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Summary 

 

Reporting of changes in agricultural soil carbon stocks is an important element under 
the UNFCCC. Currently, Switzerland uses a Tier 1-2 approach with country-specific 
data for soil carbon stocks and corresponding rates of carbon losses and gains upon 
land conversion (NIR 2006). These estimates are based on a wide data base (Leifeld 
et al. 2003), but site-specific conditions and situations of non-equilibrium are not ac-
counted for though both are known to affect the possible rate of change significantly. 
In this study, we aimed to develop a prognostic tool based on sophisticated measure-
ments of bulk soil organic carbon and carbon in fractions representing different turn-
over times and thus different sensitivities to management or land-use. A further goal 
was the development of a fast method to quantify carbon in these fractions in order to 
avoid time-consuming sample preparations.  

With the present report, we aimed to improve the methodological framework by using 
a novel combination of soil analysis and modelling that can be applied to many situa-
tions in agricultural soils of various soil textures. The approach is adjusted to Swiss 
conditions and allows for simulating soil carbon dynamics of mineral soils for: 

 

• Land-use changes from arable rotation to grassland and vice versa 

• Varying shares of leys in arable rotations 

• Varying levels of organic fertilizers in arable or grassland systems 

 

This goal was achieved by developing and combining a set of new tools that can be 
applied for the independent validation of current estimates for stock changes under 
several conditions:  

• A fractionation procedure isolating soil carbon constituents that can be quantita-
tively related to a well-established soil organic carbon simulation model (RothC) 
in a way that the model run can be initialized without the assumption of a steady-
state, i.e., for sites in transition from high to low carbon stocks or vice versa, and 
whose management or land-use history is unknown 

• An infrared-based spectroscopic approach for the rapid quantification of carbon 
bound in differently stabilized soil fractions of various turnover times. This 
method is reliable to replace the time-consuming fractionation procedure that was 
necessary for its calibration 

• A method that allows a relatively rapid screening of so-called black carbon as part 
of the very stable organic matter 
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• New insights into the contribution of labile, intermediate and resistant soil organic 
carbon for typical land-uses and management types across Switzerland 

The analysis also provided country-specific data for C/N ratios of mineral soils for 
aralbe and grassland sites. 

Insufficient performance of the above approach was observed for alpine soils higher 
than 1200 m elevation. The specific characteristics of alpine grassland systems need 
further evaluation before a model implementation will be feasible. 

Not included in this approach are no-tillage practices and organic soils. The Swiss 
data base for no-till was deemed of being too small to be converted into a modelling 
approach, and results from other regions are partially contradictory with many studies 
showing no or depleting effects of no-till on SOC. Modelling the dynamic of organic 
soils is still at its beginning, and future Swiss efforts should above all concentrate on 
providing reliable emissions rates estimated from soil profiles and flux measurements.  

The report provides an extended summary and an appendix consisting of the PhD-
thesis of Michael Zimmermann with the manuscripts of the corresponding publica-
tions.  

 5



1 Aims and scope 

The sensitivity of soil organic matter (SOM) storage to climatic or land-use change is 
still a matter of great debate. Globally, soils contain about twice the amount of carbon 
present in the atmosphere (Prentice, 2001). Most of it is in organic form and has turn-
over times ranging from months to millennia, with much of it around several years to 
a few decades (Trumbore et al. 1996). Under rising temperatures or shifts in land-use 
patterns, this large pool is likely to change and interact with climate change. The ter-
restrial biosphere is considered a strong CO2 sink (Houghton 2003) and is projected to 
remain a net CO2 absorber also during the next decades (King et al. 2006). However, 
the terrestrial sink is mainly attributed to assimilation by boreal vegetation (e.g. 
Schulze 2006), whereas land-use changes contribute by 1.6 ± 0.8 Gt C a-1 to the 
global carbon emission (Schimel et al. 2001). Based on the difference between precul-
tivated and current SOC stocks in cultivated soils, Paustian et al. (1997) estimated a 
global loss of 40-60 Gt C due to cultivation, from which the major part (approxi-
mately 80%) stems from aerated mineral soils and the remainder (approximately 11 
Gt) from the drainage of “wetland soils” that is, Histosols and Gleysols. While the 
SOC loss estimated so far only accounts for a small fraction of the global SOC stock 
(2.5 to 6 percent), it contributes to one third of the estimated C loss of 156 ± 55 Gt C 
induced by land-use change since 1850 (Houghton 2003).  

In view of the needs for reporting of soil carbon stock changes under the UNFCCC, 
the Air Pollution/Climate Group of ART was invited by the Federal Office for Envi-
ronment (FOEN) to compile, evaluate and interpret data on carbon stocks in agricul-
tural soils of Switzerland. Based on this project, a report (Leifeld et al. 2003) and a 
corresponding paper (Leifeld et al. 2005) has been published, where the estimate on 
carbon stocks of agricultural soils and their environmental drivers was discussed. This 
study relied on data on soil carbon stocks under different land-use types compiled 
from various soil surveys, and the corresponding stock estimates are currently used 
for the Swiss LULUCF reporting under UNFCCC (e.g., NIR 2006). The data in 
Leifeld et al. (2003) provide country-specific data on soil carbon stocks for arable 
land, temporary grassland (i.e., leys), and temperate and alpine permanent grasslands 
as well as an estimate of carbon stocks in organic soils. LULUCF-induced CO2 fluxes 
in the agricultural sector are currently calculated by taking the absolute difference 
between two land-use types and dividing the stock difference by the number of years 
between two land-use inventories (currently 12). While this approach is in accordance 
to the GPG LULUCF (IPCC 2003), two drawbacks can be identified: 

Firstly, the current approach is static in a way that the measured carbon stocks for 
particular land-use types are considered being at steady-state, i.e., it is assumed that 
stock changes occur within the range given in Leifeld et al. (2003) and that the upper 
and lower limits of this range represent the end-member of possible transitional states. 
Because the carbon stocks for the different agricultural land-use and management 
types are mean values of samples drawn from a population where steady-state condi-
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tions cannot be ascertained, this approach is potentially biased. Table 1 shows the 
current carbon stocks and their uncertainty for mineral soils in Switzerland with mean 
soil clay content (soil texture has been shown to be a major driver for carbon stocks in 
the temperate zone in Leifeld et al. [2003]) and an elevation below 600 m a.s.l. These 
values correspond to the stocks in the Swiss Greenhouse Gas Inventory. For the given 
clay content, the difference between mean stocks under permanent grassland and ar-
able land in the temperate region of the Swiss Central Plateau is 8.6 tones carbon per 
hectare, but can be as small as 1.5 tonnes or as large as 16.3 tonnes when the upper 
and lower confidence limit of the distribution is taken, respectively. This comparison 
illustrates that the uncertainty is almost as high as the mean difference between arable 
and grassland stocks. The uncertainty derives from unknown, site-specific factors 
such as local climate, residue input into the soil, soil tillage or soil rotation that are not 
explicitly considered yet. Thus, a site-specific tool for the calculation of potential 
gains and losses under different land-use and management is needed. 

 

Table 1. Carbon stocks (t C ha-1 0-30 cm) for arable and permanent grassland fields in 
Switzerland for a site below 600 m elevation with 24% clay (based on Leifeld et al., 
2003).  

 Mean stock Upper limit1 Lower limit1

Arable  53.4 58.0 48.7 

Grassland 62.0 74.6 48.2 

Stock difference 8.6 8.6 (+7.7) 8.6 (-7.1) 

1 calculated by error propagation. Upper and lower confidence limits are different. 
 

Secondly, there has been no independent validation yet of the method currently used 
under the LULUCLF-reporting. On possible way of validation is the use of simulatin 
models. Dynamic soil organic matter turnover models are tools to simulate change in 
carbon stocks along with management or land-use changes (Smith et al. 1997), but 
need to be properly validated and adjusted to the site-specific conditions in order to be 
reliable. Many of these models are pool-based, i.e. they use discrete soil organic mat-
ter pools with specific decomposition rates that are modified by environmental vari-
ables such as temperature, moisture, or texture. Application of models often requires 
spinning-up runs to equilibrium conditions before effects of management or land-use 
change can be simulated. This equilibrium simulations are speculative in a way that 
former climatic or land-use histories are highly uncertain. Because changes in soil 
carbon stocks occur most rapidly in the so-called labile soil organic matter pools, a 
model-based approach with validation at the pool-level is desirable, because measured 
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pools rather than results from equilibrium runs could be used as starting conditions for 
any given site.  

With the present project, we aimed to improve the methodological framework by us-
ing a novel combination of soil analysis and modelling that can be applied to many 
situations in agricultural soils. The approach is adjusted to Swiss conditions and al-
lows for simulating soil carbon dynamics of mineral soils of various soil textures for: 

 

• Land-use changes from arable rotation to grassland and vice versa 

• Varying shares of leys in arable rotations 

• Varying levels of organic fertilizers in arable or grassland systems 

 

Not included in this approach are no-tillage practices and organic soils, and insuffi-
cient performance was observed for alpine soils above 1000 m elevation. The specific 
characteristics of alpine grassland systems need further evaluation before a model 
implementation will be feasible.  
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2 Carbon fractions of different turnover time in agricultural soils 

2.1 Methodological approach 

In a first phase of the project soil organic matter (SOM) fractions that respond to land-
use and can be used as a proxy for the distribution of OM among model pools were 
defined and quantified. Based on the vast amount of literature on soil fractionation 
methods (e.g., Christensen 1996; Paul et al. 1997; Six et al. 2002; Leifeld & Kögel-
Knabner 2005), we combined several techniques. The primary goal of such fractiona-
tion is to isolate SOM compounds of different turnover time that correspond to differ-
ent stabilization mechanisms. A crucial factor for the decomposition of organic mate-
rial is its accessibility to microbes; plant debris not physically protected is attacked 
first. Physical protection can be achieved through aggregation and adsorption of SOM 
on mineral surfaces, which strongly reduces its accessibility. Aggregates are vulner-
able to changes in land-use and management (Baldock & Skjemstad 2000) and there-
fore they can lose physical protection. A smaller part of SOM is chemically resistant 
to microbial degradation (Krull et al. 2003). Here, we dispersed labile aggregates in 
the soil samples by use of a weak ultrasonic treatment and density separation to obtain 
a light particulate organic matter (POM) fraction. This POM fraction is predominantly 
plant derived, has a turnover time of 10–50 years (Six et al. 2000) and is expected to 
be sensitive to land-use and management. Furthermore, we isolated two fractions 
from the soil samples, which consisted of either stable microaggregates or silt and 
clay particles. Eusterhues et al. (2003) found that soil organic carbon (SOC) resistant 
to oxidation is made up of very refractory and slowly cycling carbon with lower 14C 
activities than total SOC. We extracted a non-oxidizable SOM fraction from the silt 
and clay fractions to isolate an old and stable SOC fraction.  

The soil fractionation comprised isolation of five different fractions separated by 
physical-chemical procedures (Fig. 1 ovals; described in more detail in Zimmermann 
et al. 2007). This approach was applied to a range of agricultural soils across Switzer-
land including arable sites, temperate and alpine permanent grasslands.  

 

2.2 Material 

A) We analysed 123 soil samples from two different research projects in Switzerland. 
From the Swiss national soil survey archive, we took 48 soil samples, which origi-
nated from agricultural (arable, temperate grassland, or alpine pasture) sites at alti-
tudes ranging from 265 to 2400 m above sea level (a.s.l.). Thus, the sites represented a 
gradient in mean annual temperature(MAT) from +0.6 to –1.6°C, and in mean annual 
precipitation from 722 to 2327 mm. Composite soil samples from all sites were taken 
from 50 cores (3 cm diameter) within a plot of 10 by 10 m, between 1985 and 1991. 
Soil samples from arable sites were taken as 0–20 cm cores.  
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Fig. 1. Fractionation of soil samples according to Zimmermann et al. (2007). DOC 
dissolved organic carbon, POM particulate organic matter, S+A sand plus micro-
aggregates, s+c silt plus clay fraction, rSOC oxidation-resistant fraction of s+c.  

 

Undisturbed topsoils from temperate grasslands and alpine pastures were either di-
vided into horizons of 0–5cm, 5–10 cm and 10–20 cm or, in some cases, also taken as 
0–20 cm cores. A detailed description of sampling technique together with site char-
acteristics (climate, geology and land use) can be found in Desaules & Studer (1993). 
B) The second set of samples was taken from a biodiversity study in extensively man-
aged meadows on the Swiss Central Plateau. The set consisted of 75 soil samples. 
These soil samples were collected at three different regions at altitudes between 420 
and 670 m a.s.l., with annual precipitation between 964 and 1333 mm. Management 
intensity of these grassland sites varied considerably. Sampling sites and agricultural 
management are described in detail by Buholzer et al. (2005). Each sample was a 
composite of 20 soil cores taken from the top 20 cm. All soil samples were carbonate-
free with SOC contents of less than 8.7% (mineral soils).  

 

2.3 Results 

The distribution of the resulting fractions (Fig. 1) among arable sites, temperate grass-
land, and alpine grassland differed for some of the fractions (Fig. 2). Most of the SOC 
was stored in microaggregates and in the silt+clay fraction, while smaller amounts 
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were found in the labile fractions (POM and dissolved organic carbon [DOC]) and in 
the very stable fraction (oxidation-resistant carbon). Most pronounced differences 
between land-use types were found in the sand+microaggregate fraction (#5) account-
ing for 13% of the carbon in arable soils but for 55% in alpine pastures, and the 
silt+clay fraction (#6; 30% in arable soils opposed by 51% in temperate grasslands). 
The distribution of SOC among fractions reflects the importance of the different stabi-
lization mechanisms responsible for SOM storage. It shows the SOC-fractions of 
POM and microaggregation to increase in the order arable land < temperate grassland 
< alpine grassland. In contrast, the relatively higher share of silt+clay-associated or-
ganic matter in arable soils results from the continuous disruption of aggregates due to 
soil tillage and the subsequent respiration of the released POM.  
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Fig. 2. Distribution of SOC among soil fractions for all soils (upper left panel) and 
classified according to land-use. Box plots show median, 25th and 75th percentile, and 
the non-outlier range. Numbers at X-axes correspond to 1 total SOC, 2 dissolved or-
ganic carbon DOC, 3 particulate organic carbon POM, 4 oxidation-resistant silt+clay 
fraction s+c, 5 sand + microaggregates S+A, 6 silt + clay minus oxidation resistant 
carbon s+c-rSOC.  
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In addition to the distribution among soil fractions, SOC age of selected samples was 
determined by 14C dating in order to verify the assignment of carbon into fractions of 
different turnover time (Fig. 3). Silt+clay fractions comprised most of the total SOC 
and thus had 14C values similar to that of the bulk soil. The oxidation-resistant carbon 
was distinctly older than s+c, providing evidence that the isolation of an old fraction 
was successful.  
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Fig. 3. 14C activities as percent modern carbon of bulk soils and fractions (dotted lines 
are referred to bulk soil values; ◊ = temperate meadow 0-5 cm, ∆ = arable site 0-20 
cm, ■ = temperate meadow 10-20 cm and ● = alpine pasture 7-18 cm). Percent mod-
ern carbon values higher than 100% are strongly influenced by inputs of so-called 
‘bomb’ 14C; values much below 100% refer to very old carbon. 

 

An additional benefit of the analysis of many different soils derives from the meas-
ured C/N ratios in bulk soils under arable and grassland use, which can be used for the 
current Swiss LULUCF reporting (Table 2).  

Table 2. C/N ratios (0-20 cm or sub-stratified) for mineral agricultural soils in the 
Switzerland based on samples analyzed by Zimmermann et al. (2006a) and Leifeld et 
al. (2003). Values in brackets are one standard deviation.  

 C/N ratio N 

Arable  9.4 (2.0) 26 

Grassland 9.8 (2.2) 106 

Alpine grassland (> 1000 m) 10.4 (1.5) 16 

 

The C/N ratio of arable sites is close to the IPCC-defaults (IPCC 2006, Vol 4; page 
11.16; arable land: C/N = 10, range 8-15) but much smaller than the default for both, 
temperate and alpine grasslands (IPCC grassland: C/N = 15, range 10-30). The 
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smaller difference in C/N ratios between arable land and grassland for Switzerland is 
likely to be caused by i) the high share of leys in arable rotations and ii) the compara-
ble intensive use of permanent grasslands with regularly application of mineral and 
organic N-fertilizers. From the data in Table 2 it can be inferred that the amount of 
N2O emitted through the conversion of grassland to cropland is higher per unit SOC 
mineralized as it would be based on the IPCC default values.  

 

3 Rapid quantification of differently stabilized soil organic matter fractions  

3.1. Methodological approach 

The second phase of the project aimed at applying a spectroscopy-based statistical 
tool for the rapid quantification of the fractions above. While the fractionation re-
sulted in meaningful fractions with respect to their sensitivity to land-use and turnover 
time, the procedure is very time-demanding. Based on previous studies that attempted 
to quantify soil properties by means of infrared spectroscopy in combination with 
partial-least squares regression (e.g., Janik & Skjemstad 1995; McCarthy et al. 2002; 
Leifeld 2006a), we applied this combined method to quantify carbon in fractions by 
measuring diffuse reflectance infrared spectra (DRIFT) of the bulk soil (Zimmermann 
et al. 2007). The latter is clearly much faster than soil fractionation (scanning of an 
infrared-spectra takes about 3 minutes plus 10 minutes sample preparation in the lab 
as compared to several days to fractionate a handful of soil samples), but had not been 
applied so far for soil fractions. Partial least squares (PLS) regression is a statistical 
approach where the y-variable (e.g., C-content) is regressed against the x-variable 
(i.e., the infrared spectra) to obtain so-called latent variables (LV) or PLS-factors. It is 
similar to principal component regression but takes advantage of the variability of the 
y-variable during calibration and of multiple information in the infrared spectra. A 
calibrated model is usually tested against unknown samples that were not part of the 
calibration in order to check the models’ reliability. The appropriateness of the 
chemometric prediction method was evaluated by the residual prediction deviation 
(RPD), which is the ratio between the standard deviation (s.d.) of the validation sam-
ple set and the standard error of prediction (SEP, Williams & Norris, 1987):  

 

SEP
dsRPD ..

=          

 

In agricultural applications, RPD values >3 are considered satisfactory, whereas pre-
diction models with RPD values <3 should only be used as screening methods (Mal-
ley et al., 2000). 
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3.2. Results 

The DRIFT-PLS method was applied to 111 out of the 123 samples used for frac-
tionation. Hundred samples were taken for calibration, and the PLS model for any 
particular soil property was checked against the remaining eleven samples. More de-
tailed information is provided in Zimmermann et al. (2007). 

The PLS prediction accuracy for OC differed considerably between fractions (Table 
3). Correlation coefficient for measured vs. predicted OC in the DOC fraction was 
0.90, but the RPD value was 2.0. As discussed by Malley et al. (2000), prediction 
models with such low RPD values should only be used for screening and not be ac-
cepted as measurements. The relative SEP was 51% and the slope of the regression 
was 0.738, which indicates that the PLS model predicted DOC inaccurately. One rea-
son for the inaccuracy could be the small amount of DOC compared to the total mass; 
on average, DOC accounted for only 0.04% of the total mass. Conversely, PLS pre-
diction for OC in the POM fraction was excellent (r=0.97, slope of the regression = 
0.993), and the RPD value of 3.4 also indicated a high reliability of the prediction 
model, although relative SEP was 22%. The prediction model for OC in the S+A frac-
tion was less accurate. The PLS model did not overestimate the amount of OC in S+A 
(slope = 1.025) and r was 0.93, but relative SEP of 36% was high, and the RPD of 2.6 
was low. The same situation applied to the prediction of OC in the s+c without rSOC. 
For this fraction, the RPD value of 2.8 was also low, but with a relative SEP of 12%, a 
regression slope of 0.975 and r = 0.94, the PLS prediction model still yielded accept-
able results for the quantification of OC stabilized in this fraction. The correlation 
coefficient between measured and predicted OC in the fraction rSOC was 0.89 and the 
relative SEP 16%. However, the RPD value of 2.0 was very low. But with a slope of 
the regression of 0.991, the PLS prediction did not lead to systematic over- or under-
estimations.  
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Table 3 Correlations between measured and PLS-predicted values for the calibration 
and validation (n=11) sample sets with number of latent variables (LV) used for cali-
bration, Pearson’s correlation coefficients (r), regression equations through zero, rela-
tive standard errors of predictions (rel SEP), and residual prediction deviations (RPD). 
Predicted values were abbreviated as Ctot = total organic carbon, Ntot = total nitrogen, 
CDOC = dissolved organic carbon, CPOM = particulate organic carbon, CS+A = carbon in 
sand and stable aggregates, Cs+c-rSOC = carbon in silt and clay fraction without resis-
tant soil organic carbon (rSOC), Clabile fractions = carbon in CDOC plus C POM, and Cstabile 

fractions = carbon inC S+A plus Cs+c-rSOC.  

calibration  Validation 
Property 

LV r  n  regression equa-
tion  r  rel SEP % RPD 

Clay  4 0.96 91 y = 1.013x 0.97 10 3.5 
C tot 12 0.99 90 y = 1.021x 0.97 10 4.1 
N tot 7 0.96 93 y = 0.976x 0.96 9 4.0 
C DOC 5 0.90 90 y = 0.738x 0.90 51 2.0 
C POM 9 0.91 92 y = 0.993x 0.97 22 3.4 
C S+A 6 0.93 94 y = 1.025x 0.93 36 2.6 
C s+c -rSOC 7 0.89 94 y = 0.975x 0.94 12 2.8 
C rSOC 8 0.85 93 y = 0.991x 0.89 16 2.0 
C labile fractions 12 0.96 92 y = 0.965x 0.98 16 4.1 
C stabile fractions 11 0.99 92  y = 0.954x 0.98 11 4.1 
 

Overall, the results of these statistical analyses suggest that OC of all fractions except 
DOC could be estimated with PLS using their bulk soil infrared spectra, but that rela-
tive SEP and RPD were not always convincing. One reason for the latter could be the 
low OC concentrations of the different fractions. 

To improve prediction models, we tested the predictive capability to quantify OC con-
tents of combined labile and combined stabilized fractions (see Figure 1). PLS models 
for these combined fractions were computed using the same methods as before. By 
relating measured to PLS-predicted OC values, we obtained an r-value of 0.98 for 
both fractions. Also RPD values for both prediction models were excellent (4.1). The 
PLS model for the stabilized fraction had a relative SEP of 11% and for the labile 
fraction of 16%. Both prediction models only slightly underestimated OC contents. 
The slope of the regression for the combined labile fractions was 0.965 and for stabi-
lized fractions it was 0.954. The improvement in the predictions for these combined 
fractions relative to the results for the separate fractions could be explained by the 
higher amount of soil components that is correlated to the spectra. Attained relative 
SEP were comparable to standard errors of OC in repeated fractionation steps. Leifeld 
& Kögel-Knabner (2005) obtained standard errors of OC in POM and sand-sized frac-
tions of 9 – 21%, and Six et al. (2000) obtained standard errors of OC in size classes 
and density fractions in macroaggregates of 11%. 
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3.3 Black carbon 

Black carbon consists of residues from incomplete combustion and mainly occurs in 
soil as soot and as charcoal. Because of its relative biochemical stability, it takes part 
in the SOM turnover only at very small annual rates. However, quantification of sta-
ble organic matter is needed for smart modelling because its pool size determines in 
addition to other recalcitrant compounds the ‘baseline’ of soil organic carbon that is 
hardly affected by land-use or management. For the current project, we developed a 
new and rapid approach to detect and quantify black carbon in soil by means of dif-
ferential scanning calorimetry (DSC). Briefly, this method relies on the different 
thermal stability of charcoal and soot relative to biogenic derived organic matter com-
pounds under oxidative conditions. The method has been shown to work quantita-
tively and adds to the rSOC-approach described above for sites that are high in black 
carbon and are probably not well reflected in the current calibration. Details of the 
method are described by Leifeld (2006b). 
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4 Comparison of measured fractions with modelled pools 

4.1. Model description 

In the third part of the study, we tested whether the measured soil carbon fractions 
correspond to calculated pools of a SOM model by modelling all of the 123 sites, as-
suming them to be in equilibrium, with the model RothC Ver. 26.3 (Coleman & Jen-
kinson 1999). This model has been applied to sites with diverse agricultural manage-
ment worldwide (Smith et al. 1997). The advantage of RothC is the small number of 
parameters needed to initialize the model. The specific questions of this study were: 
(i) Can measured SOM fractions be related to RothC modelled pools for soils under 
equilibrium conditions? (ii) Is it useful to initialize RothC with measured SOM frac-
tions? 

RothC is a model for the turnover of SOM and was developed to simulate changes in 
SOC stocks in arable topsoils from the Rothamsted Long Term Field Experiments in 
UK. It was then extended to model SOM turnover in grassland and woodland soils in 
different climatic regions worldwide (Coleman & Jenkinson 1999; Smith et al. 1997). 
The model can be used in two modes: i) forward mode to simulate SOM under 
changed agricultural management and input of plant materials, ii) inverse mode to 
calculate required plant inputs to reach the measured SOC content for equilibrium 
conditions with known land-use history. 

In this model, SOM is partitioned into five pools (Figure 4). IOM is defined as inert 
organic matter with a nominal radiocarbon age of 50 000 years. Incoming plant mate-
rial is separated into decomposable (DPM) and resistant (RPM) plant material with an 
empirically validated DPM:RPM ratio of 1.44 for arable and grassland soils. The 
plant material decomposes to form CO2, biomass (BIO) and humified organic matter 
(HUM), depending on clay content, whereas BIO and HUM are further decomposed 
to form more CO2, BIO and HUM. All pools except IOM decompose by first order 
decay at rates (year-1) of 10 for DPM, 0.3 for RPM, 0.66 for BIO and 0.02 for HUM. 
Decomposition rates are modified by temperature, moisture and the degree of soil 
cover.  
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DPM : Decomposable Plant Material
BIO : Microbial Biomass

HUM : Humified OM
IOM : Inert Organic Matter

Organic
Inputs

Structure of the Rothamsted Carbon Model

Decay

DPM

RPM

IOM

CO2

Decay
BIO

HUM

CO2

Decay
BIO

HUM

 

Fig. 4. SOC pools as defined by RothC (after Coleman and Jenkinson 1999). DPM 
decomposable plant material, RPM resistant plant material, HUM humified organic 
matter, BIO microbial biomass, IOM inert organic matter.  

 

4.2. Methodological approach 

We used the model to calculate the partitioning of SOC into pools. For this purpose, 
we assumed that the 123 sites are in equilibrium with respect to SOC, given that man-
agement had remained constant for at least the previous 30 years, and for more than 
100 years in many cases. We calculated the annual return of carbon to soil from 
known total carbon content, clay content, climatic conditions (monthly rainfall, tem-
perature and evaporation) and land use. The model approximated IOM with the equa-
tion proposed by Falloon et al. (1998). With the estimated plant inputs required to 
match the present SOC content, the model also partitions the SOC into pools that arise 
at equilibrium (nominally after 10 000 years). We assumed a bulk soil density of 1.48 
t m-3 for all sites, for RothC, as well as for the different fractions which is a typically 
value for mineral soils in Switzerland (Desaules & Studer 1993). Measured carbon 
contents of the fractions were converted to t C ha-1, which is the same unit output by 
RothC, and carbon in soil fractions was related to modelled RothC pools according to 
Fig. 5.  
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Fig. 5. Assignment of measured fractions to modelled pools for equilibrium condi-
tions. For details, see Zimmermann et al. (2006).  

 

4.3 Statistical analysis 

Data for SOC in the modelled pools and quantified fractions were tested for normality 
using Shapiro-Wilk’s W-test with a critical level of P<0.05 in order to select the ap-
propriate statistical methods to determine outliers, correlations and significant differ-
ences. Sites were distinguished between arable, grassland and alpine pasture and 
tested for outliers by Grubb’s test for normally distributed groups. When groups were 
not normally distributed, values outside a range of ±2 standard deviations from the 
median were rejected. Correlations between quantified and modelled values in non-
normally distributed groups were determined by Spearman’s rank order, R. The Kol-
mogorov-Smirnov test was used to test whether differences between non-normally 
distributed means of modelled pools and quantified fractions were significant. Corre-
lations between dependent variables were expressed as linear regressions with coeffi-
cients of determination (R2). 
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4.4. Results 

4.4.1 Correlation of measured with modelled data 

Results of Spearman’s rank order, R, correlations are given in Table 4. Data are pre-
sented for all sites and separately for different land uses. |R| values above 0.8 indi-
cated a strong correlation, those between 0.5 and 0.8 a modest correlation, and |R| 
values smaller than 0.5 only a weak correlation (Fahrmeier et al. 2004). Strongest 
correlations were obtained for BIO and HUM with an R of 0.99, but also most other 
correlations were modest to strong, except for RPM in the case of alpine pasture sites 
(P>0.05, R = 0.57). For BIO, HUM and IOM, modelled and quantified fractions could 
not be distinguished as being from separate populations. This finding applied to all 
three types of land use. No parameters are given for RPM of alpine pasture sites since 
the correlation between measurement and model output was not significant. Con-
versely, quantified fractions and modelled pools of DPM for alpine pasture sites were 
not different, but differences between means for DPM and RPM in soils from temper-
ate grassland and arable sites were significant. Modelled values of DPM and RPM 
were slightly larger than quantified ones. 

The results of this study demonstrate that it is possible to identify SOC fractions, 
which are quantitatively related to SOC pools used in RothC. The size of the different 
fractions obtained here is strongly correlated with the modelled pools. Thus, as mod-
elled pools and quantified fractions of BIO, HUM and IOM are from the same popu-
lations, model and laboratory fractionation separate SOC into equal parts with respect 
to turnover times. Strong correlation coefficients demonstrate the same partitioning of 
SOC for quantified fractions and modelled pools under the various site-specific condi-
tions. RothC requires only few input parameters to partition total SOC into its five 
model pools, including temperature, ratio of decomposable to resistant incoming plant 
material, soil moisture deficit, and agricultural land use. In contrast, partitioning into 
physical and chemical fractions depends on site-specific conditions.  

These results have implications both for models and for measurement as follows: i) 
The proposed fractionation procedure is suitable to measure pools as modelled with 
RothC, and ii) RothC predicts the partitioning of SOC into pools well, as confirmed 
by the measurements. If the aim is to find a fractionation procedure, which yields 
fractions as similar as possible to RothC pools, then the proposed method can be used 
with minimal adaptation. The values for DPM and RPM are slightly larger in the 
model than obtained by measurements. Changing the density of sodium polytungstate 
to 2.0 – 2.2 g cm-3 can increase the amount of OC in the POM fraction. Simultane-
ously, this will result in smaller amounts of SOC in S+A and s+c fractions. This re-
duction would not lead to a significant change since these two pools account for the 
major part of SOC. 

The correlations between modelled pools and quantified fractions for alpine pasture 
sites are less satisfying. Modelled pool sizes of DPM and RPM differed substantially 
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from the measured amounts of accumulated plant debris. One possible explanation is 
the low MAT of about 1.6° C. Plant decomposition decreases at low temperatures, 
and RothC was not developed to simulate SOC turnover under these cold climatic 
conditions. This disagreement could also be due to the difference in the amount of 
plant inputs under low MAT as compared to more temperate conditions, and also the 
ratio of DPM to RPM in the incoming plant material, which could differ from the em-
pirical value of 1.44. 

 

4.4.2 Combining and splitting of measured fractions 

Ratios of BIO to HUM pools under equilibrium conditions are relatively constant 
(Zimmermann et al. 2006). Thus, the means of these empirical values for temperate 
grassland, arable and alpine pasture could be extrapolated to sites with unknown land-
use history. However, DPM to RPM pool ratios are not constant, but rather they vary 
within sites. As no topsoil moisture deficit was observed at any site, ratios of DPM to 
RPM pools appear to be controlled primarily by temperature. The strong coefficients 
of determination allow reasonable predictions of ratios for DPM to RPM pools. This 
leads to the conclusion that splitting ratios for all fractions can be determined inde-
pendently of RothC by using empirical linear equations. On the other hand, the 
amount of DPM may vary considerably during the year, as the decay rate of DPM is 
10 year-1. Also, the amount of POM and DOC in soils may depend on what time dur-
ing the year the soil samples were collected. This is not taken into account by the 
modelled equilibrium conditions but is reflected in the soil samples. Nonetheless, we 
can predict the DPM to RPM pool ratios as all the soil samples were taken in spring. 
When we use the predicted ratios of DPM to RPM pools to split the summarized 
POM and DOC fractions and then compare the quantified fractions with the modelled 
pools, Spearman’s rank correlations are 0.83 for DPM and 0.76 for RPM when using 
data from all sites. Differences in means are significant for both groups, as revealed 
by Kolmogorov-Smirnov tests, whereas modelled pools are slightly larger than quan-
tified fractions, similar to the splitting ratios obtained from RothC. We used constant 
BIO to HUM pool ratios (0.0259 for temperate grassland, 0.0272 for arable and 
0.0261 for alpine sites) and found strong correlations (R=0.99) between quantified 
fractions and modelled pools with no significant differences between these groups. It 
can thus be concluded that for any site with climatic conditions similar to those pre-
vailing in Switzerland, SOC can be separated and converted into fractions which cor-
respond to pools used in RothC, independent of any values taken from RothC model 
runs. 
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Table 4 Spearman’s rank order correlations, R, and statistical parameters of Kolmo-
gorov-Smirnov analysis of modelled and quantified pools.  
 

  Kolmogorov-Smirnov test 

  Mean mod.a Mean quant.b Std. dev. mod.c
Std. dev. 
quant.d n P-level 

 Spearman's       
  R ____________________________ / tC ha-1 ___________________________     
        
All sites:        
DPM 0.82 1.05 0.67 0.54 0.41 111 P < 0.001 
RPM 0.76 9.22 5.93 3.56 2.86 111 P < 0.001 
BIO 0.99 1.23 1.32 0.49 0.55 111 P > 0.1 
HUM 0.99 47.22 50.72 18.79 21.43 111 P > 0.1 
IOM 0.73 5.71 5.79 2.58 2.27 111 P > 0.1 
        
Temperate grassland:       
DPM 0.74 1.2 0.77 0.43 0.36 92 P < 0.001 
RPM 0.78 9.51 6.14 3.47 2.96 92 P < 0.001 
BIO 0.99 1.24 1.34 0.47 0.53 92 P > 0.1 
HUM 0.99 48.03 51.62 18.14 20.36 92 P > 0.1 
IOM 0.70 5.84 5.95 2.48 2.24 92 P > 0.1 
        
Arable:        
DPM 0.68 0.08 0.05 0.03 0.02 11 P < 0.001 
RPM 0.77 7.48 5.02 2.51 1.79 11 P < 0.025 
BIO 0.99 1.09 1.14 0.41 0.44 11 P > 0.1 
HUM 0.99 40.14 41.71 15.12 16.36 11 P > 0.1 
IOM 0.65 4.64 5.62 1.89 2.35 11 P > 0.1 
        
Alpine pasture:       
DPM 0.76 0.64 0.37 0.51 0.26 8 P > 0.1 
RPM 0.57 n.d.e n.d.e n.d.e n.d.e 8 n.d.e

BIO 0.93 1.24 1.38 0.76 0.94 8 P > 0.1 
HUM 0.93 47.62 52.84 29.32 36.13 8 P > 0.1 
IOM 0.76 5.65 4.11 4.14 2.16 8 P > 0.1 
        

a modelled mean 
b quantified mean 
c standard deviation of modelled mean 
d standard deviation of quantified mean 
e not determined 
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5 Application of the carbon model to non steady-state conditions 

 

To initialise RothC for modelling long-term changes in SOC contents and turnover, 
the partitioning of SOC into the different model pools is necessary. In the model, this 
partitioning can be achieved by backward calculation of the necessary plant inputs for 
10 000 years, while assuming that climatic conditions and agricultural management 
were constant during that period. Compared to these highly unlikely assumptions, the 
use of measured fractions to initialize RothC has the advantage that processes which 
are ignored in the model, but which influence SOC, are taken into account in SOC 
partitioning. Thus, measured fractions reflect better than any model the conditions 
under which SOC is accumulated. Moreover, measured fractions are determined inde-
pendently of the model. The fractionation procedure presented here, with the adapta-
tion in the density separation, can be used to initialise RothC at any point of the land-
scape even with a lack of historical data. For sites with comparable climatic condi-
tions, splitting ratios for DPM to RPM pools and BIO to HUM pools can be adopted.  

The advantage of applying DRIFT-PLS predicted SOC fractions in the RothC model 
is shown in the following example (Figure 6), which is based on differently used agri-
cultural sites in the Swiss Central Plateau. The field site to be modelled is an arable 
site in Koppigen (BE) with a mean annual temperature (MAT) of 8.5° C, mean annual 
precipitation (MAP) of 1266 mm, and a clay content of 21 %. This site has a known 
land-use history with at least a 30 year-long period of arable rotation. The measured 
carbon stock in 2005 was 61.62 t C ha-1 for the 0-20 cm horizon. The equilibrium 
conditions for RothC and the annual carbon input can be calculated inversely by the 
model itself to obtain the starting conditions of the different SOC pools for simulating 
a change in agricultural management. In our scenario, this site will be converted to a 
natural meadow in 2006. To obtain the annual carbon input under these new condi-
tions, we calculated the annual carbon input of a natural meadow with a measured 
carbon stock of 122.37 t C ha-1 in Russwil (LU) with very similar climatic and tex-
tural site conditions (MAT = 7.8° C, MAP = 1333 mm, clay content = 20%) to that of 
Koppigen. The so calculated annual carbon input of 6.81 t C ha-1 for thenatural 
meadow was used in RothC to simulate the SOC changes in Koppigen after conver-
sion to meadow for the next 30 years, assuming no climatic changes at this site 
(‘RothC crop’ in Figure 6). But how reliable is this simulation, if the land-use history 
was not constant during the model-assumed last 10 000 years, but the site in Koppi-
gen was used as arable rotation site only for e.g. the last 10 years? This question was 
adressed by simulating a scenario, in which the site in Koppigen was used as intensive 
meadow for decades, and has been converted into an arable rotation site in 1995 
(‘RothC grass’ in Figure 6). To simulate the conditions before 1995, we took SOC 
values of an intensively used meadow with a carbon stock of 69.35 t C ha-1C in 
Russwil again to have similar site conditions. The annual carbon inputs from 1995 to 
2005 were then fitted in RothC to match the measured SOC stock in 2005, and the 
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calculated SOC pools of 2005 was used as the starting condition for the conversion of 
the arable site into a natural meadow with the annual carbon input of 6.81 t C ha-1 as 
above. So both start conditions before the conversion of the arable site to a natural 
meadow were calculated by the model itself. They had the same total SOC stock, but 
a different distribution of organic carbon among pools. To have a model-independent 
SOC distribution into the different pools in 2005, we quantified the pools in the Kop-
pingen soil by DRIFT-PLS as introduced above. The pool sizes as predicted by PLS 
were used as initial conditions in RothC, and the expected annual carbon input of 6.81 
t C ha-1 for a natural meadow applied as before (PLS in Figure 6) for the duration of 
30 years. 

 

 

Figure 6 Changes in the SOC stock of an arable site after conversion into a natural 
meadow considering different starting condition in 2005 (‘RothC crop’: starting con-
ditions calculated from equilibrium runs, ‘RothC grass’: starting conditions calculated 
from non steady-state conditions, ‘PLS’: starting conditions quantified by DRIFT-
PLS).               
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The results show that the prediction of SOC stock-changes depends on the SOC dis-
tribution among RothC pools at the beginning of the simulation and thus on land-use 
history. For a site with known land-use history, the simulated SOC stock changes are 
very similar for starting conditions defined either by equilibrium runs or by pool pre-
diction with DRIFT-PLS (‘RothC crop’ and ‘PLS’). But if the starting conditions are 
not known exactly, i.e. the site can not be assumed to be in equilibrium (‘RothC 
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grass’), the inverse modelling lead to an inaccurate simulation of the SOC stocks. In 
our example, the biased initialization for ‘RothC grass’ overestimates the accumulati-
on of SOC along the conversion from arable cropping to meadow by around 3 t ha-1. 
This overestimation is mainly caused by the amount of inert SOM, which is a function 
of the total SOC stock in RothC. By quantifying the site-specific pool sizes independ-
ently from the model through DRIFT-PLS, simulation results become more reliable. 

 

 

6 Conclusion: Current perspectives and future research needs 

With the results of this project, significant progress has been made in order to enable 
validation of some of the soil CO2 fluxes induced by land-use change as calculated in 
the Swiss Greenhouse Gas Inventory. As mentioned in the introduction, the coordi-
nated approach using soil fractionation, IR-based quantification and initialization of 
model runs without assuming equilibrium conditions is currently applicable to land-
use change from arable land to grassland and vice versa, for leys in arable rotations 
and for organic fertilization. It thus includes major drivers of SOM dynamics in Swiss 
agriculture. The IR-based quantification is likewise applicable to no-till conditions, 
but the current version of the RothC-model does not take into account no-till man-
agement. Though no-till is an important task to be handled within future CO2 emis-
sion and sequestration estimates, it is currently not possible to predict the carbon stor-
age of a soil under no-till over time with sufficient certainty, mainly because experi-
mental results on the effect of no-till on SOM storage is contradictory and some proc-
esses are not well understood. The same applies for the dynamic of alpine grasslands 
under changing climatic conditions. For some high-elevation sites, accumulation of 
labile plant residues exceeds those in temperate soils by a factor 2-3 even if the low 
temperature of these sites is considered in the simulation. Further research on the driv-
ing factors is thus necessary in order to proceed with the prediction of SOC dynamics 
in alpine grasslands. Modelling the dynamic of organic soils is still at its beginning, 
and future Swiss efforts should above all concentrate on providing reliable emissions 
rates estimated from soil profiles and flux measurements.  

 

 25



7 List of own publications at ART that are in total or partially funded by FOEN 
contract number: 810.03.0716 / 2003.C.04 

 

1. Zimmermann, M., Leifeld, J., Fuhrer, J. 2007. Quantifying soil organic carbon 
fractions by infrared spectroscopy. Soil Biology & Biochemistry 39, 224-231. 

2. Zimmermann, M., Leifeld, J., Schmidt, M.W.I., Smith, P. and Fuhrer, J. 2006. 
Measured soil organic matter fractions can be related to pools in the RothC model. 
European Journal of Soil Science, doi: 10.1111/j.1365-2389.2006.00855.x.  

3. Leifeld, J. and Zimmermann, M. 2006. Thermal analysis of mineral soils before 
and after oxidation with sodium hypochlorite. Journal of Thermal Analysis and 
Calorimetry, doi: 10.1007/s10973-006-7695-y. 

4. Leifeld, J., Franko, U. and Schulz, E. 2006. Thermal stability responses of soil 
organic matter to long-term fertilization practices. Biogeosciences 3, 371-374. 

5. Leifeld, J. 2006. Application of diffuse reflectance FT-IR spectroscopy and partial 
least squares to predict NMR properties of soil organic matter. European Journal 
of Soil Science 57, 846-857. 

 
 
References 
 

Baldock, J. A. & Skjemstad, J. O. 2000. Role of the soil matrix and minerals in pro-
tecting natural organic materials against biological attack. Organic Geochemistry, 
31, 697-710. 

Buholzer, S., Jeanneret, P. & Bigler, F. 2005. Evaluation der Ökomassnahmen - Be-
reich Biodiversität. Schriftenreihe der FAL 56, pp. 85-94. 

Christensen, B. T. 1996. Matching measurable soil organic matter fractions with con-
ceptual pools in simulation models of carbon turnover. In: Evaluation of soil or-
ganic matter models using long-term datasets. (eds. D. S. Powlson, P. Smith & J. 
U. Smith), pp. 143-159. NATO ASI Series 1: Global environmental change, 38. 
Springer-Verlag, Heidelberg.  

Coleman, K. & Jenkinson, D. 1999. RothC-26.3. A model for the turnover of carbon 
in soils. Model description and windows users guide. IACR – Rothamsted, Har-
penden. 

Desaules, A. & Studer, K. 1993. Nationales Bodenbeobachtungsnetz Messresultate 
1985-1991. Schriftenreihe für Umwelt, 200. Bundesamt für Umwelt, Wald und 
Landschaft, Bern. 

 26



Eusterhues, K., Rumpel, C., Kleber, M. & Kögel-Knabner, I. 2003. Stabilisation of 
soil organic matter by interactions with minerals as revealed by mineral dissolution 
and oxidative degradation. Organic Geochemistry 34, 1591-1600. 

Fahrmeir, L., Künstler, R., Pigeot, I. & Tutz, G. 2004. Statistik - Der Weg zur Daten-
analyse. Springer Verlag, Berlin. 

Falloon, P., Smith, P., Coleman, K. & Marshall, S. 1998. Estimating the size of the 
inert organic matter pool from total soil organic carbon content for use in the 
Rothamsted carbon model. Soil Biology & Biochemistry 30, 1207-1211. 

Houghton, R.A. 2003. Revised estimates of the annual net flux of carbon to the at-
mosphere from changes in land use and land management 1850-2000. Tellus Se-
ries B-Chemical and Physical Meteorology 55, 378-390. 

IPCC 2003. Good Practice Guidance for Land-Use, Land-Use Change and Forestry. 

IPCC 2006. 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Pre-
pared by the National Greenhouse Gas Inventories Programme, Eggleston H.S., 
Buendia L., Miwa K., Ngara T. and Tanabe K. (eds). Published: IGES, Japan.  

Janik, L.J. & Skjemstad, J.O. 1995. Characterization and analysis of soils using mid-
infrared partial least-squares. II. Correlations with some laboratory data. Australian 
Journal of Soil Research 33, 637-650. 

Krull, E. S., Baldock, J. A. & Skjemstad, J. O. 2003. Importance of mechanisms and 
processes of the stabilisation of soil organic matter for modelling carbon turnover. 
Functional Plant Biology 30, 207-222. 

Leifeld, J. 2006a. Application of diffuse reflectance FT-IR spectroscopy and partial 
least squares to predict NMR properties of soil organic matter. European Journal of 
Soil Science 57, 846-857. 

Leifeld, J. 2006b Thermal stability of black carbon characterised by oxidative differ-
ential scanning calorimetry. Organic Geochemistry, doi: 
0.1016/j.orggeochem.2006. 08.004. 

Leifeld, J. and Kögel-Knabner, I. 2005. Soil organic matter fractions as early indica-
tors for carbon stock changes under different land-use? Geoderma 124, 143-155. 

Malley, D.F., Lockhart, L., Wilkinson, P., Hauser, B., 2000. Determination of carbon, 
nitrogen, and phosphorus in freshwater sediments by near-infrared reflectance 
spectroscopy: rapid analysis and a check on conventional analytical methods. Jour-
nal of Paleolimnology 24, 415-425. 

McCarty, G.W., Reeves, J.B., Reeves, V.B., Follett, R.F. & Kimble, J.M. 2002. Mid-
infrared and near-infrared diffuse reflectance spectroscopy for soil carbon meas-
urement. Soil Science Society of America Journal 66, 640-646. 

 27



NIR 2006. Switzerland’s Greenhouse Gas Inventory 1990–2004 National Inventory 
Report 2006. Submission of 10 November 2006 to the United Nations Framework 
Convention on Climate Change. Swiss Federal Office for the Environment, Bern 
2006. 

Paul, E.A., Follett, R.F., Leavitt, S.W., Halvorson, A., Peterson, G.A. & Lyon, D.J. 
1997. Radiocarbon dating for determination of soil organic matter pool sizes and 
dynamics. Soil Science Society of America Journal 61, 1058-1067. 

Paustian, K., Andren, O., Janzen, H.H., Lal, R., Smith, P., Tian, G., Tiessen, H., Van 
Noordwijk, M. & Woomer, P.L. 1997. Agricultural soils as a sink to mitigate CO2 
emissions. Soil Use and Management 13, 230-244. 

Prentice, I.C. 2001. The Carbon cycle and atmospheric carbon dioxide. In Houghton, 
J.T., Ding, Y., Griggs, D.J., Noguer, M., van der Linden, P.J., Dai, X., Maskell, K. 
& Johnson, C.A. (eds): Climate Change 2001: The Scientific Basis. Cambridge 
University Press, pp. 183-237. 

Schimel, D.S., House, J.I., Hibbard, K.A., Bousquet, P., Ciais, P., Peylin, P., 
Braswell, B.H., Apps, M.J., Baker, D., Bondeau, A., Canadell, J., Churkina, G., 
Cramer, W., Denning, A.S., Field, C.B., Friedlingstein, P., Goodale, C., Heimann, 
M., Houghton, R.A., Melillo, J.M., Moore, B., Murdiyarso, D., Noble, I., Pacala, 
S.W., Prentice, I.C., Raupach, M.R., Rayner, P.J., Scholes, R.J., Steffen, W.L. & 
Wirth, C. 2001. Recent patterns and mechanisms of carbon exchange by terrestrial 
ecosystems. Nature 414, 169-172. 

Six, J., Conant, R.T., Paul, E.A. & Paustian, K. 2002. Stabilization mechanisms of 
soil organic matter: Implications for C-saturation of soils. Plant and Soil 241, 155-
176. 

Six, J., Merckx, R., Kimpe, K., Paustian, K. & Elliott, E.T. 2000. A re-evaluation of 
the enriched labile soil organic matter fraction. European Journal of Soil Science 
51, 283-293. 

Smith, P., Smith, J. U., Powlson, D. S., McGill, W. B., Arah, J. R. M., Chertov, O. G., 
Coleman, K., Franko, U., Frolking, S., Jenkinson, D. S., Jensen, L. S., Kelly, R. H., 
Klein-Gunnewiek, H., Komarov, A. S., Li, C., Molina, J. A. E., Mueller, T., Par-
ton, W. J., Thornley, J. H. M. & Whitmore, A. P. 1997. A comparison of the per-
formance of nine soil organic matter models using datasets from seven long-term 
experiments. Geoderma 81, 153-225. 

Trumbore, S.E., Chadwick, O.A. & Amundson, R., 1996. Rapid exchange between 
soil carbon and atmospheric carbon dioxide driven by temperature change. Science 
272, 393-396. 

Willimas, P. & Norris K. 1987. Near-infrared technology in the agricultural and food 
industries. American Association of Cereal Chemists, St. Paul, Minnesota. 

 28


