plough pan (200 kg C ha
-1

 in approx. 4 month). The 

long periods with anaerobic conditions in the A horizon are supposed to be the reason for 

these large DOC fluxes in paddy soils. Thus, the less efficient decomposition of organic 

matter under anaerobic conditions favors the enrichment of water-soluble metabolites as 

organic anions like acetate, formate, propionate and lactate (Ponnamperuma 1972; Moore 

and Dalva 2001; Fiedler and Kalbitz 2003; Sahrawat 2004).   

 

In addition to the supply of fresh OC to paddy subsoils by DOC this study disclose another 

pathway for organic matter into paddy subsoils via direct input of OC by plant roots and 

their exudates. Root exudates are of significant importance for the OC supply of subsoils 

(Vranova et al. 2013). More than 40 % of the net carbon fixed during photosynthesis can 

be released into the rhizosphere including root respiration (Singh et al. 2004; Dennis et al. 

2010). Roots and plant remains with modern radiocarbon signatures were discovered far 

below the plough pan. DNA analysis of root samples revealed even rice (Oryza sativa) as a 

contributor to this OC supply. To our knowledge, this is the first attempt to identify plant 

remains, found in deep paddy subsoil horizons, by DNA extraction and 18S rDNA 
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analysis. Unfortunately we’re not able to determine the pathway by which the plant 

remains reached the observed depths, either direct growing/rooting or vertical relocation 

by dropping into macropores. Likely, both processes take part in the subsoil OC supply. 

Biopores, which were observed in the field, and cracks that form when the soils run dry 

facilitate root penetration below the plough pan. The same macropore system could be 

responsible for the downward movement of dead plant material following gravity. Thus, 

the presence of roots in deep subsoil horizons, including those of rice, indicates that young 

carbon may be inserted directly into the subsoil as root material/root exudates and is a 

result of both, dynamic (cracks and root channels) and relative static (earthworm burrows) 

macropore development.  

 

Despite the described input of fresh organic matter into deep subsoil horizons, organic 

carbon concentrations in the subsoil remain largely constant or slightly decrease across the 

chronosequence. At the same time the 
14

C contents increase. According to this the 

composition of subsoil organic carbon down to 1 m depth of the investigated paddy soils is 

determined by a dynamic equilibrium between the import of fresh organic matter, 

mineralization, and export into groundwater and deeper subsoils. This finding is in 

contradiction to reports by Zhang and He (2004) and Li et al. (2005) which described an 

accumulation of organic carbon in paddy subsoils. However, the same authors suggest, 

now in accordance with our results, the subsoil OC to be transported from above as 

dissolved organic carbon. It shows that the spatially heterogeneous distribution of fresh 

organic carbon seems to be one of the most important factors in determining SOM 

dynamics. Therefore, pedological processes like preferential flow and bioturbation, which 

influence the OC distribution in soils has to be considered for the investigation of SOC 

dynamics. In accordance with previous studies we revealed dissolved organic matter and 

root biomass as main sources of subsoil organic matter.  

 

 

 

Estimation of SOC turnover rates 

 

In chapter V the vertical distribution of C and 
14

C was estimated by modeling transport 

mechanisms of SOM. To investigate SOM dynamics in subsoils, applied models need to 

address the downward movement of C and its stability in deep soil layers (Rumpel and 
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Kögel-Knabner 2011). Numerous studies revealed radiocarbon to be an appropriate tracer 

for SOM turnover investigations (O’Brien and Stout 1978; Goh et al. 1976; Scharpenseel 

et al. 1989; Trumbore et al. 1989; Elzein and Balesdent 1995; Gaudinski et al. 2000; 

Baisden et al. 2002; Bruun et al. 2005; Castanha et al. 2008; Sanderman and Amundson 

2008; Kondo et al. 2010; Schimel et al. 2011; Baisden and Canessa 2013). 

 

Radiocarbon concentrations of total organic carbon indicate a rapid turnover, especially in 

paddy topsoils (Scharpenseel et al. 1996). This conclusion is confirmed by a recovered fast 

cycling SOC pool. Depending on the applied model parameters and the sampling depth, 

the mean residence times of this labile C pool range between 1.5 and 21 years. Thus, 

calculations of turnover rates, using different parameters and initial values, reveal fairly 

comparable residence times for both, the labile and the stable SOC pool. However, 

significant variations regarding the modeled C pool sizes were found. Estimations of C 

turnover rates, using an abundant initial proportion of parent material highly depleted in 

14
C (model A and B), reveal the exceedingly importance of a stable SOC pool with 

residence times of at least 200 years. With regards to the subsoil horizon, the absolutely 

predominant C pool comprises merely slow cycling carbon. This is in accord with the 

conclusion made by Brovkin et al. (2008), who attributed most of soil organic carbon to a 

millennial time scale. Only in paddy topsoils, the labile SOC pool reaches noteworthy 

percentages up to 35 %. In this context the age of the investigated paddy soil influences the 

size of the fast cycling C pool, since the labile pool is represented more strongly in the 

younger paddy topsoils. Turnover rates and mainly SOC pool sizes, ascertained by model 

A and B, suggest the predominance of a slow cycling SOC pool caused by the pre-existing 

parent material, which contains mainly old reworked carbon. This ‘overprinting’ effect can 

not be compensated by the revealed input of fresh organic matter described in chapter IV. 

 

Modification of the assumed tidal flat composition regarding the 
14

C signature, now with a 

decreased content of 
14

C-depleted material (c.f. model C), results in an increased 

significance of the more active SOC pool. The proportion of the fast cycling C pool 

exceeds 50 % in all topsoil, and yet below the plough pan the labile pool comprises more 

than a third of TOC. In consideration of previous results (cf. chapter IV) the estimations 

generated by model C are assumed to be the most reliable depiction of the intrinsic 

composition and distribution of SOC in paddy soils. Thus, calculations conducted by 
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model C reinforce the idea of rapid C cycling in paddy soils due to high ‘bomb-
14

C’ inputs 

to larger depths and low C residence times (Scharpenseel et al. 1996).  

 

To obtain SOC pool sizes estimated by model A and B comparable to SOC pools delivered 

by model C, we assume the OC input into the topsoil as the pivotal parameter. An 

increased carbon input, considered for model A and B, may affect the size of its labile 

SOC pool and abolish the predominance of the slow cycling stabilized SOC pool caused 

by the parent material composition. Consequently, model A and B could be able to 

produce results in accordance with model C regarding the SOC pool sizes. Nevertheless, 

model C seems to be more reliable since there are no evidences for an increased OC input. 

Thus, we assume an initial sediment composition with significant proportions of marine 

deposits as more likely than a strong increase in OC supply to the topsoil. 

 

Baisden et al. (2011) estimated C turnover rates for a New Zealand silt loam soil under 

pasture. The authors assume the modeled active C pool to be negligible due to its relative 

small size and the large size of a pool with decadal turnover rates. In contrast to that, the 

fast cycling SOC discovered in the investigated paddy soils has to be considered for 

calculating residence times, due to the appreciable size of the labile SOC pool in paddy 

topsoils, as well as in subsoils, and the lack of a moderate stabilized C pool. In summary, 

the results presented in chapter III to V suggest a dynamic balance of OC fluxes, rather 

than a long-term stabilization of SOC. 

 

Conclusions 

 

 

 Differences in soil profile formation caused by paddy and non-paddy management 

are most distinct in the first decades of rice cultivation. 

 

 Rice paddy management affects SOC distribution and dynamics for both, topsoils 

and subsoils. Topsoils are characterized by increased OC contents compared to 

non-paddy soils. In spite of a reduced transport of OC through the plough pan 

subsoils are characterized by a 
14

C-documented replacement of ‘old’ carbon by 

‘modern’ carbon over time. 
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 The development of a dense plough pan does not lead to a decoupling between 

topsoil and subsoil. Results reveal a time dependence regarding SOC dynamics. 

 

 The observed TOC and 
14

C gradients are the result of OC mobility and relocation. 

 

 Two processes of paddy subsoil ‘OC-refreshing’ could be identified: (i) Relocation 

and transport of young OC through the plough pan via mobile SOC fractions 

(humic acids and fulvic acids). Due to their high proportion on total organic 

carbon, we assume fulvic acids to be the main driver for the input of OC into the 

subsoil. (ii) Input of fresh (modern) OC into deep subsoil horizons by plant roots 

and their exudates, either by direct rooting into depth or by downward movement 

of plant remains into the subsoil through animal activity and soil cracking This 

process is evident by roots and root remains, including rice roots identified by their 

DNA signature, with modern 
14

C signature found far below the plough pan in deep 

soil horizons. 

 

 Total SOC of the entire soil profiles could be divided into two conceptual C pools 

by means of mean residence time calculations. 

 

 Due to the implementation of two parameters (r and p), which take account of 

different depth levels and the interaction between different SOC pools, the applied 

simple first-order decomposition models turned out to be appropriate tools to 

describe SOC dynamics in paddy topsoils as well as subsoils for the first few 

hundred years of rice cultivation. 

 

 Depending on the depth, the fast cycling SOC pool is characterized by residence 

times between 1.5 and 21 years, while the stable SOC pool reveals residence times 

from 150 to 2,000 years. 

 

 Results of this study reveal increased OC contents for paddy topsoils and slightly 

decreased OC contents for paddy subsoils. This suggests a dynamic balance of OC 

fluxes, rather than a long-term stabilization of SOC. 
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Outlook 

 

Future studies should investigate further mechanisms of SOM transformation and 

stabilization to get a deeper insight into the carbon dynamics of paddy soils. For this 

purpose specific SOM compounds (e.g. organo-mineral complexes, lipids and amino 

acids) should be used for radiocarbon dating. The comparison with 
14

C data of 

macrofossils will reveal the vertical mobility of the various compounds within the soil 

profile. Radiocarbon concentrations of several meaningful soil organic matter pools could 

be used as a measure of their role in the dynamic SOC cycling. 

To obtain a better understanding of the general chronology of paddy soil profiles, 

macrofossils (charcoal, grains, shells etc.) should be identified and measured. This will 

help to determine a real age of a soil horizon and will expand our knowledge of vertical 

transport of macro remains.  

Since the mechanisms which are responsible for the transport of organic matter into 

subsoil horizons and the processes leading to retarded decomposition of organic matter in 

subsoil horizons are still understood only in parts, more studies should be carried out to 

quantify SOM input into subsoils (roots growth, DOC perculation and bioturbation). More 

accurate measurements of deep C inputs and deep C losses are needed to design subsoil C 

models. Moreover, pedological characteristics has to be related to the factors which govern 

the decomposition of subsoil SOM. 

Considering the outstanding importance of rice as a staple food provider and the 

worldwide distribution of rice cultivation, we suggest the investigation of paddy soil 

formation on different substrates as essential for a comprehensive understanding of SOC 

dynamics and the biogeochemistry of soils under paddy management. Thus, the study of 

paddy soils developed on different parent materials under different hydrological and 

climatic conditions could help to distinguish between the influence of soil type and climate 

and the affect of management practices. 
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Table A1: Radiocarbon data of bulk soil samples from paddy and non-paddy soils of different ages 
         
Sample ID Depth Horizon sampled 

depth 

TOC 
14

C  Conventional 
14

C Age 

 

 (cm)  (cm) (%) (pMC) ± (BP) ± 

         
         
Paddy soil (50 years)        

         
KIA 41465 0-7 Alp 3.5 1.20 101.99 0.43 modern 34 

KIA 39160 7-14 Arp 12.5 1.13 101.48 0.25 modern 19 

KIA 39161 14-23 Ardp 15 0.49 92.36 0.24 638 21 

KIA 39162 14-23 Ardp 22 0.19 57.92 0.20 4387 28 

KIA 39163 23-38 Bwg1 31 0.17 49.81 0.22 5599 36 

KIA 39164 38-50 Bwg2 39.5 0.19 46.98 0.19 6068 32 

KIA 39165 50-70 Bwg3 51.5 0.15 48.87 0.20 5752 33 

KIA 39166 70-100 Blg 71.5 0.13 50.48 0.20 5492 32 

KIA 39167 70-100 Blg 91.5 0.15 49.42 0.19 5662 31 

         
         
Paddy soil (100 years)        

         
KIA 41468 0-9 Alp1 4.5 1.10 105.62 0.27 modern 20 

KIA 39168 9-15 Alp2 12 1.76 107.01 0.27 modern 20 

KIA 40286 15-21 Ardp 16 0.92 104.27 0.25 modern 20 

KIA 40287 15-21 Ardp 20 0.51 92.76 0.32 603 28 

KIA 40288 21-30 Bwg1 29 0.20 78.00 0.26 1996 27 

KIA 40289 30-50 Bwg2 39 0.20 56.55 0.19 4579 27 

KIA 40290 50-75 Bwlg1 51.5 0.21 54.57 0.18 4865 27 

KIA 40291 50-75 Bwlg1 73.5 0.18 48.94 0.17 5741 29 

KIA 40292 75-100 Bwlg2 98.5 0.17 54.16 0.20 4927 30 

         
         
Paddy soil (300 years)        

         
KIA 40298 0-18 Alp 16.5 3.56 101.46 0.32 modern 25 

KIA 40299 18-24 Ardp 19 1.99 103.34 0.33 modern 26 

KIA 40300 18-24 Ardp 21 0.88 87.23 0.30 1097 28 

KIA 40301 18-24 Ardp 23 0.54 80.13 0.29 1779 29 

KIA 40302 24-30 Bwdl 28.5 0.28 66.63 0.25 3261 30 

KIA 40303 30-50 Bwl 41.5 0.33 53.54 0.23 5018 34 

KIA 40304 50-70 Bwlg1 52.5 0.23 59.77 0.28 4134 37 

KIA 40305 50-70 Bwlg1 68.5 0.43 67.79 0.25 3123 29 

KIA 40306 70-100 Bwlg2 88.5 0.14 50.54 0.21 5482 33 

         
         
Paddy soil (500 years)        

         
KIA 38975 0-15 Alp 13.5 0.84 109.39 0.38 modern 28 

KIA 38976 15-19 Ardp 16 1.31 110.38 0.27 modern 20 

KIA 38892 19-25 Brdp 20 0.45 96.83 0.24 259 20 

KIA 38977 25-48 Bwg1 24 0.36 91.08 0.27 751 24 

KIA 38893 48-75 Bwg2 41.5 0.19 71.10 0.23 2740 26 

KIA 38978 48-75 Bwg2 61.5 0.16 46.65 0.23 6125 39 

KIA 38894 75-100 Bwlg 81.5 0.11 44.90 0.23 6433 41 

KIA 38979 75-100 Bwlg 101.5 0.14 50.44 0.23 5498 36 
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Sample ID Depth Horizon sampled 

depth 

TOC 
14

C  Conventional 
14

C Age 

 

 (cm)  (cm) (%) (pMC) ± (BP) ± 

         
         
Paddy soil (700 years)        

         
KIA 39169 0-10 Alp1 9 3.30 98.60 0.28 113 22 

KIA 39170 10-16 Alp2 11.5 1.88 99.62 0.24 31 19 

KIA 39486 16-22 Ardp 17 2.04 107.48 0.26 modern 19 

KIA 39487 16-22 Ardp 21 1.03 101.80 0.24 modern 19 

KIA 39488 22-45 Bg 23 0.74 94.52 0.23 453 19 

KIA 39489 22-45 Bg 33.5 0.38 82.22 0.22 1573 21 

KIA 39490 45-69 2Ahgb 46.5 0.49 78.85 0.22 1909 22 

KIA 39491 45-69 2Ahgb 56.5 0.53 72.21 0.21 2616 23 

KIA 39492 45-69 2Ahgb 67.5 0.37 65.75 0.20 3368 25 

KIA 39493 69-106 2Blg1 88.5 0.28 49.71 0.17 5614 28 

KIA 39494 106-116 3Ahlgb 107.5 1.03 64.06 0.29 3577 36 

KIA 39495 116-130 3Blg 117.5 0.24 49.99 0.18 5569 28 

KIA 39496 116-130 3Blg 128.5 0.16 38.42 0.16 7685 34 

         
         
Paddy soil (1000 years)        

         
KIA 40312 0-10 Alp 9 1.22 103.05 0.26 modern 20 

KIA 40313 10-16 Al(d)p1 11 1.05 100.82 0.24 modern 20 

KIA 40314 10-16 Al(d)p1 15 0.44 103.72 0.29 modern 22 

KIA 40315 16-21 Aldp2 20 0.55 92.72 0.24 607 21 

KIA 40316 21-40 2Ahgb 22.5 0.43 87.27 0.23 1094 21 

KIA 40317 21-40 2Ahgb 30 0.40 76.09 0.23 2195 24 

KIA 40318 21-40 2Ahgb 38.5 0.33 69.18 0.22 2960 26 

KIA 40319 40-55 2Bg 41.5 0.26 59.16 0.23 4217 31 

KIA 40320 55-80 2Bl1 56.5 0.28 48.28 0.19 5849 31 

KIA 40321 55-80 2Bl1 78.5 0.98 52.94 0.21 5109 31 

KIA 40322 80-93 3Ahlb 85.5 1.97 62.54 0.20 3771 25 

KIA 40323 80-93 3Ahlb 90.5 1.68 62.34 0.20 3796 25 

KIA 40324 93-110 3Bl 108.5 0.49 55.28 0.21 4761 30 

         
         
Paddy soil (2000 years)        

         
KIA 39171 0-15 Alp 13.5 3.30 112.25 0.25 modern 18 

KIA 39986 15-20 Ar(d)p 16 3.01 113.67 0.30 modern 21 

KIA 39987 15-20 Ar(d)p 19 1.51 107.74 0.41 modern 31 

KIA 39988 20-27 Bdg 26 0.40 87.32 0.25 1090 23 

KIA 39989 27-35 2Ahgb 28 0.40 81.73 0.26 1621 26 

KIA 39990 27-35 2Ahgb 34 0.35 73.54 0.22 2469 24 

KIA 39991 35-50 2Bg1 41.5 0.25 60.18 0.26 4079 35 

KIA 39992 50-70 2Bg2 51.5 0.20 55.85 0.20 4680 29 

KIA 39993 70-100 2Blg 71.5 0.13 36.70 0.17 8051 38 

KIA 39994 70-100 2Blg 91.5 0.06 29.08 0.21 9923 57 
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Sample ID Depth Horizon sampled 

depth 

TOC 
14

C  Conventional 
14

C Age 

 

 (cm)  (cm) (%) (pMC) ± (BP) ± 

         
         
Non-Paddy soil (50 

years) 
       

         
KIA 41466 0-9 Ap 4.5 0.67 101.07 0.39 modern 31 

KIA 41467 9-17 ABw 13 0.54 102.06 0.35 modern 27 

KIA 39481 17-24 Bw 22.5 0.27 82.86 0.22 1510 21 

KIA 39482 24-45 BCg 43.5 0.18 71.39 0.22 2707 25 

KIA 39483 45-70 CBg 63.5 0.15 67.29 0.27 3182 33 

KIA 39484 70-100 CBlg 81.5 0.15 47.30 0.18 6014 31 

KIA 39485 70-100 CBlg 101.5 0.16 45.75 0.18 6281 32 

         
         
Non-Paddy soil (100 years)       

         
KIA 41469 0-14 Ap1 7 0.58 98.19 0.32 147 26 

KIA 40293 14-25 Ap2 21 0.38 82.31 0.24 1564 24 

KIA 40294 25-30 Bw 28.5 0.31 72.82 0.22 2548 24 

KIA 40295 30-38 BCwg1 36.5 0.32 71.59 0.24 2685 27 

KIA 40296 38-70 BCwg2 62.5 0.31 70.87 0.22 2766 25 

KIA 40297 70-100 BCwlg 98.5 0.27 67.42 0.20 3167 24 

         
         
Non-Paddy soil (300 years)       

         
KIA 43094 0-11 Ap 5.5 0.93 100.55 0.34 modern 27 

KIA 40307 11-22 Bw1 20.5 0.38 86.18 0.29 1195 27 

KIA 43095 22-32 Bw2 28 0.37 81.96 0.27 1598 26 

KIA 40308 32-50 Bwg1 41.5 0.25 63.49 0.29 3649 37 

KIA 40309 50-70 Bwg2 61.5 0.19 57.15 0.25 4494 35 

KIA 40310 70-100 Bwlg 81.5 0.13 46.47 0.28 6155 48 

KIA 40311 70-100 Bwlg 101.5 0.19 46.38 0.23 6172 40 

         
         
Non-Paddy soil (700 years)       

         
KIA 41470 0-11 Ap1 5.5 0.90 103.27 0.28 modern 21 

KIA 39497 11-17 Ap2 15.5 0.50 93.75 0.24 518 21 

KIA 41471 17-23 Bw1 20 0.35 102.10 0.26  21 

KIA 39498 23-45 Bw2 24.5 0.33 86.34 0.23 1180 21 

KIA 39499 23-45 Bw2 43.5 0.23 75.66 0.27 2240 28 

KIA 39500 45-70 Bwl1 68.5 0.10 53.94 0.21 4959 31 

KIA 39501 70-100 Bwl2 91 0.14 50.70 0.18 5456 28 

         
         
Fresh water wetland        

         
KIA 39995   1 1.44 104.85 0.29 modern 22 

KIA 39996   19 0.57 105.75 0.41 modern 31 

         
         
Marsh wetland        

         
KIA 39999   1.5 0.64 94.41 0.27 462 23 

KIA 40000   19 0.54 82.83 0.25 1513 24 
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Sample ID Depth Horizon sampled 

depth 

TOC 
14

C  Conventional 
14

C Age 

 

 (cm)  (cm) (%) (pMC) ± (BP) ± 

         
         
Tidal wetland         

         
KIA 39997   1 0.33 61.78 0.19 3869 25 

KIA 39998   19 0.31 61.32 0.21 3928 28 

KIA 39913   117.5 0.18 48.74 0.20 5773 33 
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Table A2: Radiocarbon data of macro-fossils separated from paddy soils of different ages 
     

 
   

sample ID Sample sampled 

depth 

Horizon TOC 
14

C  Conventional 
14

C Age 

 

  (cm)  (%) (pMC) ± (BP) ± 

         
         
Paddy soil (50 years)       

         
KIA 39161 b charcoal 15 Ardp 27.46 93.44 0.27 545 23 

KIA 39163 b roots 31 Bwg1 22.75 106.36 0.31 modern  

KIA 39164 b roots 39.5 Bwg2 32.68 113.96 0.56 modern  

KIA 39164 c roots 39.5 Bwg2 52.34 112.08 0.47 modern  

KIA 39166 b roots 71.5 Blg 48.44 119.57 1.03 modern  

         
         
Paddy soil (100 years)       

         
KIA 39168 b charcoal 12 Alp2 44.95 120.18 0.34 modern  

KIA 40288 b plant 

remain 
29 Bwg1 31.61 104.44 0.38 modern  

KIA 40290 b roots 51.5 Bwlg1 41.93 110.57 0.37 modern  

KIA 40291 b roots 73.5 Bwlg1 37.11 110.08 0.46 modern  

KIA 40292 b roots 98.5 Bwlg2 41.88 127.57 0.75 modern  

         
         
Paddy soil (300 years)       

         
KIA 40303 b plant 

remain 
41.5 Bwl 21.82 97.08 0.38 238 31 

KIA 40303 c roots 41.5 Bwl 25.36 105.59 0.33 modern  

         
         
Paddy soil (700 years)       

         
KIA 39169 b wood 9 Alp1 38.59 133.76 0.34 modern  

KIA 39170 b charcoal 11.5 Alp2 34.94 112.12 0.34 modern  

KIA 39486 b charcoal 17 Ardp 33.36 109.69 0.28 modern  

KIA 39488 b roots 23 Bg 21.76 105.65 0.31 modern  

KIA 39489 b charcoal 33.5 Bg 31.62 97.91 0.39 169 32 

KIA 39489 c roots 33.5 Bg 29.35 104.68 0.27 modern  

KIA 39490 b charcoal 46.5 2Ahgb 24.06 90.33 0.38 817 27 

KIA 39491 b roots 56.5 2Ahgb 40.14 110.83 0.45 modern  

KIA 39492 b roots 67.5 2Ahgb 50.46 119.21 0.57 modern  

KIA 39494 b plant 

remain 
107.5 3Ahlgb 33.89 82.9 0.28 1506 28 

KIA 39495 b plant 

remain 
117.5 3Blg 33.85 104.15 0.50 modern  

         
         
Paddy soil (1000 years)       

         
KIA 40316 b charcoal 22.5 2Ahgb 21.81 90.54 0.48 798 43 

KIA 40316 c roots 22.5 2Ahgb 52.13 101.4 0.46 modern  

KIA 40318 b charcoal 38.5 2Ahgb 39.69 79.6 0.23 1833 23 

KIA 40318 c roots 38.5 2Ahgb 51.49 107.08 0.50 modern  

KIA 40321 b roots 78.5 2Bl1 43.33 101.62 1.24 modern  

KIA 40324 b roots 108.5 3Bl 49.28 118.34 0.33 modern  

         
         
Paddy soil (2000 years)       

         
KIA 39988 b roots 26 Bdg 9.18 102.93 0.34 modern  
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Table A3: Basic properties of bulk soil samples from paddy and non-paddy soils of different ages. 

*Texture data for paddy soils originate from Wissing et al. (2010) and texture data for non-paddy 

profiles were provided by Ingrid Kögel-Knabner (Institute for Soil Sciences, Center of Life and 

Food Sciences Weihenstephan, TUM Munich). **Data about particle sizes were kindly provided 

by Ingrid Kögel-Knabner (Institute for Soil Sciences, Center of Life and Food Sciences 

Weihenstephan, TUM Munich). 
          

    Particle-size classes** 

Sample ID Depth Horizon Texture* Clay Fine  

silt 

Medium 

silt 

Coarse 

silt 

Fine 

sand 

Medium

/coarse 

sand 
 (cm)   (%) (%) (%) (%) (%) (%) 

          
          
Paddy soil (50 years)         

          
KIA 41465 0-7 Alp SiCL 29.0 13.7 38.4 15.1 1.0 2.8 

KIA 39160 7-14 Arp SiCL 29.7 13.7 37.1 14.5 1.0 4.0 

KIA 39161 14-23 Ardp SiCL 32.1 18.9 36.5 8.7 1.0 2.8 

KIA 39163 23-38 Bwg1 SiCL 28.3 13.5 39.9 16.0 0.8 1.5 

KIA 39164 38-50 Bwg2 SiL 22.0 12.9 44.7 17.4 0.8 2.2 

KIA 39165 50-70 Bwg3 SiCL 29.8 15.5 40.3 11.0 0.8 2.6 

KIA 39166 70-100 Blg SiCL 31.4 16.4 38.2 10.9 0.8 2.3 

          
          
Paddy soil (100 years)         

          
KIA 41468 0-9 Alp1 SiCL 27.9 15.3 36.5 12.9 3.4 4.0 

KIA 39168 9-15 Alp2 SiCL 28.1 15.0 36.9 15.6 2.0 2.4 

KIA 40286 15-21 Ardp SiCL 28.1 15.1 36.6 14.9 1.0 4.3 

KIA 40288 21-30 Bwg1 SiCL 32.9 17.2 35.1 12.8 1.4 0.6 

KIA 40289 30-50 Bwg2 SiCL 33.3 14.8 36.6 13.1 0.8 1.4 

KIA 40290 50-75 Bwlg1 SiCL 29.3 12.8 36.9 18.5 1.4 1.1 

KIA 40292 75-100 Bwlg2 SiCL 28.6 13 37.2 18.3 1.4 1.5 

          
          
Paddy soil (300 years)         

          
KIA 40298 0-18 Alp SiL 24.5 13.1 40.5 16.4 1.8 3.7 

KIA 40299 18-24 Ardp SiCL 29.2 13.9 37.8 16.2 2 0.9 

KIA 40302 24-30 Bwdl SiL 24.3 12.6 41.6 17.9 0.4 3.2 

KIA 40303 30-50 Bwl SiCL 28.4 13.2 39.9 15.2 1.2 2.1 

KIA 40304 50-70 Bwlg1 SiCL 31.3 13.4 35.8 13.6 3.4 2.5 

KIA 40306 70-100 Bwlg2 SiCL 32.7 14.1 35.6 13.5 1.6 2.5 

          
          
Paddy soil (500 years)         

          
KIA 38975 0-15 Alp SiL 18.5 9.9 42.2 26.0 1.4 2.0 

KIA 38976 15-19 Ardp SiL 19.8 10.9 41.4 24.2 1.6 2.1 

KIA 38892 19-25 Brdp SiL 20.2 12.1 43.8 20.1 0.6 3.2 

KIA 38977 25-48 Bwg1 SiL 22.8 11.4 41.9 18.9 2.8 2.2 

KIA 38893 48-75 Bwg2 SiL 11.5 5.7 49.0 32.0 1.6 0.2 

KIA 38894 75-100 Bwlg SL 20.6 9.4 43.6 23.3 0.6 2.5 
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    Particle-size classes** 

Sample ID Depth Horizon Texture* Clay Fine  

silt 

Medium 

silt 

Coarse 

silt 

Fine 

sand 

Medium

/coarse 

sand 

 (cm)   (%) (%) (%) (%) (%) (%) 

          
          
Paddy soil (700 years)         

          
KIA 39169 0-10 Alp1 SiCL 28.6 15.6 39.4 13.2 2.0 1.2 

KIA 39170 10-16 Alp2 SiCL 27.7 15.9 41.5 11.4 0.6 2.9 

KIA 39486 16-22 Ardp SiCL 28.4 16.1 41.3 8.9 1.4 3.9 

KIA 39488 22-45 Bg SiCL 27.5 17.6 40.5 11.0 0.8 2.6 

KIA 39492 45-69 2Ahgb SiC 49.0 19.7 25.3 3.7 0.2 2.1 

KIA 39493 69-106 2Blg1 SiC 49.1 19.0 26.2 4.0 0.6 1.1 

KIA 39494 106-116 3Ahlgb SiCL 27.7 10.5 41.0 19.6 0.2 1.0 

KIA 39495 116-130 3Blg SiL 23.8 10.4 41.6 22.9 0.8 0.5 

          
          
Paddy soil (1000 years)         

          
KIA 40312 0-10 Alp SiCL 27.7 16.3 43.1 11.9 0.6 0.4 

KIA 40313 10-16 Al(d)p1 SiCL 26.8 16.0 42.8 11.0 0.6 2.8 

KIA 40315 16-21 Aldp2 SiCL 30.6 16.9 40.4 8.7 0.2 3.2 

KIA 40316 21-40 2Ahgb SiC 41.2 18.2 33.0 5.7 0.2 1.7 

KIA 40319 40-55 2Bg SiC 48.6 19.3 27.0 2.0 1.0 2.1 

KIA 40321 55-80 2Bl1 SiC 49.1 21.7 25.6 0.7 0.6 2.3 

KIA 40322 80-93 3Ahlb SiC 44.1 16.9 32.9 4.8 0.2 1.1 

KIA 40324 93-110 3Bl SiC 39.3 16.3 33.7 6.5 1.8 2.4 

          
          
Paddy soil (2000 years)         

          
KIA 39171 0-15 Alp SiL 24.2 17.1 40.4 10.7 3.2 4.4 

KIA 39987 15-20 Ar(d)p SiL 25.6 17.2 40.0 11.7 3.4 2.1 

KIA 39988 20-27 Bdg SiL 27.8 18.9 37.9 11.4 2.0 2.0 

KIA 39989 27-35 2Ahgb SiCL 35.9 16.1 37.3 7.8 0.6 2.3 

KIA 39991 35-50 2Bg1 SiC 47.4 14.7 30.5 4.7 0.8 1.9 

KIA 39992 50-70 2Bg2 SiCL 37.5 14.4 36.7 9.6 1.2 0.6 

KIA 39993 70-100 2Blg SiCL 32.4 13.9 37.0 10.8 1.6 4.3 

          
          
Non-Paddy soil (50years)         

          
KIA 41466 0-9 Ap SiL 20.8 10.8 46.4 18.5 2.4 1.1 

KIA 41467 9-17 ABw SiL 23.2 11.7 45.0 17.1 1.4 1.6 

KIA 39481 17-24 Bw SiL 24.1 11.0 45.2 17.2 1.0 1.5 

KIA 39482 24-45 BCg SiL 22.6 10.3 43.4 15.7 3.8 4.2 

KIA 39483 45-70 CBg SiL 26.8 12.1 42.3 15.5 1.8 1.5 

KIA 39484 70-100 CBlg SiL 22.3 10.1 46.3 19.0 0.6 1.7 
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    Particle-size classes** 

Sample ID Depth Horizon Texture* Clay Fine  

silt 

Medium 

silt 

Coarse 

silt 

Fine 

sand 

Medium

/coarse 

sand 

 (cm)   (%) (%) (%) (%) (%) (%) 

          
          
Non-Paddy soil (100 years)         

          
KIA 41469 0-14 Ap1 SiL 27.2 13.4 41.3 14.0 2.0 2.1 

KIA 40293 14-25 Ap2 SiL 26.1 13.4 42.3 16.8 0.6 0.8 

KIA 40294 25-30 Bw SiL 29.1 14.2 39.7 12.7 2.6 1.7 

KIA 40295 30-38 BCwg1 SiL 31.9 13.9 38.7 12.3 2.0 1.2 

KIA 40296 38-70 BCwg2 SiL 32.8 13.9 39.3 11.7 1.0 1.3 

KIA 40297 70-100 BCwlg SiL 31.1 13.8 40.6 13.0 1.0 0.5 

          
          
Non-Paddy soil (300 years)         

          
KIA 43094 0-11 Ap SiCL 23.7 12.9 44.3 16.3 0.4 2.4 

KIA 40307 11-22 Bw1 SiCL 26.2 12.9 44.0 14.4 0.6 1.9 

KIA 43095 22-32 Bw2 SiCL 28.6 13.1 42.0 12.4 0.8 3.1 

KIA 40308 32-50 Bwg1 SiCL 30.5 13.3 41.1 13.1 0.6 1.4 

KIA 40309 50-70 Bwg2 SiCL 28.0 14.3 37.7 17.4 1.4 1.2 

KIA 40310 70-100 Bwlg SiCL 27.6 13.7 38.3 14.6 1.4 4.4 

          
          
Non-Paddy soil (700 years)         

          
KIA 41470 0-11 Ap1 SiL 19.0 9.0 45.0 22.3 0.6 4.1 

KIA 39497 11-17 Ap2 SiL 22.2 9.3 44.1 22.9 0.4 1.1 

KIA 41471 17-23 Bw1 SiL 24.9 9.9 43.3 20.0 0.4 1.5 

KIA 39498 23-45 Bw2 SiL 19.2 16.0 44.7 15.5 2.4 2.2 

KIA 39500 45-70 Bwl1 SiL 14.6 6.5 45.8 29.0 1.8 2.3 

KIA 39501 70-100 Bwl2 SiL 22.8 10.1 42.2 21.0 1.4 2.5 

          
          
Fresh water wetland         

          
KIA 39995 0-3 N/A SiL 17.7 11.9 18.6 12.2 9.8 29.8 

KIA 39996 18-20 N/A SCL 15.8 12.2 18.7 7.2 7.2 38.9 

          
          
Marsh wetland         

          
KIA 39999 0-3 N/A N/A 13.7 7.4 36.1 39.3 1.6 1.9 

KIA 40000 18-20 N/A N/A 12.3 7.2 34.8 40.3 2.2 3.2 

          
          
Tidal wetland          

          
KIA 39997 0-3 N/A N/A 10.6 6.1 34.1 41.7 5.2 2.3 

KIA 39998 18-20 N/A N/A       

KIA 39913 115-120 N/A N/A       
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Figure A1: Relationship between the total organic carbon content and the radiocarbon 

activity in paddy soils of different ages. 
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Figure A2: Relationship between the total organic carbon content and the radiocarbon 

activity in non-paddy soils of different ages. 

 

 

 

 

 

 

 

 

 

 

 

NP50

R
2
 = 0.8333

0

2

4

6

8

10

40 60 80 100 120

14
C activity (pMC)

T
O

C
 (

g
 k

g
-1

)

NP100

R
2
 = 0.9855

0

2

4

6

8

10

40 60 80 100 120

14
C activity (pMC)

T
O

C
 (

g
 k

g
-1

)

NP700

R
2
 = 0.8402

0

2

4

6

8

10

40 60 80 100 120

14
C activity (pMC)

T
O

C
 (

g
 k

g
-1

)

NP300

R
2
 = 0.9151

0

2

4

6

8

10

40 60 80 100 120

14
C activity (pMC)

T
O

C
 (

g
 k

g
-1

)



Appendix  149 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3: Radiocarbon depth distribution of two additional non-paddy sites located 

between the ‘1977’ and ‘1958’-dikes. The graphs illustrate the decline of bulk soil 
14

C with 

increasing soil depth. 
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