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“Soil organic matter is the fuel that runs the soil’s engine”(Fischer, 1995) 
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Abstract 

 

In view of a rapidly changing climate the soils have received an increasing 

amount of attention over the last two decades. Soil may cause an important feedback to 

climate change. If C (C) is released from soil to the atmosphere climate change will be 

exacerbated. On the other hand, if more C is accumulated in soil and the emissions 

decrease, climate change will be retarded, consequently changes in soil C content can 

have a large effect on the global C budget. The estimation of soil C content is of pressing 

concern for soil protection and in mitigation strategies for global warming.  

There are still many uncertainties and unanswered questions related to this issue 

of C accounting and the assessment of soil C amount in Mediterranean regions is even 

more difficult. There are few studies about C soil content in Sardinia, and consequently in 

this context drawn on the goal of my thesis. 

In this work a modeling approaches based on a Geographic Information Systems 

(GIS) was used for the estimation soil organic C in Sardinia soil. The overlapping of 

different layers in a GIS environment has allowed to collect the necessary inputs at 

Rothamsted C model run, while the validation of this was made possible by a collection 

of about 160 ground data scattered throughout the island area. By linking GIS, that 

contain detailed information on soils, land use and climate with dynamic simulation 

models for the turnover of organic C, it is possible to estimate the impacts of climatic 

changes on soil C stocks. 
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The earth’s climate is determined by several complex connected physical, 

chemical and biological processes occurring in the atmosphere, land and ocean.  

In view of a rapidly changing climate the soils have received an increasing 

amount of attention over the last two decades, both from scientists and the public indeed, 

mitigating the potential large negative impacts of a change in the earth’s climate will 

require strong and definite actions in the different sectors, particularly the soils (link to 

economic sectors of agriculture and forestry) deserve a close examination due to their 

large carbon (C) mitigation potential (IPCC, 2007). 

Soil is defined as the top layer of the earth’s crust through which the lithosphere, 

hydrosphere, atmosphere and biosphere interact. His training from the parent rock, 

involves a long series of processes and interactions between various components, living 

and not interacting with each other creating soil environment (pedosphere) with a depth 

varying from a few centimeters to several meters.  

In the life of our planet the soil plays a key role because it regulates the cycles of 

water, C, phosphorus and nitrogen, and is a largely non-renewable resource, sensitive to 

the impacts of climate change and human activity. These resources are listed below: 

 

 Production: almost all vegetation has its roots in the soil and it draws 

nourishment and water 

 Regulatory: soil characteristics depend on the movement of water into it (cycle), 

the transport of solid particles, the propensity to erosion 

 Protection: the soil is a biological filter, capable of retaining pollutants and 

protecting surface and ground water resources and food chains 

 Nature: it represents an important reservoir of biodiversity since is the richest 

habitat plant and animal organisms 

 Climate: a role in the C cycle influencing the Earth's surface energy budget and 

climate 

 Place: home building, road infrastructures and distribution networks and is a 

source of raw materials such as clay, sand and gravel 

 Historical and environmental preserves traces of environmental changes and 

human history 
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Climate exerts a significant influence on the soil life generally in equilibrium 

with climatic conditions that led to its formation. Climate change can alter this 

equilibrium, exercising a significant influence on soil properties. On the other hand, the 

soil itself can play a key role in mitigating or even more critical to the increasing trend of 

atmospheric concentrations of greenhouse gases (carbon dioxide, nitrous oxide and 

methane) (FAO Conference, 2010). Soil may cause an important feedback to climate 

change. If C (C) is released from soil to the atmosphere or if methane and nitrous oxide 

emissions increase, climate change will be exacerbated. On the other hand, if more C is 

accumulated in soil and the emissions decrease, climate change will be retarded 

(Rothamsted Research 2005). 

If the rate of organic matter accumulation exceeds, the rate of degradation 

increases the C content in the soil at the expense of C from the atmosphere. If the rate of 

accumulation is less than the rate of degradation, the C content in soil decreases and the 

soil acts as an additional source of carbon dioxide (CO2) to the atmosphere.  

This equilibrium very complex is subject of much research throughout the world. 

Therefore there are many studies of global climate change which took into account the 

direct effects on the structure and function of soil ecosystems, trying to understand how 

they may react to climate changes underway (European Commission, 2010).  

 

 

 

 

 

 

  



 

 

Marina Carta - Study of the soil C dynamics and regional estimates of C sequestration in Sardinia soils linking the 
RothC model to GIS databases. Tesi di Dottorato in Agrometeorologia e Ecofisiologia dei Sistemi 

Agrari e Forestali - XXIII ciclo –Università degli Studi di Sassari 

 11\ 
 
 

1. Why is it important to study the soil carbon? 

 

More than twice as much C is held in soils as in vegetation or the atmosphere (Bellamy 

et al., 2005). Total soil C pools for the entire land area of the world is estimated by Batjes 

(1996) to be 2157-2293 Pg of C in the upper 100 cm, while soil organic C is estimated to be 

684-724 Pg of C in the upper 30 cm, 1462-1548 Pg of C in the upper 100 cm, and 2376-2456 Pg 

of C in the upper 200 cm. 

Changes in soil C content can have a large effect on the global C budget (Bellamy et al., 

2005). The estimation of soil C content is of pressing concern for soil protection and in 

mitigation strategies for global warming (Jones et al., 2005). The greenhouse effect has created 

great concern and the role of soils in mitigating this effect has been recognized (Bhattacharyya 

et al., 2007); on the other hand the possibility that climate change is being reinforced by 

increased C dioxide emissions from soils owing to rising temperature is the subject of a 

continuing debate (Bellamy et al., 2005). 

There are still many uncertainties and unanswered questions related to this issue of C 

accounting. This topic is highly relevant across Europe for the soils more susceptible to 

desertification (i.e. Spain, Italy) and peat soils with large stocks of organic matter in the north 

(i.e. Finland, Scotland) or intensively managed soil in major agricultural areas (France, 

Germany, the Netherlands, the United Kingdom) places where organic matter is expected and 

anticipated to further decrease. Soil C stocks in Europe are estimated to be average 15.8 Kg C 

m-2 to a soil depth of 1 m; estimates of mean annual soil C stock changes are almost three 

orders of magnitude lower, with croplands losing soil C at a rate of about 70 g C m-2 y-1, and 

forests and grasslands gaining C at a rate between 37-60 g C m-2 y-1 (Janssens et al., 2005).  

Over millions of years the CO2 is removed from the atmosphere through erosion by 

silicate rocks and through burial in marine sediments of C fixed by marine plants. 

Burning fossil fuels returns C captured by plants in Earth’s geological history to the 

atmosphere. Until the 1980s atmospheric CO2 and oxygen (O2) data shows that the terrestrial 

biosphere was largely neutral with respect to net C exchange, but atmosphere became a net C 

sink in the 1990s. During the last two decades, fossil fuel combustion and cement production 

emitted 6.4 ± 1.3 Pg C y-1 to the atmosphere, while land-use change emitted 1.6 ± 0.8 Pg C y-1. 

Atmospheric C increased at a rate of 3.2 ± 0.1 Pg C y-1, the oceans absorbed 2.3 ± 0.8 Pg C y-1 

and there was an estimated terrestrial sink of 2.6 ± 1.3 Pg C y-1 (Smith , 2005). The flux of CO2 
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between soil and the atmosphere is large and estimated at 10 times the flux of CO2 from fossil 

fuels (FAO Conference, 2010).  

Human activities contribute to climate change in many direct and indirect ways; burning 

of fossil fuels and deforestation, but also cement production and other changes in land use and 

management such as biomass burning, crop production and conversion of grasslands to 

croplands have determined the increase in atmospheric CO2 concentration, so CO2 emissions 

from human activities are considered the single largest anthropogenic factor contributing to 

climate change (Denman et al., 2007). Through cultivation and disturbance, the man has 

decrease and still is decreasing the soil C relative to the store typically achieved under native 

vegetation, totally this human intervention have caused a loss of soil C of between 40 and 90 Pg 

C globally (Paustian et al., 1998; Houghton et al., 1999;).  

More recently, the mitigation focus has shifted and grown to include the non-CO2 gases. 

There is growing recognition that many of the sources of non-CO2 gases are manageable and 

that small changes in flux can be important and have long-term impact. A further important 

issue is that the gases methane (CH4) and nitrous oxide (NO2) are also potent greenhouse gases 

and are emitted from, and absorbed by soils; accordingly soils also have a second role to play, 

reducing emissions of other trace gases  to atmosphere, in combating climate change (fig. 1, 2). 

 

 

Figure 1. Soil C in context (from Freibauer, 2005) 



 

 

Marina Carta - Study of the soil C dynamics and regional estimates of C sequestration in Sardinia soils linking the 
RothC model to GIS databases. Tesi di Dottorato in Agrometeorologia e Ecofisiologia dei Sistemi 

Agrari e Forestali - XXIII ciclo –Università degli Studi di Sassari 

 13\ 
 
 

Nitrous oxide is formed primarily from nitrification and denitrification processes, its 

fluxes from agriculture soils (0.53 Pg C equivalents y-1) account for more than 50% of the 

global anthropogenic N2O flux. The majority (52%) of the methane flux from agriculture arises 

from enteric fermentation in ruminants, whit biomass burning (19%) and animal waste 

treatment (8%) accounting for other significant proportions (Robertson et al., 2004).  

Since C storage and trace gas fluxes from natural ecosystems offer less greenhouse 

mitigation potential and are harder to manage, is important to deepen the role of agricultural 

soils. In arable soils harvest reduces C returns to the soil, whereas C losses may be enhanced 

because of agricultural practices such as tillage. Thus, land conversion from other land uses to 

cropland is likely to lead to an overall decline in soil C. This soil may have the role of sources 

and sinks for CO2 and other greenhouse gases and this depends critically by the soil 

management. The greenhouse gas mitigation potential for agricultural soils results from 

reducing emissions or from increasing C inputs.  

It is possible to get soil C sequestration by increasing the net flux of C from the 

atmosphere to terrestrial biosphere by increasing global net primary productivity (NPP) (thus 

increasing C inputs to the soil ), by storing a larger proportion of the C from NPP in the longer 

term C pools in the soil, by adding additional C containing materials to the soil (such a manure 

or cereal straw) or by slowing decomposition. Regarding soil C sinks the best solutions are to 

increase C stocks in soils that have been depleted in C, i.e. agricultural soils and degraded soils, 

since the capacity for increasing C storage is greatest in these soils (Lal, 2004a). 

From CO2 this entails reducing the CO2 efflux from the soil or sequestering C in the 

soil. For N2O, this entails reducing N2O emissions. For CH4 this entails reducing CH4 emission 

from soils emitting CH4  (e.g. rice paddy soils) and maximizing the methane oxidation potential 

of other soils (Smith et al., 2001). The agricultural soils can be a large source of CO2 (Janssen et 

al., 2003). There is significant potential to reduce the efflux of C from agricultural soils and to 

sequester C in them. 
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Figure. 2 The main greenhouse gas emission sources/removals and processes in 
managed ecosystems. (from IPCC AFOLU, 2006-) 

 

 

Estimates of the potential for additional soil C sequestration vary widely. The most 

recent global estimate shows 0.9 ± 0.3 Pg C y-1; over 50 years, this level of C sequestration 

would potentially restore a large part of C lost from soils historically (Lal, 2004a). However, 

soil C sequestration rates have a limited duration and cannot be maintained indefinitely. 

Robertson et al. (2004) insisted on need for a systems approach for assessing 

greenhouse gas mitigation potential in agriculture. Increasing soil C stocks in the soil through 

reduced tillage can lead indeed to anaerobic zones in some soils and thereby increase N2O 

emissions (Smith et al., 2001; Six et al., 2004). Also, management to reduce CH4 emissions in 

rice paddy fields might increase N2O emissions. Trade-offs between the greenhouse gases are 

complex, but should always be considered (Robertson et al., 2004). 

Smith (2004b) recently calculated how future C emissions and CO2 stabilization targets 

might influence the relevance of soil C sequestration as a greenhouse gas mitigation measure. 

The future trajectory of C emissions over the next century depends upon many factors.  

The IPCC developed a range of standard reference emission scenarios (SRES) to 

provides estimates of possible emissions under a range of different possible futures. These 

possible future depend upon the degree to which greenhouse gas mitigation policies become 

global and upon whether environmental or economic concerns take precedence over the next 

century (IPCC, 2000). 
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C emissions gaps by 2100 could be as high as 25 Pg C y-1 meaning that the C emission 

problem could be up to four times greater than at present. The maximum annual global C 

sequestration potential is 0.9 ± 0.3 Pg C y-1 meaning that even if these rates could be maintained 

until 2100, soil C sequestration would contribute only a maximum of 2 to 5 % towards reducing 

the C emissions gap under the highest emissions scenarios (Lal, 2004a).  

Considering the limited duration of C sequestration options in removing C from the 

atmosphere, we see that soil C sequestration could play only a minor role in closing the 

emissions gap by 2100. It is clear that if we wish to stabilize atmospheric CO2 concentrations by 

2100, the increased energy demand can only be supported if there is large-scale switch to non-C 

emitting technologies for producing energy. Given that soil C sequestration can play only a little 

role in closing the C emissions gap by 2100 still retains an important utility for C sequestration 

in future climate mitigation: if atmospheric CO2 levels are to be stabilized at reasonable 

concentrations by 2100 (e.g. 450-650 ppm), drastic reductions in emissions there will be over 

the next 20 to 30 years.  

During this critical period, the sum of all measures to reduce net C emissions to the 

atmosphere will play an important role, there will likely be no single solution (IPCC, 2000a). 

Given that soil C sequestration is probably to be most effective in its first 20 years of 

implementation, it should form a central role in any portfolio of measures to reduce atmospheric 

CO2 concentration over the next 20 to 30 years while new energy technologies are developed 

and implemented (Smith, 2004b). 

The potential of soil organic C (SOC) sequestration is finite in magnitude and duration. 

It is only a short-term strategy to mitigating anthropogenic enrichment of atmospheric CO2. The 

atmospheric concentration of CO2 at the observed rate of 1990 (3.2 Pg C y-1) will continue to 

increase at the rate of 2.0–2.6 Pg C y-1 even with soil C sequestration. Thus, a long-term solution 

lies in developing alternatives to fossil fuel. Yet, SOC sequestration buys us time during which 

alternatives to fossil fuel are developed and implemented. It is a bridge to the future. Soil C 

sequestration is something that we cannot afford to ignore (Lal 2004a). 
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1.1.  Policy needs: the key role of soils in the Kyoto Protocol 

 

Climate change is widely recognized as one of the most critical challenges the world 

has ever faced. For several years now the European Union has been committed to tackling 

climate change both internally and internationally and has placed it high on the EU agenda, as 

reflected in European climate change policy. In the political arena, soil C sequestration is 

perhaps more hotly debated than in the purely scientific arena. Terrestrial sinks have received 

close political scrutiny since their inclusion in the Kyoto Protocol at the Fourth Conference of 

Parties (COP4) to the United Nations Framework Convention on Climate Change (UNFCCC) 

(Smith 2004b). 

Under the Kyoto Protocol international treaty, developed countries must take domestic 

action to reduce greenhouse gas emissions; the Annex B lists the Quantified Emission 

Limitations or Reducing Commitments for the parties that ratified the UNFCCC. The European 

Union is committed to an 8% reduction in CO2 emissions compared to baseline (1990) levels 

during the first commitment period (2008-12). Soils can be used as biospheric C sinks under the 

Kyoto Protocol and soil organic C is potentially an important global C sink, if the sink can be 

maintained.  

Several topics arise in the protocol that are relevant to the soil sequestration strategy. 

Some of these topics are the following: eligibility of sinks, treatment of soils, international 

trading, verification, leakage, and baselines. 

 Eligibility of Sinks 

Although the prospect of implementing the Kyoto Protocol raises many complex issues, 

the Protocol does establish international concurrence on some basic ideas and principles. For 

example, the Protocol recognizes that net emissions may be reduced either by decreasing the 

rate at which greenhouse gases are emitted to the atmosphere or by increasing the rate at which 

greenhouse gases are removed from the atmosphere using sinks. The focus is on agricultural 

soils as a sink. Even without ratification the Protocol helps to define this setting. The Kyoto 

Protocol clearly establishes credits for C sinks in Article 3.3. Three principles appear to underlie 

the sink provisions in the protocol and supporting documents. 

First, credits are to be limited to activities undertaken purposefully. Second, credits are 

to be granted only for those items that could be accurately and reliably measured. Third, 

countries are not allowed to meet their full commitment through sink enhancement, emission 

reductions must also be pursued. 
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 Treatment of Soils 

In terms of sinks, the Protocol permits credits for a limited list of activities (Article 3.3) 

while making it possible for additional activities to be added to this list later (Article 3.4). The 

Article 3.3 sinks involve afforestation and reforestation since 1990, and prescribe debits for 

deforestation. However, even there the role of forest soils is somewhat ambiguous. The Protocol 

does not clearly indicate that soils are part of the forest. In fact, the Protocol fails to define 

‘forest’, ‘afforestation’, and ‘reforestation’. The Intergovernmental Panel on Climate Change 

has prepared a Special Report on Land Use, Land Use Change, and Forestry (IPPC, 2000) that 

explores these and other matters. That report generally does assume that forest soils should be 

considered as part of the forest. Agricultural soils are treated in Article 3.4 but only as a possible 

item for future inclusion. Specifically, the Protocol states that the Conference of the Parties will 

‘decide upon modalities, rules and guidelines as to how, and which, additional human-induced 

activities related to changes in greenhouse gas emissions by sources and removals by sinks in 

the agricultural soils and the land-use change and forestry categories shall be added to, or 

subtracted from, the assigned amounts.  

 International Trading 

Sinks are not only relevant within a country, to offset its own emissions. The Protocol 

establishes the principle of international emission permit trading, which at least partially extends 

to sinks. Article 6 discusses Joint Implementation, whereby one Annex I country1 can pursue 

projects in another Annex I country and use the C benefits toward its own emissions 

commitments. Article 12 discusses the Clean Development Mechanism, under which projects 

can be sponsored by an Annex I country in a non-Annex I host. Article 17 discusses trading of 

emissions credits among Annex I countries. Article 6 specifically mentions ‘removals by sinks’ 

but this language is missing from Article 12 and coverage needs to be established. Transfer of 

emissions credits under either Article 6 or Article 17 would not create additional global 

emissions permits. What appears in the accounts of one party must be subtracted from the other. 

Transfer of emissions credits under Article 12 would create additional global emissions permits 

since a country with emissions restrictions would obtain additional emissions permits from a 

country without such. An issue open to discussion with respect to international trading is the 

allocation of responsibility for failure to sequester C. Does responsibility fall to the buyer or the 

seller? Sequestration in a non-Annex I country under Article 12 raises additional questions. 

Presumably this sequestration would be undertaken under a defined contract and the sponsoring 

country would receive emissions permits as C was sequestered in the host country. After 



 

 

Marina Carta - Study of the soil C dynamics and regional estimates of C sequestration in Sardinia soils linking the 
RothC model to GIS databases. Tesi di Dottorato in Agrometeorologia e Ecofisiologia dei Sistemi 

Agrari e Forestali - XXIII ciclo –Università degli Studi di Sassari 

 18\ 
 
 

expiration of the contract, however, the host country would have no emissions limits under the 

Kyoto Protocol and the question is whether there is any liability if the sequestered C is 

subsequently released. Strategies for renting emissions permits are poorly developed but are 

beginning to be discussed. There are a number of related concerns about international leakage 

under a system in which some, but not all, countries participate.  

 Monitoring and Verification 

A recurring theme in the Kyoto Protocol is monitoring and verification of C emissions 

and sinks. Potential sinks must somehow be internationally certified with changes in C stocks 

monitored. What is of particular importance here is that the Kyoto Protocol includes a variety of 

mechanisms that permit, and would surely stimulate, trading in C emissions permits. C 

sequestered by one Party could be used to offset emissions in another sector of the national 

economy (and thus help to meet national commitments under the Kyoto Protocol) or it could be 

traded or sold to a Party in another country to use in fulfilling its national commitments. In 

order for a viable market in C credits to develop there needs to be a commodity that can be 

clearly identified and reliably and consistently measured in a country wide setting, not just on a 

project by project basis. We also note the possibility that the quantity of C credits generated by 

an endeavour might depend on the uncertainty of sequestration achievement. For example, 

Canada (1998) has outlined a proposal in which the amount of C sequestered by a mitigation 

measure would be reported along with the uncertainty in this measurement. Credits could be 

claimed only to the extent that there was 95% certainty in the amount of C sequestered. Under 

this procedure, the greater the uncertainty, the lower the mitigation credit that could be claimed 

in order to be 95% confident that the achievement was indeed at or above the credited amount. 

 Leakage 

An important concept in terms of C credits for sinks is that of leakage. Much of the 

implementation of C sinks will occur through specific C enhancement projects. When a project 

is implemented it may stimulate C gains through its own activities, but there is the possibility of 

offsetting C losses through changes in activity outside of the project focus area. For example, C 

sequestration end eavors involving transfer of land from agriculture to forestry might stimulate 

substantial countervailing land transfers out of forestry, thus offsetting the C gains. Such losses 

are called leakage. C credit projects will need to account for leakage due to altered economic 

activity in other parts of the economy. 
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Countrywide accounting may sometimes be required. Furthermore, in international C 

trading, the accounting system will need to consider leakage in the source and host countries. 

However, the leakage issue is further complicated by the fact that some changes in C 

stocks are reportable under the Kyoto Protocol while others are not. 

 Baselines 

Finally, the Protocol raises the issue of baselines. Most notably, under Article 12 

emissions credits are required to arise from ‘reductions in emissions that are additional to any 

that would occur in the absence of certified project activity’. This would require that countries 

not only monitor and verify the C that has been sequestered, but that they measure a baseline of 

C that would have been sequestered without the project. Measurement of C stock changes along 

the path-not-traveled might rely on modeling or control plots. In either case, countries would 

have to distinguish between what did happen and what would likely have happened. Baselines 

are likely to be an issue under Article 3.4 of the Protocol as well (Marland et al., 2001). 

 

As exposed before, land-use/ land-management change and forestry activities, that are 

shown to reduce atmospheric CO2 levels, can be included in the Kyoto emission reduction 

targets. Soil C changes occurring during afforestation, reforestation or deforestation are 

included under Article 3.3 of the Kyoto Protocol, while soil C sequestration in croplands, 

grazing lands, in managed forests and in land subject to revegetation is included under Kyoto 

Article 3.4. The additional C emissions caused by land-use change (e.g. due to deforestation) 

have to be accounted. These C emissions as well as the offset by C sequestration have to be 

reported as part of national greenhouse gas inventories. The respective guidelines (IPCC, 2006) 

define precise rules for preparing annual greenhouse gas inventories in the Agriculture, Forestry 

and Other Land Use (AFOLU) sector. 

To prepare inventories for the AFOLU sector, emissions and removals of CO2 and non-

CO2 greenhouse gases are estimated separately for six land-use categories: Forest Land (FS), 

Cropland (CL), Grassland (GL), Wetlands (WL), Settlements (SL) and Other Land (OL). Each 

land-use category is further subdivided into land remaining in that category (e.g., Forest Land 

Remaining Forest Land) and land converted from one category to another (e.g., Forest Land 

converted to Cropland). Countries may choose to further stratify land in each category by 

climatic or other ecological regions, depending on the choice of the method and its 

requirements. 
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Within each land-use category, C stock changes and emission/removal estimations can 

involve the five C pools that are defined in Table 1. The emissions and removals of CO2 for the 

AFOLU sector, based on changes in ecosystem C stocks, are estimated for each land-use 

category and C stocks changes within a stratum are estimated by considering C cycle processes 

between the C pools (Fig 3, 4):  

 

ΔC LUi = ΔCAB + ΔCBB + ΔCDW +  ΔCLI + ΔCSO  

 

Where ΔC LUi: C stocks changes for a stratum of a land-use category. Subscripts denote 

the C pools described in table 1. 

 

 

 

Figure 3: The five C pools indicates by the AFOLU guidelines. 
 
 

According to relevance, data and model availability, as well as resource and capacity to 

collect and analyze additional information, the reporting country has to choose between 

different tiers in estimating changes in C pools and fluxes. In general, moving to higher tiers 

improves the accuracy of the inventory and reduces uncertainty, but the complexity and 

resources required for conducting inventories also increases for higher tiers, and if needed, a 

combination of tiers can be used. 
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Table. 1 Definition for C pools used in AFOLU for each land use category 

POOL DESCRIPTION 

Biomass Above ground biomass 
(AB) 

All biomass of living vegetation, both woody and 
herbaceous, above the soil including stems, stumps, 
branches, bark, seeds and foliage 

Below ground biomass 
(BB) 

All biomass of live roots. Fine roots of less than 
suggested 2 mm diameter are often excluded because 
these often cannot be distinguished empirically from 
soil organic matter in litter 

Dead 
organic 
matter 

Dead Wood (DW) Includes all non-living woody biomass not contained 
in litter, either standing, lying on the ground, or in 
the soil. Dead wood includes, wood lying on the 
surface, dead roots, and stumps, larger than or equal 
to 10 cm in diameter  

Litter (LI) Includes all non living biomass with a size graer than 
he limit for soil organic matter (suggested 2 mm) and 
less than the minimum diameter chosen for dead 
wood (e.g. 10 cm), lying dead, in various states of 
decomposition above or within the mineral or 
organic soil. This includes the litter layer as usually 
defined in soil typologies.  

Soils Soil Organic Matter 
(SO) 

Includes organic C in mineral soils to a specified 
depth chosen by the country and applied consistently 
through the time series. Live and dead fine roots and 
DOM within the soil, that are less than the minimum 
diameter limit (suggested 2 mm) for roots and DOM, 
are included with soil organic matter where they 
cannot be distinguished from it empirically 

 

The guidelines distinguish between lands that remain in the same category but are 

affected by management changes and lands which are converted to another category. Changes in 

managements or land-use category are called activities (reported in area) and have to be 

multiplied with an emissions factor that describes the source/sink strength of each kind of 

activity (reported in t CO2 per area and year ) (IPCC, 2007). 

Seen the important role for C sequestration in climate mitigation in the next 20 to 30 

years, it will be necessary to accurately monitor the amounts of C sequestered in order to 

estimate its role in closing the C emission gap (Aalde et al., 2006).  
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Fig. 4: Generalized C cycle of terrestrial AFOLU ecosystems showing the flows of C into 
and out of the system as well as between the five C pools within the system. ( from Aalde, 2006) 

 

 

The soil C sequestration strategy is the common link between three UN Frameworks 

Conventions: Climate Change, Biodiversity and Desertification Control. Soil C sequestration 

can reduce the rate of enrichment of atmospheric CO2 by 0.6 to 1.2 Pg C y-1 while enhancing 

biodiversity and controlling desertification. Restoration of degraded/ desertification soils and 

ecosystems is an important ancillary benefit of soil C sequestration.  

Of all the ancillary benefits, the impact of soil C sequestration in advancing global food 

security can neither be ignored nor overemphasized. Severe soil degradation is a common 

problem among all regions threatened by food insecurity including sub Saharan Africa, Central 

and South Asia, the Andean Regions etc. 

There is a important link between soil C sequestration and global food security. Soil C 

sequestration indeed is an important ancillary benefit of the inevitable necessity of enhancing 

soil quality for feeding the global population of 6 billion in 2000, which is expected to reach 7.5 

billion by 2020 and 9.4 billion by 2050 (Kutsch et al., 2009). 
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2  The soil carbon dynamics 

 

Soil science studies the properties physical, chemical, biological and soil fertility, and 

these properties in relation to the use and exploitation of terrestrial soil more recently, soil 

science focused also in the role soil in a context of increasing atmospheric CO2 concentration 

and the resulting greenhouse effect. 

The soil science is important for diagnostics and maintenance of soil health (or fertility): 

indeed the soil health is defined as the continued capacity of soil to function as a vital living 

system, by recognizing that it contains biological elements that are key to ecosystem function 

within land-use boundaries These functions are able to sustain biological productivity of soil, 

maintain the quality of surrounding air and water environments, as well as promote plant, 

animal, and human health (Kutsch et al., 2009). 

 

Knowledge of the dynamics of soil C is essential for a better understanding of the 

terrestrial C balance. The pools of actively cycling C are atmospheric CO2, biota (mostly 

vegetation), soil organic matter (including detritus), and the ocean. Of these, the oceans contain 

the largest reserves of C (about 39,000 Pg C) though most of this (all but about 1000 Pg C) is in 

deep ocean layers and not in active circulation, at least in times measured in human generations 

(Janzen, 2004). World soils represent a major component of the global C cycle, because the 

soils are the second largest terrestrial C reservoir, yet because the soil–plant system and the 

pedosphere-atmosphere interface are sites of intense C exchange with 10% of atmospheric C 

passing through soils annually, and finally for the capacity of soils for long-term storage of 

photosynthetically fixed C (Jacinthe et al., 2002).  

All of these C pools (the atmosphere, vegetation, soil, and ocean) are connected. 

Atmospheric CO2 enters terrestrial biomass via photosynthesis, at a rate of about 120 PgC per 

year (gross primary productivity). But about half of that is soon released as CO2 by plant 

respiration, so that NPP is about 60 Pg C per year. This amount is stored at least temporarily in 

vegetative tissue, but most eventually enters soil upon senescence. At the same time, 

heterotrophic respiration (largely by soil microorganisms) and fire return an amount roughly 

equivalent to NPP (60 Pg C per year) back to atmospheric CO2, closing the loop. Averaged over 

the total area of continents, these C inputs and losses amount to about 4Mg C ha−1 per year (Fig. 

5). Exchange of CO2 between atmosphere and ocean are even larger than those between air and 

land ecosystems (about 90 Pg C per year, both ways). 
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But a surprisingly large exchange also occurs via biological processes; though ocean 

biomass is a mere 3 Pg C, its NPP almost equals that of all land plants, with a mass of about 600 

Pg C. The C flows among the various pools, and their feedbacks, have kept the global C cycle 

quite stable for millennia at least, until recent decades when human activity began exerting 

increasing stresses on the C cycle (Janzen, 2004). 

Soil organic C is the largest C reservoir in many terrestrial ecosystems including 

grasslands, savannas, boreal forests, tundra, some temperate forests, and cultivated systems, 

comprising as much as 98% of ecosystem C stocks in some systems. The global soil C pool of 

2500 gigatons (Gt) includes about 1550 Gt of soil organic C and 950 Gt of soil inorganic C 

(SIC) (Conant and Paustian, 2002).  

 

 

 

Figure 5 An overview of the global C cycle, as it was in the 1990s 2001 a) All C stocks are in 
units of Pg C, and flows are in units of Pg C per year. (b) Global C stocks and flows, expressed as 

averages per ha of continental area. Values are expressed in units of MgCha−1 or MgCha−1 per 
year. 
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The soil C pool is 3.3 times the size of the atmospheric pool (760 Gt) and 4.5 times the 

size of the biotic pool (560 Gt,). The SOC pool to m-1 depth ranges from 30 tons/ha in arid 

climates to 800 tons/ha in organic soils in cold regions, and a predominant range of 50 to 150 

tons/ha. The SOC pool represents a dynamic equilibrium of gains and losses (Fig. 6) (Lal et al., 

2004). 

 

Figure 6. Processes affecting SOC dynamics. There are indicated emissions of CO2 into the 
atmosphere. 

 

Figure 7 The global soil organic C map derived from International Satellite Land Surface 
Climatology Project (ISLSCP) dataset 
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About one third of organic soil C occurs in forests and another third in grassland and 

savannas, the rest in wetlands, croplands and other biomes. The global soil organic C map (fig 

7) shows the areas of high soil organic C predominantly in cold boreal (e.g. Northern Canada) 

and warm and humid tropical regions (e.g. South East Asia), reflecting areas of deep organic 

soils (i.e. peat lands). However even temperate zones, for example the United Kingdom, can 

contain considerable amounts of soil organic C in wet and cold upland regions. Most of the soil 

organic is not inert, but in a continuous dynamic state of accumulation and decomposition 

(Janzen, 2004), the schematic soil C cycle in fig 8 indicates this continuous exchange of C 

between the soil and the atmosphere, mostly as C dioxide (CO2) and methane (CH4). 

Consequently, any net C loss from soils will increase the CO2 concentration in the atmosphere 

and in water bodies, whereas net accumulation in soil C (or sedimentation in rivers or lakes etc.) 

can contribute to the reduction of the atmospheric C pool (Ellert et al., 2001; Lal, 2004). This 

cycling of C is increasingly influenced by human activities (IPPC, 2007). On an annual basis, 

global soil respiration estimates amount to about 80 Pg C (Schlesinger and Andrews, 2000; 

Raich et al ., 2002), roughly ten times the annual flux from fossil fuel combustion (7.2 Pg C; 

IPCC, 2007). Crucially, past and current cultivation of soils led to significant soil C losses of 50 

Pg or more; conversely land-use or management change can offer an opportunity for 

sequestering atmospheric C in soils (Janzen 2006). Importantly, in the long term, these soil C 

changes can be greater than any above-ground C gains.  

As even small changes in soil organic C pools, due to climate changes or to human 

activities, might have large impacts on the global C cycle, it becomes vital to assess soil organic 

matter pools and their changes accurately. 
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Figure 8 Schematic soil C cycle (from Rodeghiero 2006) 

 

SOC is the C content of SOM, which is mostly around 50 to 60%. Most soils contain 

large amounts of SOC in the litter and organic layers. Commonly soils are characterized by a 

SOM rich topsoil with decreasing soil organic C content down the soil profile, its thickness 

determined by soil mixing. In Histosols organic matter layers can extend to many metres depth. 

The simplest way to report SOC content is a concentration (i.e. mass of C per unit mass of soil; 

g kg-1). More frequently SOC is expressed on an area (Kg m-2) or volume (Kg m-3) basis, 

although for inventory purposes SOC concentration, unless specified as per total soil volume, 

should be defined as C density (e.g. kg C m-2 per unit of soil depth), which requires data on soil 

bulk density, stone content, depth of sampling and root content. 

The total amount of organic C stored in a soil is the resulting net balance of all C fluxes 

entering and leaving the soil over time (fig 8). Most organic C matter entering the soil originates 
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from plants. Above ground litter, mainly derives from plants. Above-ground litter mainly 

derives from woody tissue (e.g. twigs, bark) leaves, flowers, fruits, mosses, lichens and fungi; 

below-grounds inputs include dead roots and their associated mycorrhizal hiphae, root exudates 

(mainly sugars and organic acids) and sloughing of root surface tissues. However, any above-

ground litter will eventually become below-ground input, for example due to bioturbation and 

cultivation. Although the living fine root biomass constitutes only a small fraction of the total 

stand biomass, the contribution of fine roots to total stand biomass, the contribution of fine roots 

to total soil C inputs can be quite substantial. For example, fine root production in forest 

ecosystems can be assumed to be around 50 to 75% of total net primary productivity (Majdi, 

2001; Nadelhoffer and Raich, 1992).  

In forest ecosystems, this is due to the high biomass of woody tissue relative to 

production above ground, coupled with fast rates of growth and turnover relative to below-

ground biomass. Some recent studies indicate that roots and mycorrhiza are even more 

important for the accumulation of SOM than above-ground leaf litter. Other considerable source 

of SOM can be animal faeces, dead animals and wet or dry organic matter soil surface 

deposition. At agricultural sites, applications of fertilizer including organic matter such as 

manure or compost can significantly increase the SOM pool. Furthermore, there is evident that a 

small amount of CO2 can be directly fixed by microbes in the soil, contributing to SOM 

In natural ecosystems, losses of C from the soil derive mainly from decomposition and 

mineralization processes of SOM, which lead to the release of CO2 and some other trace gases 

(CH4 and CO). The production of methane is of importance in particular in wetland and 

peatlands, varying between less than 1 to more than 40 g C m-2 y-1 (Miltner et al., 2005). 

Leaching can also cause C losses from any soil via dissolved organic C (DOC) and 

dissolved inorganic C (DIC). These losses, although high during peak rainfall events (Freeman 

et al., 2004), are generally small and account for up to 20 g C m-2 y-1 for DOC and DIC in 

Europe  

The largest annual flux components is generally heterotrophic soil respiration 

(calculated as the difference between net primary productivity and net ecosystem productivity), 

estimated to range between 280-970 g C m-2 in temperate forest ecosystems (Pregitzer and 

Euskirchen, 2004). Still, hydrological fluxes of C can be significant, especially in relation to a 

sometimes quite small net ecosystem exchange (Fahey et al., 2005). In arable or other highly 

disturbed systems, a depletion of soil C also occurs due to lower plant litter input through 

harvesting, faster  SOM breakdown (as it is more accessible in soil aggregates disrupted by 
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ploughing) and increased displacement of C-rich surface soil through wind and water erosion. 

In fact erosion can lead to considerable C losses at the plot scale, but net effect are harder to 

predict when up-scaling since it depends on the fate of the C in the deposition area. It is 

estimated that about 1.14 Pg C may be annually emitted into the atmosphere through erosion-

induced processes (Janzen, 2006).  

All the ecosystems in the world will be likely to experience fire activity. Mediterranean 

ecosystems, for example, are fire dominated and have been subjected to fire for centuries 

(Duguy et al., 2007). The fires in tropical savannas (grassland, woodland and forest) are 

principal sources of CO2 emission to atmosphere; in these ecosystems, in fact, fire is commonly 

used to convert forest to agriculture purposes. In forest ecosystems prescribed fires of low 

intensity are sometimes used to consume the understorey and part of the forest floor layers to 

prevent fuel build-up and resulting large-scale forest damage (Ferran et al., 2005). Fire events 

mostly consume all litter as well as part of the organic matter; depending on the intensity, this 

“burning” can reach quite low into the mineral layers (Duguy et al., 2007) or also peat (Page et 

al., 2002). Moreover, heating of soil layers alters their physico-chemical properties (Neary et 

al., 1999) and affects soil nutrients. 

During a fire, soil nutrients are either volatilised or transformed into ashes and, 

consequently, after a fire there is generally a net loss of nutrients from the ecosystem  due to 

export through leaching, wind blow or erosion. However, in the short term soil fertility usually 

increases after fire due to a higher nitrogen and phosphorous availability in soil solution. Due to 

the increased pH and concentration of base cations soil respiration is temporally enhanced, 

indicating higher nitrogen mineralization and nitrification.  

The magnitude of the nutrient flush depends on the temperature and duration of the fire 

and the amount of organic matter burned. Fire indeed also alters net assimilation rates of the 

standing vegetation (i.e. leaf damage or loss) causing a decrease in the supply of organic matter 

and root-derived substrates to the soil for quite some time (Duguy et al., 2006). In particular, in 

organic soils fires can smoulder underground for long periods leading to considerable C losses 

(Page et al., 2002). 

Losses of organic C and nitrogen caused by volatilisation are proportional to fuel 

consumption or fire intensity or both. Moreover larger fuel loads result usually in more intense 

fire and thus larger losses of organic C and nitrogen. The heat transfer into mineral soil during 

fire is strongly limited by the insulating effect of  the soil (Duguy et al., 2007). For this reason 

the main short-term effects of fire are expected to occur in the upper 0 to 2 cm layers of mineral 
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soil (Debano and Corrad, 1978). Duguy et al., (2007) reported a significant 25% decrease in soil 

organic matter C 4.8% to 3.6% due to recurrent fires in a shrubland ecosystem in eastern Spain. 

Finally, fire in the forest floor and superficial soil layers always decreases C contents, 

whereas losses from the mineral layers depend on fire intensity, frequency and insulating layers.  
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2.1. The soil carbon pools 

 

The soil consisting of a mixture of organic and mineral particles, soil solution and air, 

resulting from the interaction between biotic and abiotic factors; it is the medium in which 

plants acquire water and nutrients through their root systems. Soil organic compounds include 

all the organic matter present in the soil: living organisms (bacteria, algae, fungi, soil fauna and 

plant roots), the organic products derived from their activity (faeces, bacterial and fungal 

synthesized substances and root exudates) and plant and animal remains at various stage of 

decomposition, passing through several soil horizons and eventually entering various humus 

stages. Excluding living organisms (including living roots), we can define SOM as: “the plant 

and animal remains at different stages of decomposition and the substances derived from the 

biological activity of the soil-living population” (Rodeghiero 2006).  

SOM consists of many classes of compounds with different biochemical properties and 

varying degrees of association with the mineral matrix which differentially contribute to the 

overall dynamics of total SOM. 

Most model of SOM dynamics divide SOM into several kinetic compartments (e.g 

active, slow and passive, according to the Century model) based on assumed turnover times, and 

define their dynamics in terms of transfers form one compartment to another (Parton et al., 

1987). 

When the organic material enter the soil is subject to biological decay by various types 

of soil organisms including macro-and megafauna (e.g. earthworms, snails and larvae), 

mesofauna (e.g. springtails and mites) or microfauna (e.g. nematodes and protozoa), as well as 

bacteria and fungi. Abiotic chemical oxidation is only of minor importance (Von Lützow et al., 

2006). The time organic matter remains in the soil depends on a number of site specific 

parameters of which soil temperature, moisture and substrate quality and supply can be seen as 

most important, as they together determine microbial activity. While probably all SOC can 

potentially be degraded by microbes, the rate at which it is mineralised also depends on the 

chemical nature of the organic material itself, its protection against microbial attack and its 

variability (e.g. litter mixtures might decompose faster; Briones and Ineson, 1996).  

Biological fractionation separate SOM into labile and recalcitrant portion through 

microbial mineralization. The underlying assumption is that the microbial biomass will 

mineralize the labile portion first, leaving the recalcitrant portion behind.(Kutsh et al., 2009). 
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We can distinguish between primary and secondary chemical recalcitrance of organic 

matter (Von Lützow et al., 2006): (1) primary recalcitrant refers to organic molecules of plant 

origin, such as lignin, waxes, cutin or suberin, which are less easily degradable by soil 

organisms than starch or cellulose (Bertrand et al., 2006); (2) secondary recalcitrant, on the 

other hand, includes products and residues of soil fauna and microbes (such as murein, chitin, 

lipids and melanin), charcoal and humic polymers. If chemical recalcitrance were the main 

factor determining SOM accumulation, this would lead to a selective preservation of those 

molecules in old C fractions. Instead, a number of studies have shown that apparently old 

fraction of SOM still contain large amounts of labile organic matter, indicating that other 

stabilization mechanisms are also involved (Schoning and Kogel-Knabner, 2006), for example 

sorptive preservation of organic matter in association with certain minerals (such as allophone, 

poorly crystalline Al and Fe oxides and hydroxides) and metals (Kleber et al., 2005; Wiseman 

and Puttmann, 2005).  

Occlusion of organic matter by soil aggregates (in particular in clay soils) can also be of 

considerable relevance, while intercalation within soil minerals does not seem to be 

quantitatively important (Von Lützow et al., 2006).  

In soil C model (e.g. Century) such decomposition processes are represented in three 

arbitrary SOM pools, which only vaguely relate to measurable SOC fraction, with specific 

turnover rates and an additional clay decomposition modification factor (Rodeghiero, 2006). 

In the soil are distinguished three pools of organic matter. The easily decomposable 

active soil organic matter and the more stable slow passive humic substances, also often called 

recalcitrant pool. These pool receive fresh organic matter via litter input but also from microbial 

turnover and other events such as fire. Litter and the resulting humic substances are 

decomposed, mainly by the bulk soil micro-organisms that comprise bacteria, fungi and soil 

meso- and macro-fauna, resulting in respirations and subsequent soil CO2 efflux and changes in 

the chemical compositions of SOM. This biological activity is the driving force for the 

conversion of litter into stable humus and is also related to bioturbation (e. g. earthworm 

activity), which causes both aeration and SOM incorporation into clay minerals or deeper soil 

layers. Importantly, this biological activity, although crucial in determining SOM turnover and 

soil C storage capacity, is not yet adequately included in most modelling frameworks. As simple 

as measuring soil CO2 efflux or determining the soil C stocks of a might appear, this basic 

research on soil C dynamics provides many challenges. In contrast to above-ground C relations, 

the world of soil C turnover and decomposition discovered within the 'hidden half' of terrestrial 
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ecosystems. It involves thousands of species of soil organisms, ranging from metre or 

centimetre to less than micrometre scale. It is surprising how little we know globally about 

those biological components that drive turnover rates of litter and organic matter. Many of the 

decomposer bacteria, for example, are still unknown, but their role is important in aerobic, and 

even more so in anaerobic, decomposition, Were are not yet to name most of them at species 

level or to group them into functional types as is commonly done when modelling plant C 

dynamics at the larger scales. About another important group, the soil fungi, we do not yet fully 

understand their life cycles, environmental responses or specific role in the C cycle. 

Only recently, the advance of molecular techniques enabled us to realize lived of 

complexity of processes involved in the decomposition of organic matter, and the combination 

of these novel molecular techniques with stable isotope probing will hope full improve our 

understanding in the near future. In addition, the activity of below-ground decomposer 

organisms is influenced by many factors such as the amount and chemical quality of litter and 

soil organic matter, soil texture and porosity, pH value, input via litter fall and root turnover, 

root biomass and root activity. Also past and recent disturbances, such as fire or erosion as well 

ploughing, agro chemicals or acid deposition, can affect the soil C turnover substantially. 

Therefore, site inter-comparisons even for the same soil type are difficult to interpret. Moreover, 

our basic ability to adequately separate autotrophic and heterotrophic flux components . and 

their respective responses to en environmental changes is still limited. However, the proper link 

between above-and below -ground C flow in the plant-soil C flux continuum needs to be 

established, as can be seen in the continued debate on the existence and role of soil priming, 

which may alter turnover of older organic matter as a result of fresh plant-derived soil C input. 

Finally, all these novel aspects need to be considered by the modelling community, for 

which the incorporation of basic soil biology still seems a major obstacle (Kutsch et al., 2009). 
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3. Soil organic carbon stock changes 

 

All of the factors of climate change (raised atmospheric CO2 concentration, 

temperature, precipitation) affect soil C, with the effect on soils of CO2 being indirect (through 

photosynthesis) and the effects of weather factors being both direct and indirect. Climate change 

affects soil C pools by affecting each of the processes in the C-cycle: photosynthetic C-

assimilation, litter fall, decomposition, surface erosion, hydrological transport. Due to the 

relatively large gross exchange of CO2 between atmosphere and soils and the significant stocks 

of C in soils, relatively small changes in these large but opposing fluxes of CO2 may have 

significant impact on our climate and on soil quality. Therefore, managing these fluxes (through 

proper soil management) can help mitigate climate change considerably. Can be used two 

hypotheses to predict the potential dynamics of soil C stocks in such a changing environment 

(Garten, 2004).  

Based on the first hypothesis, the decomposition of SOM is more sensitive to 

temperature change than NPP consequently increasing temperatures will result in a net transfer 

of soil C to the atmosphere as SOM decomposition is stimulated more than NPP (Kirschbaum, 

2000).  

This would lead to a positive feedback mechanism: the release of soil C further 

increases atmospheric CO2 concentrations, leading to even higher surface temperatures and 

consequently more soil C loss through accelerated decomposition. However, there is also a 

potential inhibitor to this positive feedback. Increased decomposition rates may stimulate 

greater soil nitrogen availability, leading to higher NPP, which potentially increases C inputs 

into the soil through litter fall and rhizodeposition that would somewhat offset the increased soil 

C loss. In this first hypothesis soil C dynamics depend on the soil C balance changes. Currently 

is not known in which direction this soil C balance will move (Davidson et al., 2006) but 

indications are for a net loss (Bellamy et al., 2005).  

In addition it is inaccurate to suppose that an increase in net primary productivity will 

translate simply into additional below-ground storage. In fact they found that a doubled litter 

addition in an old growth forest in Oregon resulted in a much higher soil respiration than 

expected based on the additional C added (Rodeghiero 2006).  

The second hypothesis further considers the additional effect of human produced 

nitrogen (N) fertilization from agricultural fertilizer usage and the combustion of fossil fuel the 



 

 

Marina Carta - Study of the soil C dynamics and regional estimates of C sequestration in Sardinia soils linking the 
RothC model to GIS databases. Tesi di Dottorato in Agrometeorologia e Ecofisiologia dei Sistemi 

Agrari e Forestali - XXIII ciclo –Università degli Studi di Sassari 

 35\ 
 
 

former producing predominantly NH3 (and NO3 ), the latter NOX  (NO+NO2), eventually leading 

to dry and wet N deposition on vegetation and soil (Cowling and Galloway, 2002). 

Soil C stocks might then gain more C than they lose due to rising temperatures in a 

nitrogen-rich environment. Firstly, increased soil N availability would increase NPP and 

subsequently litter and thus soil C inputs (as seen in the first hypothesis). Secondly, although 

higher N content might stimulate initial litter decomposition it seems to suppress humus decay 

in later stages, thus leading to stabilization of SOM in mineral-associated fractions. 

There are a strong correlation between the soil C stocks and temperature and in the 

certain regions temperature explains a large part of the variation in soil C stocks. Clearly other 

factors co-exist and also impact on soil C stocks. However, temperature seems to be one of the 

most important environmental factors (Rodeghiero 2006), and interestingly, for the UK 

analysis, this seems to be supported by measured losses in soil C stocks (Bellamy et al., 2005). 
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3.1. Methods for the soil carbon determination 

 

The knowledge of temporal and spatial heterogeneity of soil properties, general 

environmental conditions, and management history are essential when designing methods for 

monitoring and projecting changes in soil C stocks. Measuring changes in soil C storage is 

complicated because a substantial fraction of it appears relatively inactive in the short term (i.e., 

few years). When short-term changes in soil C often occur in the relatively small light fraction, 

known for its temporal and spatial variability due to environmental conditions and management 

histories (Post et al., 2001). 

The measurement of soil C stocks relies on fallowing a precise sample protocol 

(including backup samples for possible laboratory inter-comparison or later cross-validation) 

but there are several question with sampling of soil for analysis (i.e. sample depth, pooling of 

samples, bulk density and stone content). In general the best advice is to follow (inter)nationally 

accepted soil sample protocols, but specific attention should be paied to site- specific issues 

such as stoniness or SOM distribution within the soil profile (Rodeghiero 2006). 

There are many methods available to analyze SOM and SOC concentration, each with 

advantages and disadvantages (MacDicken, 1997; Palmer, 2002, Bisutti et al., 2004). Because 

of many available methods, all with their specific advantages and limitations, it is vital to know 

how a sample has been processed when comparing datasets analyzed by different laboratories or 

inventories. In fact, applying the same protocols at different laboratories can deliver quite 

different results, exhibiting instruments- specific bias. This enables correction of laboratory-

specific differences and is especially important if soil analyses of later soil inventories cannot be 

performed in the same laboratory or with the same instruments. Though this might sound 

meticulous, we have to consider the relatively small changes we intend to measure in large 

existing C stocks, which justifies avoiding any bias in sample analyses. Generally the obtained 

SOM values are then converted into SOC into SOC value using conversion factors. However, 

some concerns remain over how to convert SOM into SOC content accurately and it is good 

practice to include an internal laboratory standard in every sample batch analysis. Otherwise, 

the comparison of different techniques to determine soil C content can often only be done after a 

stratification of the samples at least by bedrock and texture. Therefore, it is good practice to 

store dried soil samples to enable analytical comparisons to be carried out at a later stage (as 

done by Bellamy et al., 2005) (Rodeghiero 2006). 
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3.2. Monitoring soil C at local, regional and global level. 

 

Several approaches and tools will be required to develop reliable estimates of changes 

in soil C at scales ranging from the individual experimental plot (local level) to whole regional 

and national inventories.  

 

At local level (i.e. where the mean change over time in a small area is target quantity) 

the spatial heterogeneity of soil organic C and its dynamic nature prevent direct detection of 

changes on annual or smaller time scales; stratified sampling (e.g. by soil or vegetation type) is 

one way to increase the precision of the estimates of mean change (Post et al., 2001). 

 

At regional level differences in geology or topography can affect the variation in C 

content. A national or regional soil sampling project should be planned in detail from the 

beginning and, in particular, the objectives should be agreed and an acceptable level of 

confidence in the result defined. Following the methodology of designing sampling schemes 

and choosing the number and position of the sampling plots in De Gruijter et al. (2006) the 

choice is between a design-based and a model-based approach. 

The design-based approach requires probability sampling (e.g. stratified random 

sampling) and should be used where the required result is an estimate of the frequency 

distribution of change in organic C or a parameter of this distribution (e.g. the mean change in 

organic C stock and its standard deviation). 

The model-based approach, on the other hand, requires systematic sampling (e.g. grid-

based sampling) and should be used when prediction of values at individual points or maps are 

required.  

Regional estimates of C stocks can be obtained by extrapolation of data obtained at the 

plot scale or field scale. Usually the landscape is divided into homogeneous areas (i.e. 

stratification) with regard to management and/or soil environmental conditions. Estimates for 

each patch are then multiplied by its area and the sum of all the areas leads to the regional 

estimate. Each patch can be defined at various level based, for example, on soil, climatic or 

land-use maps, or other data of which there are spatial estimates. The more homogeneous the 

patches are, the less will be the variation in the estimate of the mean values for each patch. 

Possible factors for stratification could be: climate, aspect, elevation, soil type and texture. 

Specifically, significant aggregation errors might be introduced with varying soil texture inside 
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the investigated area. Indeed, silt and clay particles play important roles in physically  protecting 

labile organic matter from decomposition (Post et al., 2001). After a suitable stratification, 

application of a geographical information system (GIS) can then help significantly with the 

extrapolation of data to the regional, national or even global scale using many layers related to 

topography, micro-climate, geology, vegetation and factors that could influence soil formation.  

There two most important examples are presented as follows: Guo et al. (2006) created 

maps of soil organic C and inorganic C generated from the State Soil Geographical database 

(STATSGO) and overlain with land-cover, topography (elevation and slope), mean annual 

precipitation, and mean annual temperature, while Jones et al, (2005) used a methodology for 

obtained estimating organic C contents (%) in topsoils across Europe. The information 

presented in map form provides policy-makers with estimates of current topsoil organic C 

contents for developing strategies for soil protection at regional level. 

GIS models can also be used together with digital elevation models (DEMs) in order to 

account for topography effects on surface area (Garnett et al., 2001). Also satellite images and 

remote sensing data can help with stratification and land-use change assessments.  

Regional soil C investigations tend to consider only the soil to a depth of usually 30 cm 

(i.e. topsoil, equal to arable ploughing depth). The choice of sampling depth is determined by 

two considerations: (1) at a global level around 30 to 70% of the organic C is stored in the 

topsoil (Batjes, 1996) and (2) the topsoil is more frequently subject to anthropogenic and 

climatic perturbations and land-use change (Sun et al., 2004); moreover the organic matter 

stored in deeper soil layers has turnover times that are much longer than the life span of the 

above –starting crops or forests. However, some studies demonstrated that soil depth even 

below 30 cm can have a major impact on the estimates of C stock (e.g. Harrison et al., 2003). 

Therefore, sampling down the entire soil profile is more accurate, in particular for peat soils (i.e. 

to the mineral soil), as shrinking or expansion of peat due to water table changes alters soil C 

content per depth increment. However, even the mineral soil beneath a peat layer can store large 

quantities of organic C of up to 8 Kg C m-2 (Moore and Turunen, 2004). 

 

At global level, since soils are very dynamic systems, spatial changes have to be 

considered when estimating C balance, as uncertainty increases with up-scaling and the 

necessary spatial and soil-depth related aggregations. Uncertainties are already large at regional 

to national level, and even larger at global scale. More importantly, up-scaled soil C estimates 

per biome vary considerably between different datasets (i.e. due to different soil depth and 
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vegetation map data ). There is certainly scope for an improved global soil dataset using more 

data and geostatistical approaches. In practice, soil monitoring schemes tend to be based on soil 

inventories, designed to estimate regional SOC stock and not its change over time. Thus, when 

designing a new soil inventory scheme it is important to consider the possibility of repeating the 

sampling to enable estimation of SOC stocks changes. 

Many soil inventories have been carried out in the past and it can be useful to use the 

data from these inventories when looking for changes in C stocks. However, it is very important 

that the protocols for these historical inventories are well recorded to ensure that estimates 

change are possible (e.g. when using different  SOM/SOC methods and conversion factors). 

Saby et al. (2008) have investigated the ability of national soil inventories across Europe to 

detect changes in organic C if they were repeated. They estimated that, with a reasonably dense 

number of sites, changes in soil C should be able to be detected after ten years across the 

majority of countries in Europe.  

Bellamy et al. (2005) determined the C stocks change in UK, in  the period 1978-2003 

at a depth of 15 cm using the data from the national soil inventory of England and Wales. This 

inventory was based on a sampling grid of 5 Km, for a total of 6000 points covering all possible 

land uses. At each sampling site 25 cores were collected in a systematic way and bulked. Forty 

per cent of the points were sampled again after between 12-25 years. This study showed a loss 

of 13 million t of C per years (about 0.6% of the UK soil C stocks), corresponding to about 9 % 

of UK’s CO2 emission reductions achieved between 1990 and 2002 (12.7 million tonnes of C 

per year). The greatest losses were observed in the organic, C–rich soils; moreover, no-

relationship was found between the rate of loss of soil C and land use-type. This study gives a 

first indication of a real positive feedback effect of climate change on soil C stocks, as during 

the study period average air temperature in the UK increased by 0.5 °C (Shulze and Freibauer, 

2005). However, no bulk density data were collected and so these data could not be expressed as 

C densities (i.e. ignoring peat shrinking and expanding effects on measured organic C contents 

per depth increment) and further SOM analysis differed between analyses.  

In Belgium Lettens et al., (2005) investigated SOC changes in the whole of Belgium 

(30599 km2), which was divided into 567 landscape units obtained by intersecting maps of land 

use and soil type. The SOC stock for 1960 was derived from data of C concentration, stone 

content, soil horizon depth and bulk density (using pedotransfer functions). Soil sampling 

campaigns were performed between 1950 and 1970; they were then repeated in the 1980s and 

again between 1997 and 2002. Soil C stock changes were  derived from the differences between 
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sampling periods, e.g. 1960, 1990 and 2002. In 17% of the landscape units, a significant 

increment of the topsoil (30 cm) C stock was observed, whereas 16% showed a significant 

decrease, both were related to land use. Between 1960 and 2000 the largest and smallest 

increments were recorded in the mixed and broadleaves forests (+29 Mg C ha-1) and grassland 

(+9 Mg C ha-1), respectively. On the whole, the topsoil C stock of rural Belgium increased from 

140 Mt C in 1960 to 157 Mt C in 2000. The average stock per unit surface increased from 58 

Mg C ha-1 to 65 Mg C ha-1 (Kutsch et al., 2009). 

Jones et al (2005) was to produce a continuous pan-European cover of quantitative OC 

content in the topsoil, taken as 0–30 cm depth. This study uses a novel approach combining a 

rule-based system with detailed thematic spatial data layers to arrive at a much-improved result 

over either method, using advanced methods for spatial data processing. The rule-based system 

is provided by the pedo-transfer rules, which were developed for use with the European Soil 

Database. The strong effects of vegetation and land use on SOC have been taken into account in 

the calculations, and the influence of temperature on organic C contents has been considered in 

the form of a heuristic function. Processing of all thematic data was performed on harmonized 

spatial data layers in raster format with a 1 km * 1 km grid spacing. This resolution is regarded 

as appropriate for planning effective soil protection measures at the European level. The results 

demonstrate that the methodology utilized represents a realistic alternative to approaches based 

on direct extrapolation of point observations, either by assigning measured data from a small 

number of points  to polygons delineated on a soil map that represent much larger areas with no 

measured values, or by employing a spatial extrapolation procedure of values derived from 

point data. Even with the apparently large number of ground data points (> 12 000 values 

available to the study) some soils with limited spatial representation are hardly included in the 

sample data. 

 

In the last twenty years increasing attention to the issue of soil C has led to the 

realization of several projects at international, European and national level. Generally these 

projects emphasise the common need of developing a robust and clear C accounting and 

verification systems that combine direct and indirect measurements techniques that are 

repeatable and can be performed quickly and cheaply.  

Following are presented some examples of project: 
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RSTCB (The Role of Soil in Terrestrial C Balance, Werner Kutsch chair, Max-Planck-

Institute for Biogeochemistry-Jena) is a European project developed over 5 years, from mid 

2002 to mid 2007. The main objectives of programme were: to increase confidence in soil C 

flux and stock change estimates to generate datasets that are reliable and consistent; to develop a 

new generation of models describing soil C dynamics; to investigate the effects of perturbation 

on soil C balance and the potential for mitigation of C emissions. 

For these tasks, the programme included scientists from out with the soil community, 

for example agricultural economists and land use planners, so as to generate two-way dialogues 

that inform the wider global change debate with soil-related scientific knowledge as well as 

adding relevance to scientific work by placing it in a broader context. 

 

GCTE SOMNET (A Global Network and Database of Soil Organic Matter Models and 

Long-Term Experimental Datasets, Pete Falloon administrator, Soil Science Department, 

Rothamsted Research, Harpenden) is a global network of soil organic matter models and long-

term experiments established during 1995 that includes several participants from south and 

north America, Australia, Africa Asia and Europe with a total of 120 experiments and 31 

models C soil utilised. SOMNET has rapidly become internationally recognised as an important 

scientific initiative in the following ways: SOMNET has been adopted by the IGBP's GCTE 

programme as a Core Project of its focus on Soil Organic Matter; SOMNET has been invited to 

participate in the IPCC's Joint Working Group on Methodologies for Establishing National CO2 

Inventories; long- term datasets and models selected from SOMNET have been used to 

complete the most comprehensive evaluation of soil organic matter models undertaken to date, 

in a process begun at a NATO-funded Advanced Research Workshop held at Rothamsted. In 

this exercise, nine leading SOM models were compared for performance in simulating twelve 

datasets representing different land-uses (arable, grassland, forestry), climatic zones and 

management practices. Only four models were able to simulate all land-uses (RothC, NCSOIL, 

CENTURY and SOMM) and a group of six models (RothC, CENTURY, DAISY, CANDY, 

NCSOIL and DNDC) performed significantly better than did three others. In addition to the 

model comparison exercise we have also used European datasets from SOMNET (see Smith et 

al., 1996c) to estimate the potential for C sequestration in agricultural soils in the UK the 

European Union and the wider Europe. These studies shown that agronomically realistic 

scenarios could sequester up to 10% of the anthropogenic CO2 produced in Europe each year or 
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up to 2% of that produced globally. The data were used to estimate the potential consequences 

of land-use change following the British BSE crisis. 

 

CARBOEUROPE (Assessment of the European Terrestrial C Balance, 2004-2008, 

Ernst-Detlef Schulze coordinator) has the aim to enhance the understanding and the 

methodologies for the observation, quantification and prediction of the terrestrial C Cycle of 

Europe in order to fulfill the political need for accurate estimates of regional C sinks and 

sources. CarboEurope provide critical knowledge to adequately trace the C fluxes and identify 

the ecosystem compartments in which C is ultimately immobilized. CarboEurope attempts to 

have this observation system in place 5 years before the First Commitment Period under the 

Kyoto Protocol (2008-2012), and to operate it for an equivalent time period as the Commitment 

Period. It thus may act as a test run for the feasibility of detecting the biospheric C sources and 

sinks and changes in fossil fuel emissions over this politically important time span of 5 years. 

 

The content of C sequestration in soils needs to be known at different scales of 

resolution: field, regional, national, and global. Estimations of soil C stocks have been made at 

national and global levels (Post et al., 2001; Batjes, 1996), but while there are soil quality 

programs that include soil C monitoring, there is no internationally agreed-upon method to 

verify these changes. There is, therefore, an urgent need to develop robust, science-based, 

flexible, and practical protocols for monitoring and verifying temporal changes in soil C (Post et 

al., 2001; Rodeghiero 2006). 
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4 Soil organic C models 

 

Large uncertainties are involved in predicted soil C change estimates, comparisons of 

predictions between different countries, estimates prepared with different methodologies, and in 

comparisons to empirical data. Therefore, uncertainties of predicted soil C change estimates 

should be always assessed. Process-based modeling of soil C dynamics can be used to produce 

soil C change estimates for countries with different resources and levels of input data, since a 

wide range of models with differing input data requirements exists. Whenever possible, models 

and other methods should be developed in parallel (Peltoniemi et al., 2007). 

SOM models can be used to assess the impact of global change on SOM and subsequent 

feedback effects. A model simulation of future events obviously cannot be compared to 

measured data to verify its validity. We can, however, get some measure of performance by 

testing a model's ability to simulate long-term SOM changes using existing datasets (Smith et 

al., 1997). The need for models of soil organic matter (SOM) turnover is similar to the need for 

many models of environmental processes; extrapolate or interpolate experimental results in 

time, space and to different environmental conditions; and to investigate scenarios and 

hypotheses that are beyond the realm of experimental works (Kutsch et al., 2009). 

The aim of process models is to reproduce soil C dynamics in form of equations. These 

models in combination with GIS and remotely sensed data can be useful to predict changes in 

soil C stocks in long term. Soil organic matter models are now used, more than ever, to 

extrapolate the understanding of SOM dynamics both temporally (into the future) and spatially 

(to assess C fluxes from whole regions or continents). Another increasing application of SOM 

models is in agronomy; many SOM models are now being used to improve agronomic 

efficiency and environmental quality through incorporation into decision support systems (Post 

et al., 2001). 

Among the models the most common and widely used models are RothC (Rothamsted 

C Model; Coleman and Jenkinson, 1996); CENTURY (Parton et al., 1987); DNDC (Li et al., 

1994) and SOCRATES (Grace and Ladd, 1995). These models describe processes, such as 

transformation, protection and mineralization of SOM, at various levels of detail and with 

different dependencies on environmental conditions. Consequently, each model has its own 

power and limitations, and their results should always be validated with experimental data.  
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4.1. Modelling carbon accumulation in soil 

 

There are several approaches to modelling SOM turnover including process-based 

multi-compartment models, models that consider each fresh addition of plant debris as a 

separate cohort that decays in a continuous way, and models that account for C and nitrogen 

transfers through various trophic levels in a soil food web. 

The understanding and interpretation of SOM processes vary widely in current SOM 

models. Generally soil organic matter models can be classified as  

1) single homogeneous compartment;  

2) two compartment;  

3) non compartmental decay  

4) multi-compartmental.  

 

Models in group 1 and 2 are principally but not exclusively static ( where the current 

model status depends on the status in the previous time step, e.g. time varying environmental 

conditions ), while the models in group 3 and 4 are mostly dynamic (where the current model 

status depends on the status in the previous time step, e.g. varying environmental conditions) the 

dynamics models can be further split into organism-oriented and process-oriented models 

(Kutsch et al., 2009).  

The SOM model can provide tool for understanding spatial and temporal soil organic C 

dynamics and may simulate SOM as a whole, or SOC, nitrogen or other nutrients.  

Most models are process based, that is they focus on the processes mediating the 

movements and transformations of matter or energy and usually assume first-order rate kinetics. 

Early models simulated the SOM as one homogeneous compartment but some years later 

Jenkinson (1977) proposed two-compartment models, and as computers became more 

accessible, multi-compartment models were developed. Of the 33 SOM models currently 

represented within the GCTE-SOMNET database 30 are multi-compartment, process based-

models"(Smith et al., 1997). 

The decomposition of organic matter in soil is a complex process involving multiple 

biological interactions due to enzyme activities necessary for the decomposition itself. At the 

same time is simple to make a conceptual division of the different fractions of organic matter in 

the soil depends on the speed with which they are degraded. For example, the stubble degrade 

quickly once incorporated into the soil as humus, which gives the intrinsic fertility soil, it 
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degrades slowly. We can assume that other fractions characterized from different degradation 

rates are present in the ground and between them exchange of matter occur. The abundance and 

reactivity of each fraction determines its contribution to total mineralization rate; fractions large 

and relatively stable with low reactivity, leading to a slow mineralization while the 

incorporation of small amounts of substrates in the soil characterized by high degradability, 

begin of the mineralization peaks. The main concept of the models that simulate the 

mineralization of organic matter is that the process of C mineralization occurs in different 

fractions (pool), each characterize in terms of quality and quantity; the speed with which this 

process occurs depends on the their chemical composition which determines, for example, the 

degradability of the same organic matter. Thus generally all the simulation models represent the 

dynamics of C by the subdivision of organic matter into different pools.  

A pool is defined as "a compartment that contains materials which are chemically 

indistinguishable and equally accessible to plants or soil microbial population" (Smith et al., 

1997). Thus the soil organic matter that the addition through crop residues or organic fertilizers 

is assigned to one or more pools each of which has specific properties (C / N ratio, speed 

decomposition, etc.) that allow the dynamic simulation decomposition. In the models each pool 

is represented by a state variable and corresponding rates of change are calculated according to 

the specific characteristics of the pool and the relationships between them. Moreover each pool 

can be represented in different ways: for example it is possible replicate a pool at various depths 

to take into account the effects of treatment or incorporation of organic materials in soil. Then, it 

is possible to realistically divide soil organic matter in different fractions each characterized by 

a level of specific and constant activity, in the model simulation assumes that every fraction 

affected by the process of decay according to a first-order kinetics. Each compartment or SOM 

pool within a model is characterized by its position in the model’s structure and its decay rate. 

Decay rates are usually expressed by first-order kinetics with respect to the concentration (C) of 

the pool: 

 

 

 

where t is the time. The rate constant k of first-order kinetics is related to the time 

required to reduce by half the concentration of the pool when there is not input. The pool’s half-

life  (h = (ln2)/k), or its turnover time (τ= 1/k) are sometimes used instead of k to characterize a 
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pool’s dynamics: the lower the decay rate constant, the higher the half-life, the turnover time 

and the stability of the organic pool.  

Solving this equation simulation models allow to estimate the C content in different 

pools for each instant of time (t). Resolution of the first equation we get: 

 

  

 

  

 

ln C= -k t + c 

 

The final equation allows to calculate the C content for a given pool and at time t, while 

the first equation indicates a reduction C content of the passage of time since the rate 

mineralization is negative, showing a loss of C due to biochemical processes that occur in the 

soil. The use of one or two different pools to represent fractions of the substance organic soil is 

usually insufficient to estimate the turnover of organic matter in soil even if ultimately the 

general approach by who develops the simulation models is to create simplified models that can 

satisfactorily describe the changes in content soil organic matter in the long term (Jenkinson 

1990; Kutsch et al., 2009). 

Generally in the models there are three or four pools and at least one of these includes 

microbial biomass is characterized by high activity. This allocation of C and nitrogen in 

different pools can better represent the reality as homogenous materials are divided into 

different compartments each having specific characteristics. 

The flows of C within most models represents a sequence of C going from plant and 

animal debris to the microbial biomass, then the soil organic pools of increasing stability. Some 

models also use feedback loops to account for catabolic and anabolic processes, and microbial 

successions. The output flow from an organic pool is usually split. It is directed to a microbial 

biomass pool, another organic pool and, under aerobic conditions, to CO2. This split simulates 

the simultaneous anabolic and catabolic activities and growth of a microbial population feeding 

on one substrate. Two parameters are required to quantify the split flow. They are often defined 

by a microbial (utilization) efficiency and stabilization (humification) factor, which control the 
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flow of decayed C to the biomass and humus pools respectively. The sum of the efficiency and 

humification factors must be inferior to one to account for the released CO2. 

Another approach to modelling SOM turnover is to treat each fresh addition of plant 

debris into the soil as a cohort. Such model consider one SOM pool that decays with a feedback 

loop into itself. Q-SOIL, for example, is represented by a single rate equation. The SOM pool is 

divided into an infinite number of components, each characterised by its ”quality” with respect 

to degradability as well as impact on the physiology of the decomposers. The rate equation for 

the model Q-SOIL represented the dynamics of each SOM components of quality q and is 

quality dependent (Bosatta and Agren, 1996).  

Exact solutions to the rate equations are obtained analytically (e.g. Bosatta and Agren, 

1995). Another type of model simulated C and nitrogen transfers through a food web of soil 

organisms (Smith et al., 1997). 

Some models have been developed in order to combine an explicit description of the 

soil biota with a process-based approaches. Food web models require a detailed knowledge of 

the biology of the system to be simulated (mostly unknown) and are usually parameterized for 

application at the specific sites (Kutsch et al., 2009).  
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4.2. A quick view on some models 

 

There are several SOM model, below we will describe some of them: 

 CANDY (C-Nitrogen-Dynamics) (Franko, 1996) is a modular system of 

simulation models and a data base system for model parameters, measurement values, initial 

values, weather data and soil management data. It simulates dynamics of soil N, temperature 

and water in order to provide information about N uptake by crops, leaching and water quality. 

CANDY uses a semi-cohort system to track litter decay, and calculates a biologically active 

time to allow comparisons among sites. The inert organic matter (IOM) component is calculated 

from the proportion of soil particles < 6~m (Franko 1996). 

 CENTURY (Parton et al. 1989) was developed to simulate long-term (decades 

to centuries) SOM dynamics, plant growth and cycling of N, P and S. It was originally 

developed for grasslands but has since been extended to agricultural crops, forests and savannah 

systems. It uses a monthly time step with monthly average maximum and minimum 

temperatures and monthly precipitation data. It comprises two forms of litter: Metabolic and 

Structural, and three SOM compartments: Active, Slow, and Passive. C leaving the Active 

organic matter compartment is partitioned into either CO2 or Slow forms with the split 

determined by soil texture. Soil texture also regulates the rate of transfer between Slow and 

Passive forms. CENTURY has been used to simulate C accumulation during soil formation, and 

changes in soil C storage following climate change scenarios. 

 DAISY (Muller et al., 1996) simulates crop production, and dynamics of soil 

water and nitrogen under diverse agricultural management systems. It was developed as a field 

management tool as well as for regional administrative purposes, and has been applied to 

catchment areas, farmland areas and specific sites. DAISY contains a hydrological model with a 

soil water submodel, a soil nitrogen model with a soil organic matter submodel, and a crop 

model with a nitrogen uptake submodel. Rate constants are modified by soil clay content, a 

semi-cohort accounting system is used for litter decay and soil microbial biomass is a dependent 

variable although concepts of zymogenous and autochthonous microorganisms are included 

(Smith et al., 1997). 

 DNDC (DeNitrification and DeComposition Li et al., 1994), couples 

denitrification and decomposition processes as influenced by the soil environment to predict 

emission of CO 2, N20 and N 2 from agricultural soils. DNDC contains four interacting 

submodels: soil climate, decomposition, denitrification, and plant growth. The plant growth 
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submodel includes subroutines for cropping practices such as fertilization, irrigation, tillage, 

crop rotation and manure addition to simulate SOM turnover in arable lands. Clay adsorption of 

humads allows some soil-specificity; decomposition is first order, such that biomass formed 

during decomposition is a dependent variable (Smith et al., 1997). 

  The Hurley Pasture Model and the ITE (Institute of Terrestrial Ecology 1989-

Edinburgh) Forest Model (Thornley and Verbene, 1989) share a common soil submodel, 

hereafter referred to as ITE. The pasture model aims to simulate N cycling in a grazed soil-plant 

system, and comprises three submodels. They are: (1) a grazing animal-intake model in which 

the C fluxes and N content of faeces and urine are sensitive to the N content of ingested plant 

material; (2) a vegetative grass growth model which responds to light, temperature and N; and 

(3) a soil organic matter submodel that responds to faeces, urine, and decaying plant residues. A 

physiologically based treatment is used for the plant component, but a functional compartment-

based treatment is used for SOM. All decomposition rates are a function of the quantity of 

microbial biomass. Although some components are mineralized to CO2 or NH3 without passing 

through the biomass, the rate of such mineralization is a function of quantity of biomass. This 

model has also been combined with a transport-resistance model to describe C and N 

compartments and fluxes in a plantation forest soil system (Smith et al., 1997). 

 NCSOIL (Molina et al., 1983) simulates N and C flow through soil microbes 

and organic components. It comprises four organic compartments: plant residues, microbial 

biomass (Pool I), humads (Pool II) and stable organic matter (Pool Ill). The original version did 

not include stable organic matter. Flows of C and N are interconnected, and increasing stability 

of organic matter results from metabolism and not from sorption mechanisms that would be 

sensitive to clay content. Microbial succession is simulated on residues, and although 

decomposition rate is independent of microbial biomass, microbial succession leads to more 

stable materials. In addition to 12C and taN it simulates 14C and tSN dynamics. NCSOIL has 

been incorporated into a deterministic model (NCSWAP) of the soil-plant system that simulates 

interactions of N and C dynamics with crop growth and soil water. The model has been 

simplified to avoid having to determine too many initial variables and parameters. To do so, 

microbial succession was collapsed into one microbial component with the dynamics 

determined by the rate of C flow through populations that consume microbes (Smith et al., 

1997). 

 ROTHC is the Rothamsted C model in which the turnover of C in aerobic soil is 

sensitive to soil type, temperature, moisture and plant cover (Jenkinson, 1990; Coleman and 
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Jenkinson, 1999). Nitrogen and C dynamics are not interconnected in ROTHC, the IOM 

component is quantified using C-dating, and starting values are obtained by running the model 

to steady-state. Unlike other models examined, ROTHC has been used for calculating organic 

matter inputs to soil and net primary productivity  using soil organic matter and radioC 

measurements. It is formulated as a discrete sums-of-exponentials that can be transformed into a 

continuous form which can yield analytical results that may provide additional useful insights 

into soil organic matter turnover. It uses primarily monthly input data, and shares several other 

basic ideas with CENTURY (Coleman et al., 1997). 

This is the model I chose to develop the work of phD thesis for simulate the C 

stocks in Sardinia soils, so is therefore best described more ahead. 

 SOMM (Chertov and Komarov 1996) is described as the submodel of a single 

plant ecosystem model (SPECOM) developed for forested ecosystems. SOMM is a simulation 

model of soil organic matter mineralization, humification and nutrient release. The model takes 

into account a rate of the processes in dependence of litter fall nitrogen and ash content, soil 

temperature and moisture. The functioning of main complexes of soil destructors being reflected 

in the model. The model represents a system of linear differential equations with variable 

coefficients. The result of simulation shows SOMM applicability for wide range of 

environmental conditions from tundra to tropical rain forest. The models has supposed being 

used for modelling soil system and ecosystem dynamics on site, landscape and regional levels. 

Rates of processes are regulated by N and ash content of litter fall and it uses temperature and 

moisture as environmental variables. It treats the soil litter layers L, F, and H explicitly. C flow 

from L to H are governed by biological activity and progressive humification of the residual 

material. Activities of soil animals are implicit regulators of C flow; distinctions among humus 

forms such as mull in contrast to mor reflect proportions of earthworms in contrast to micro-

arthropods etc. This is the only model of the group examined that simulates C accumulation in 

soil organic horizons explicitly. 

 The Verberne/Van Veen model (Verbene et al., 1990) aims to simulate N and 

water balance in a grassland soil-plant system in order to predict yield, N uptake, N leaching, N 

mineralization and accumulation of soil organic N. The soil is treated as a multilayer mineral 

soil system, and is simulated using three submodels: (1) soil water submodel, (2) soil organic 

matter submodel; and (3) soil N submodel. Transformations follow first-order kinetics, with 

physical protection caused by soil clay resulting in protected and nonprotected biomass and 

organic matter. Specific decomposition rates are modified by soil moisture and temperature, but 
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microbial biomass does not influence decay rate. Clay protection reduces microbial biomass 

turnover by a factor of 100. Plant residues are partitioned into three compartments: 

'Decomposable', 'Structural', and 'Resistant'; there is a 'Stabilized' organic matter component in 

addition to 'Protected' and 'Nonprotected' active organic matter. This model emphasizes the 

influence of clay on protection of microorganisms and soil organic components more than do 

other models  (Smith 1997). 

 SOCRATES (Soil Organic C Reserves And Transformations in agro-

EcoSystems, Grace and Ladd, 1995) is a process based simulation model designed to estimate 

changes in topsoil SOC with a minimum dataset set of soil, climate and biological inputs. It uses 

a weekly time step, however, the minimum driving variables are annual precipitation (mm), 

mean annual temperature (°C), soil clay content (%) or CEC (cation exchange capacity mmol 

kg-1), initial soil organic C (%) and bulk density (g cm3). A value of 1.3 g cm3 is assumed for 

bulk density if that information is not available. Monthly climate values can be input if desired. 

The C model consists of five compartments which undergo first-order decomposition in 

response to temperature and moisture. All plant material can be divided into decomposable 

(DPM) and resistant (RPM) components based on the conceptual fractions initially described by 

Jenkinson (1990). The respective DPM/RPM ratios for the litter produced from a terrestrial 

ecosystems are the same as those used by Jenkinson (1990). The soil components consist of 

microbial biomass and humus, with the microbial fraction differentiated into a transient 

unprotected fraction (which is only involved in the initial stage of crop residue decomposition) 

and a protected fraction that is actively involved in the decomposition of native humus and 

subsequent microbial metabolites. The decomposition process in SOCRATES produces humus, 

microbial materials and C dioxide in proportions which are dependent on the CEC of the soil 

(Grace et al., 1995; Smith et al., 1997). 
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Table 2.: Main features of some models used in GCTESOMNET database  

 

  

CENTURY 
(Parton et al., 
1996)

month Precipitation, 
air temperature

Soil  water 
characteristi
cs, clay 
content,  
organic 
matter 
content, pH, 
soil N 
content, soil 
N content 

Rotation, tillage 
practice, inorganic 
fertilizer 
applications, 
organic manure 
applications, 
residue 
management, 
irrigation, 
atmospheric N 
inputs

Temperature, 
water, nitrogen, 
clay

Soil C content, 
biomass 

carbon, 
13C  14 

C dynamics, 
soil N content, 
soil  water 
characteristic, 
soil 
temperature, 
gas

DAISY       
(Müller et al., 
1996)

hour, day Precipitation, 
air 
temperature, 
irradiation 
evaporation 
over bare soil

Soil layers, 
clay 
content, soil 
C content, 
soil N 
content, 
plant growth 
characteristi
cs, plant 
species 
composition 

Rotation, tillage 
practice, inorganic 
fertilizer 
applications, 
organic manure 
applications, 
residue 
management, 
irrigation, 
atmospheric N 
inputs

Temperature, 
water, nitrogen, 
clay

Soil carbon 
content, 
biomass 
carbon, soil 
nitrogen 
content, soil  
water 
characteristic, 
soil 
temperature, 
gas

DNDC          (Li 
et al., 1994)

hour, day, 
month

Precipitation, air 
temperature

Soil layers, clay 
content, organic 
matter content, 
pH, soil bulk 
density

Rotation, tillage practice, 
inorg.  fert.  applic., 
organic manure applic., 
residue management, 
irrigation, atmospheric N 
inputs

Temperature, water, 
nitrogen, clay, tillage

Soil C content, 
biomass carbon, 
soil N content, soil  
water 
characteristic, soil 
temperature, gas

Time 
step

Inputs 
Meteorology

Inputs Soil 
and Plant

Inputs-
Management

Soil carbon 
content, soil 
nitrogen 
content, soil  
water 
characteristic, 
soil 
temperature, 
gas (CO2, 

NO2, N2)

MODEL
Factors 

affecting decay 
rate costant

Outputs

CANDY    
(Franko 1996)

day Precipitation, 
air 
temperature, 
irradiation

Soil 
description, 
depth of 
impermeable 
layer, soil  
water 
characteristi
cs

Rotation, tillage 
practice, inorganic 
fertilizer 
applications, 
organic manure 
applications, 
residue 
management, 
irrigation, 
atmospheric N 
inputs

Temperature, 
water, nitrogen, 
clay
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Table 2.: Continued  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

HPM   
(Thornley and 
Verbene 1989)

day Precipitation, 
air 
temperature, 
irradiation, 
wind speed

Soil  water 
characteristi
cs, clay 
content, 
plant 
species 
composition

Rotation, tillage 
practice, inorganic 
fertilizer 
applications, 
irrigation, 
atmospheric N 
inputs

Temperature, 
water, nitrogen, 

Soil carbon 
content, 
biomass 
carbon, soil 
nitrogen 
content, soil  
water 
characteristic, 
gas

SOMM 
(Chertov and 
Komarov 
1996) 

day Precipitation, 
soil 
temperature

organic 
matter 
content soil 
N content, 
ash content 
of litter, N 
content of 
litter

organic manure 
applications

Temperature, 
water, nitrogen,

Soil carbon 
content soil 
nitrogen 
content gas

Verbene           
(Verbene et 
al., 1990)

day Precipitation, 
air 
temperature, 
irradiation, 
wind speed, 
evaporation 
over bare soil

Soil 
description, 
soil  water 
characteristi
cs, clay 
content, 
plant 
species 
composition
, organic 
matter 
content, soil 
C content, 
soil N 
content

organic manure 
applications, 
atmospheric N 
inputs

Temperature, 
water, nitrogen, 
clay

Soil carbon 
content, 
biomass 
carbon, soil 
nitrogen 
content, soil  
water 
characteristic

Temperature, 
water, nitrogen, 
cover crop, 
cation exchange 
capacity

organic manure 
applications,residue 
management, 
irrigation

Soil carbon 
content, 
biomassCarbo
n, gas,14C 
dynamics

Soil carbon 
content, 
biomass,carbo
n gas

Socrates 
(Grace and 
Ladd 1995)

week Precipitation, 
air temperature

Cation 
exchange 
capacity, 
yield 

Rotation, tillage 
practice, inorganic 
fertilizer 
applications residue 
management

Temperature, 
water, nitrogen, 
clay, pH,  tillage

Soil carbon 
content, 
carbon, 13C  
dynamics, soil 
nitrogen 
content, 15 N 
dynamics, 

biRothC   
(Coleman et 
al, 1999)

month Precipitation, 
air 
temperature, 
evaporation 
over water

Clay 
content, soil 
C content,  
soil inert C 
content

Temperature, 
water,  clay,  
cover crop

NCSOIL    
(Molina et al., 
1998)

day Soil 
temperature, 
air temperature

Soil  water 
characteristi
cs, organic 
matter 
content, soil 
C content, 
soil N 

inorganic fertilizer 
applications, 
organic manure 
applications,residue 
management

MODEL
Time 
step

Inputs 
Meteorology

Inputs Soil 
and Plant

Inputs-
Management

Factors 
affecting decay 

rate costant
Outputs
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4.3. Key environmental factors affecting SOM decomposition 

 

The environmental factors affecting SOM turnover considered by models comprise 

temperature, water, pH, nitrogen, oxygen, clay content, cation exchange capacity, type of 

crop/plant cover and tillage. Below some of this factors will be describe; 

 

Many studies show the effect of temperature on microbially mediated transformations in 

soil, either expressed as a reduction factor or Arrhenious equation, as shown below 

k2 = k1Q
10 (T2-T1)/10 

In this equation, k2 and k1 are rate constants at two observed temperatures T2 and T1 . 

stated that this relationship lacks any theoretical justification and could be hard to apply to a 

system such as a population of soil organisms, where the total activity is determined by a whole 

range of different organisms with quite different responses to temperature. A further difficulty is 

that Q10 values also change with temperature and between systems (Kutsch et al., 2009). There 

is evidence to suggest that there is little change in the rate constant, but a change in the 

utilization of substrate pool and shift in function and composition of microbial communities. 

More recently Giardina and Ryan (2000) challenged the assumption that SOM decomposition is 

temperature dependent by showing that old SOM in forest soils from warmer climates than in 

soils from colder regions.  

In all reviewed models, temperature affects a rate modifier that multiplies the 

decomposition rates of one or several compartments. Main differences among the models arise 

from use of air or soil temperature as the input data, exact formulation of the temperature 

models, and their time steps. DNDC uses daily minimum and maximum air temperature as 

inputs and implements an O’Neill response function to describe the effect of temperature on 

decomposition. This function yields an exponential increase in decomposition at lower 

temperatures ranges, but it has a distinct temperature optimum and a sharp decrease at higher 

temperatures. The effects of moisture and temperature on decomposition are combined by 

multiplication in many decomposition models response functions, including DNDC). Moreover, 

in the DNDC model, the advantage of using a multiplier for moisture and temperature effects on 

decomposition (i.e., continuity) is combined in a framework to evaluate the most limiting factor 

for microbial activity (Liebig´s law). This is achieved by adding reciprocal values of the 

respective response functions for moisture and temperature. Using this approach, the factor 

most limiting for decomposition (temperature or soil moisture) dominates the relationship. 
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In RothC (Coleman and Jenkinson 1999), mean monthly air temperature (ºC) is used. 

Temperature effects are represented as a multiplicative rate modifier on the decomposition of 

active compartments. The relationship is close to linear between temperatures 10 and 35ºC. 

In CENTURY, soil temperature is modeled as a function of daily maximum and 

minimum air temperatures, along with the influence of canopy cover on the radiation budget. 

Temperature effects on decomposition vary across a range of temperatures according to 

empirically-derived relationships from decomposition studies. The influence of temperature on 

decomposition is combined with moisture into a single multiplicative factor (Peltoniemi et al., 

2007). 

 

Water have a major impact on the microbial physiology. The effect of soil moisture on 

decomposition in the models is closely related or similar to the effect of temperature on 

decomposition.  

DNDC uses total daily rainfall as input to calculate soil moisture values. The modelled 

amount of rainfall reaching the soil surface is influenced by interception (depending on LAI and 

rainfall history). Furthermore, winter storage of precipitation as snow is considered. Newer 

versions also account for surface runoff during heavy rainfall events. Actual soil moisture is 

calculated using a cascade model with determination of evapotranspiration losses. The 

agricultural version of DNDC uses a linear function to describe the effect of soil moisture on 

decomposition, but the Forest-DNDC version uses a Weibull function, which is allowed to vary 

from 0–1. These values are combined with a temperature factor to modify decomposition. 

In RothC total monthly rainfall (mm) and monthly open pan evaporation (mm) (or PET, 

mm) (Smith et al. 1996) are used to calculate topsoil moisture deficit (TSMD), as it is easier to 

obtain rainfall and pan evaporation data, from which the TSMD is calculated, than monthly 

measurements of the actual topsoil water deficit. Decomposition constants of active 

compartments are multiplied by a rate modifier that depends on cumulative monthly TSMD 

using a linear function within the typical range of TSMD. Outside the typical range, fixed 

minimum and maximum values are used. 

In Century, soil moisture availability is simulated based on input data for rainfall, snow 

and irrigation, after adjusting for interception within the canopy, and taking into account water 

losses from simulated storm runoff, groundwater flow, and evapotranspiration. 

Decomposition rates in Century are influenced by moisture availability according to a 

calculation based on the moisture left over from the previous monthly time step and current 
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rainfall divided by PET. This estimation is combined with the temperature influence on 

decomposition to form a single multiplicative factor (Peltoniemi et al., 2007). 

While some models simulate O2 concentration in soil explicitly, many define the extent 

of anaerobiosis on the basis of soil pore space filled with water.  

Soil clay content and total SOM are correlated. Various schemes simulate the effect of 

clay on rate equations to obtain SOM accumulation. Soil texture has two main impacts on 

decomposition in the RothC, DNDC and CENTURY models. Texture influences decomposition 

both by affecting soil moisture through soil water holding capacity and by affecting stabilization 

of soil organic matter at higher clay contents. 

Nitrogen is an essential element for microbial growth, which will be maximal when 

enough N is assimilated to maintain the microbial C:N ratio. The models require nitrogen input 

data such as atmospheric N deposition and N additions in fertilizers by contrast, nitrogen is 

ignored RothC.  

DNDC decomposition of SOM leads to the formation of inorganic ammonium, which 

can be processed by microbial activity into various reactive forms (e.g., NO3, NO2, N2O, NO) 

and also to N2, volatilized as NH3 (depended on soil pH), chemo-denitrified (NO2) (depended on 

soil pH) or leached (depending on soil water flux, texture and plant N uptake). 

In Century, C uptake is simulated through plant production, and this process is limited 

by nitrogen availability according to a maximum C:N ratio. Thus, nitrogen availability affects 

the amount of nitrogen taken up by the plant and its subsequent litter quality, as well as 

decomposition. In turn, nitrogen availability is affected by the rate of decomposition, the 

amount of nitrogen immobilized, and the external inputs of nitrogen to the model, including 

atmospheric deposition, biological nitrogen fixation and fertilization events. Nitrogen is omitted 

in RothC, but is included in the Rothamsted Nitrogen Model, which has been further developed 

into the SUNDIAL model and currently being extended for use in organic soils as the ECOSSE 

model (Peltoniemi et al., 2007). 
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4.4. Comparison of the SOM model performance 

 

Model performance, besides availability of input data, can affect model selection. 

Evaluation data are used to test a model’s performance, which along with an assessment of 

composition and sensitivity determines the adequacy of a model for reporting C stock changes; 

the performance of soil models is evaluated by comparing simulation results to field 

measurements of stocks or fluxes of C (Smith et al. 1997). 

The performance of model shows how well a model can be expected to simulate in a 

given situation. It can provide tool to improve the understanding of the system, provide 

confidence in the model’s ability to predict future changes in SOM. Model can be evaluated at 

individual process level, at the level of a sub-set of processes, or the model’s overall outputs 

(e.g. changes in total SOM over time) can be tested against measured laboratory and field data. 

Models can also be evaluated for their applicability in different situations, e.g. for scaling up 

simulate net C storage from a site-specific to a regional level (Kutsch et al., 2009).  

At the most basic level, comparing the performance of SOM models involves 

comparing predicted changes in SOM from a number of models. If more complex model 

packages including plant growth and soil climate modules are being compared then comparison 

of more variables and model sensitivity to them may be necessary to identify the reasons for 

differences between models. However, the differences between the central SOM decomposition 

modules in compartmental SOM models are generally small and may give similar results when 

driven with equivalent input data. Smith et al. (1997) completed the most comprehensive 

evaluation of SOM models to date. Nine models where tested against twelve datasets from 

seven long-term experiments representing arable rotations, managed and unmanaged grassland, 

forest plantations and natural woodland regeneration. The results showed that six models had 

significantly lower overall errors (RMSE) than another group of three models. The poorer 

performance of three models was related to failures in other parts of the ecosystem models, thus 

providing erroneous inputs into the SOM module (Smith et al., 1997). 

The difficulty in accurately measuring SOC presents both problems and opportunities 

for SOM modelers. Challenges in measuring SOC include: obtaining representative undisturbed 

soil cores, obtaining samples for different layer depths accurately, using adequate replicates, 

conversion of SOC concentration to mass through accurate bulk density measurements, the high 

random spatial variation in SOC and changing methodology –thus unbiased and high-precision 

time-series measurements of SOC are rare. On the other hand, eddy covariance flux tower 
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measurements of total net ecosystem exchange flux tower measurements are often unreplicated 

and make measurements at time scales incompatible with most SOM models and dependent on 

many assumptions and correction factors.  

Detection of relatively small differences in SOC compared to a large background value 

may also present problems. In reality, this means that there is rarely enough adequate data for 

model calibration and validation and the absence of replicated SOC measurements for many 

experiments makes it difficult to critically assess model fit to measurements, although this also 

implies that models may be of equal (or even greater) use than measurements in assessing SOC 

changes particularly over large areas (Kutsch et al., 2009). 

There may be many weaknesses and limitations of SOM models, since most were 

parameterized under particular management or climatic regions. Ideally SOM model should 

account for all major SOM controlling factors, such as parent material, time, climate, litter 

quality (decomposed) biota management. These factors may have complex interactions, and 

separate analysis of controls could limit predictions of their effects on SOM. 

Many models have been evaluated under different climatic and management conditions, 

but rarely compared using common datasets. Few models simulate aggregation processes, which 

may be important in the stabilization of plant residues, microbial biomass and humic substances. 

Differences in drainage are often not accounted for in SOM models. However, SOM 

accumulation in grassland and forest soils may be partly attributable to reduced drainage. Soil C 

matter models also need better integration with landscape processes, and better description of 

plant root development, layering, dissolved organic C and deep soil processes, which are an 

important part of the SOM system. In terms of soils, RothC and CENTURY may be limited by 

failing to account for pH effects on soil C turnover. This may be important in soil with low litter 

quality and fungal decomposition and thus pronounced litter layer development, or grassland 

with constant mineral fertilizer applications (Smith et al., 1997). 

Soil organic matter models generally predicted faster C turnover than observed in very 

acid soils, since decomposition is up two-thirds slower especially in early stages, under acid 

conditions, although overall model errors may be small. Model improvement needs information 

on both the short-and long-term effects of pH on SOM, in particular the effects on the microbial 

biomass. Few models are able to predict SOC change in variable charge and allophanic soils. 

Some authors have used “effective” clay contents, based on % clay, % ferrihydrite and % 

allophone to get model agreement with measured data; others have suggested using surface area 

measurements or accounting for mineralogy. Most models are also unable to simulate SOC 
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changes in sub-soils, permanently waterlogged and consequent CH2 fluxes, very dry, highly 

organic and recent volcanic soils. However, recently ECOSSE has been developed from RothC 

and SUNDIAL for organic soils and RothC has been extended to sub-soils. Several authors have 

suggested that current SOM models mat be limited in their applicability to tropical systems, and 

few models have been tested under arid conditions (Smith et al., 1997). 

Possible reasons could include differences in soil fauna, the much faster turnover time 

of slow and passive SOM pools in the tropics, different temperature and moisture relationships 

with metabolic rates, differences in mineralogy and solution chemistry in tropical soils. 

Inadequate description of nutrients (N,P and K) and inability to account for aluminum (Al) 

toxicity may also limit SOM model predictions in tropical soils. Finally, the compartments of 

SOM models (i.e. C pools) are usually theoretical without measurable counterparts making it 

difficult to initialize the models and validate model-calculated results for the individual pools 

(Kutsch et al., 2009). 
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5. The RothC model 

 

The Rothamsted C model (RothC, Coleman and Jenkinson, 1996) is a one of a very few 

models currently used world-wide to study global C dynamics and to report in national 

inventories of C stocks for the United Nations Framework Convention on Climate Change. The 

dynamic model has been extensively tested using long term SOC data from a wide range of soil 

types, land uses and environments and also it needs few inputs, which are easily obtainable. It is 

solely concerned with soil processes: it does not contain a sub model for plant production, nor it 

does attempt to compute annual returns of plant C to the soil from above-ground yields. RothC 

should not be applied to soils that are permanently waterlogged, and it is designed to run in two 

mode; if an input of organic C is known, for example, that ploughed in as straw, the model can 

be run in forward mode, to calculate how this input will decay in a particular soil under a 

particular climate.  

If this input is continued for many years, the model will calculate the resulting change 

in soil organic C. However, a large part of the annual return of organic matter to soil comes 

from roots decaying throughout the year, from inputs of above ground detritus, again received at 

various times throughout the year, from root exudates, from free-living autotrophic 

microorganisms, etc., and this part is never known with any accuracy. RothC, runs also in 

reverse mode, calculating what the annual input must have been to give the measured amount of 

organic C in a particular soil, at a particular time (Coleman et al., 1997). 

RothC is a model that allows for the effects of soil type, temperature, moisture content 

and plant cover on the turnover process. It uses a monthly time step to calculate total organic C 

(t ha-1), microbial biomass C (t ha-1) and Δ14C (from which the equivalent radioC age of the soil 

can be calculated) on a years to centuries timescale. It was originally developed and 

parameterized to model the turnover of organic C in arable top soils from the Rothamsted Long 

Term Field Experiment, hence the name. Later, it was extended to model turnover in grassland 

and in woodland and to operate in different soils and under different climates.  

It should be used cautiously on sub soils, soils developed on recent volcanic ash, soils 

from the tundra and taiga and not at all on soils that are permanently waterlogged. 

The RothC model has been incorporated into a variety of application C accounting 

models such as CAMag, CAMfor and FullCAM as the soil C module by the Australian 

Greenhouse Office, and integrated with national scale data of soil properties, land use and 

climate to estimate soil C fluxes from mineral soils caused by changes in climate. RothC 
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computes the changes in organic C as it is partitioned into five basic compartments (fig. 9): the 

incoming plant residues is split into the decomposable plant material (DPM) and resistant plant 

material (RPM); these both decompose to form microbial biomass (BIO), humified organic 

matter (HUM) and evolved CO2. The model also includes an inert pool of organic matter 

(IOM). With the exception of IOM, each compartment decomposes by first-order kinetics, and 

each has an intrinsic maximum decomposition rate. The actual rate of decomposition is 

determined using modifiers for soil moisture, temperature and plant cover, operating on the 

maximum rate. The clay content of the soil affects the apportioning of SOM between the 

evolved CO2, the BIO and the HUM pools (Coleman & Jenkinson, 1999). RothC does not 

include a plant growth sub-module, so the plant C input rate to soil must be estimated either 

independently, provided by a plant production model, or by inverse modeling (iteratively 

changing C inputs to fit measured SOC values).  

 

 

Fig. 9 Structure of the RothC  model (from Kutsch, 2009). 
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Incoming plant C is split between DPM and RPM, depending on the DPM/RPM ratio of 

the particular incoming plant material. For most agricultural crops and improved grassland, we 

use a DPM/RPM ratio of 1.44, i.e. 59% of the plant material is DPM and 41% is RPM. For 

unimproved grassland and scrub (including Savanna) a ratio of 0.67 is used. For a deciduous or 

tropical woodland a DPM/RPM ratio of 0.25 is used, so 20% is DPM and 80% is RPM. All 

incoming plant material passes through these two compartments once, but only once. Both DPM 

and RPM decompose to form CO2, BIO and HUM. The proportion that goes to CO2 and to BIO 

+ HUM is determined by the clay content of the soil. The BIO + HUM is then split into 46% 

BIO and 54% HUM. BIO and HUM both decompose to form more CO2, BIO and HUM. 

FYM (monthly input of farmyard manure) is assumed to be more decomposed than 

normal crop plant material. It is split in the following way : DPM 49%, RPM 49% and HUM 

2%. In each active compartment is a process of decomposition, governed by a specific 

decomposition rate for  each compartment and by other rates modifying factor for temperature, 

moisture and soil cover.  

 

5.1. Model process 

 

RothC model was chosen and applied to estimate actual and future C pools in Sardinia 

soil. The model splits the C in four active compartments decomposable plant material (DPM), 

resistant plant material(RPM); these both decompose to form microbial biomass (BIO), 

humified organic matter (HUM) and evolved CO2. 

Each active compartment (expressed as Y t C ha-1) declines to Y e-abckt  t C ha-1 at the end 

of the month. In this equation  

 a is the rate modifying factor for temperature 

 b is the rate modifying factor for moisture 

 c is the soil cover rate modifying factor 

 k is the decomposition rate constant for that compartment 

 t is 1 / 12, since k is based on a yearly decomposition rate. 

So Y ( 1 - e-abckt ) is the amount of the material in a compartment that decomposes in a 

particular month. The decomposition rate constants (k), in years-1, are set as for each 

compartment DPM : 10.0    RPM : 0.3    BIO : 0.66   HUM : 0.02 
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A fifth compartment assumed in the model is the inert organic matter (IOM). The IOM 

C fraction has a turnover time of 50.000 years, plays no active part in soil / atmosphere CO2 

exchange, and is unlikely to have any plant-derived 14 C. The plant derived 14 C content of this 

fraction is assumed in this study to be zero. In addition a regional scale the IOM is a small C 

fraction of total organic C (TOC) (IOM=0.049TOC1.139). 

The data required to run the model are:  

 Monthly rainfall (mm). 

 Monthly potential evapotranspiration (mm 

 Average monthly mean air temperature (oC). Air temperature is used 

rather than soil temperature because it is more easily obtainable for most sites 

 Clay content of the soil (as a percentage). Clay content is used to 

calculate how much plant available water the topsoil can hold; it also affects the way 

organic matter decomposes. 

 An estimate of the decomposability of the incoming plant material  the 

DPM/RPM ratio. 

 Soil cover. Is the soil bare or vegetated in a particular month. It is 

necessary to indicate whether or not the soil is vegetated because decomposition has 

been found to be faster in fallow soil than in cropped soil, even when the cropped soil is 

not allowed to dry out. 

 Monthly input of plant residues (t C ha-1). The plant residue input is the 

amount of C that is put into the soil per month (t C ha-1), including C released from 

roots during crop growth. As this input is rarely known, the model is most often run in 

‘inverse' mode, generating input from known soil, site and weather data. 

 Monthly input of farmyard manure (FYM) (t C ha-1), if any. The 

amount of FYM (t C ha-1) put on the soil, if any, is inputted separately, because FYM is 

treated slightly differently from inputs of fresh plant residues. 

 Depth of soil layer sampled (cm) (Coleman and Jenkinson 1999) 
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5.2. Calculation of the rate modifying factors 

 

The rate modifying factor (a) for temperature is given by: 

 

a = 47.9 / 1+ e (106/ T+18.3) 

 

where T is the average monthly air temperature (o C). 

The topsoil moisture deficit (TSMD) rate modifying factor (b) is calculated in the 

following way: The maximum TSMD for the 0-23 cm layer of a particular soil is first calculated 

from 

 

Maximum TSMD = -(20.0 + 1.3 (%clay) - 0.01 (%clay)2) 

 

So for Rothamsted (%clay = 23.4), the maximum TSMD = - 44.94. For a soil layer of 

different thickness, the maximum TSMD thus calculated is divided by 23 and multiplied by the 

actual thickness, in cm. Next, the accumulated TSMD for the specified layer of soil is calculated 

from the first month when 0.75*(open pan evaporation) exceeds rainfall until it reaches the max. 

TSMD, where it stays until the rainfall starts to exceed 0.75*(open pan evaporation) and the soil 

wets up again.  

The maximum TSMD obtained above is that under actively growing vegetation : if the 

soil is bare during a particular month, this maximum is divided by 1.8 is give BareSMD, to 

allow for the reduced evaporation from a bare soil. When the soil is bare it is not allowed to dry 

out further than BareSMD, unless the accumulated TSMD is already less than BareSMD in 

which case it cannot dry out any further. 

Finally, the rate modifying factor (b) used each month is calculated from: 

 

If acc. TSMD < 0.444 max TSMD, 

 

b=1.0 

 

otherwise 

 

b = 0.2 + (1.0 -0.2) * (max. TSMD – acc. TSMD) / (max. TSMD – 0.444 max. TSMD) 



 

 

Marina Carta - Study of the soil C dynamics and regional estimates of C sequestration in Sardinia soils linking the 
RothC model to GIS databases. Tesi di Dottorato in Agrometeorologia e Ecofisiologia dei Sistemi 

Agrari e Forestali - XXIII ciclo –Università degli Studi di Sassari 

 65\ 
 
 

 

Note that the calculation in the above table starts from the 1st January, when the soil is 

assumed to be at field capacity. For situations where this is not so, the weather data input should 

be displaced by a whole number of months, so that the soil is at field capacity at the start of the 

model run.  

 

Thus, in the Southern Hemisphere, the weather data file should start in July when the 

soil is wet, so that July will appear as January in the output. 

The soil cover factor (c) slows decomposition if growing plants are present. In earlier 

version of the model this factor is called the 'retainment factor' 

 

if soil is vegetated c=0.6 

if soil is bare c=1.0 

 

The model adjusts for soil texture by altering the partitioning between CO2 evolved and 

(BIO+HUM) formed during decomposition, rather than by using a rate modifying factor, such 

as that used for temperature. The ratio CO2 / (BIO + HUM) is calculated from the clay content 

of the soil using the following equation: 

x = 1.67 (1.85 + 1.60 exp(-0.0786%clay)) 

where x / (x+1) is evolved as CO2 

and 1 / (x+1) is formed as BIO+HUM  

The scaling factor 1.67 is used to set the CO2 / (BIO+HUM) ratio in Rothamsted soils 

(23.4% clay) to 3.51: the same scaling factor is used for all soils (Coleman and Jenkinson 1999). 
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5.3. The Roth C applications 

 

There are several paper about applications of RothC, these can be classified according 

to time scale (short or long term) and extension of the application (small or large scale): 

 

Short term and small scale: There are relatively few application of RothC to investigate 

short term (decadal time scales or less) aspects of the soil C cycle, and the observed data 

available for such studies have largely been used in calibrating the models themselves. Since the 

original development of RothC applications have also tended to focus on longer term issues 

(annual to decadal time scales or greater). Datasets describing the decomposition of uniformly 
14C-labelled plant materials under field conditions have been widely used to parameterize 

RothC, covering time scales of one to ten years and a variety of litter types and environmental. 

These datasets confirm the ability of RothC to mimic short-term soil C dynamics. 

Exercises such as these were used to fit model parameters such as DPM/RPM ratio for 

different vegetation types: Shirato and Yokozawa (2006) using various plant materials for 

identified two conceptual pools of plant litter, decomposable plant material (DPM) and resistant 

plant material (RPM), in the RothC, by comparing the default proportions of DPM and RPM in 

the RothC and proportions in plant material fractions as determined by two-step acid hydrolysis 

with H2SO4. In Japan the plant samples are collected from several species at six different sites 

(arable land, grassland, forest). C in the plant materials was divided into three pools by acid 

hydrolysis: Labile Pool I,  Labile Pool II and Recalcitrant Pool (RP), the unhydrolyzed residue. 

The average proportion of Labile Pool I in crops and grasses was 59%, which was the same as 

the proportion of  DPM defined in the RothC as the default value for crops and grasses. The 

remaining 41% (23% Labile Pool II +18% RP) was consequently the same as the RPM 

proportion defined in the RothC. These results indicate that DPM in the RothC can be identified 

as Labile Pool I from the acid hydrolysis analysis and RPM as Labile Pool II + RP. 

 

Long term and small scale: The vast majority of model applications have focused on 

evaluating the model against measured datasets of changes in SOC over decadal to century time 

scales. Smith et al (1997) shows a comparison of RothC with other eight model evaluated using 

twelve datasets from seven long-term experiments. Datasets represented three different land-

uses (grassland, arable cropping and woodland) and a range of climatic conditions within the 

temperate region. Different treatments (inorganic fertilizer, organic manures and different 
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rotations) at the same site allowed the effects of differing land management to be explored. 

Model simulations were evaluated against the measured data and the performance of the models 

was compared both qualitatively and quantitatively. The plots also demonstrate the different 

pool concepts of the model, the fast (BIO and active ) pools are smallest and most responsive, 

while the intermediate pools reflect the behavior or total SOC most closely; RothC has a very 

small inert pool of C while Century uses a larger, very stable (but not inert) pool of C. Falloon 

and Smith (2002) proves a comparison of  Century, RothC and RothC driven by Century C 

inputs for the Rothamsted Woburn Ley Arable Experiment. Three treatments were simulated on 

this sandy soil , an all arable rotation (arable roots), an arable rotation with one year in six under 

hay (arable hay) and an arable ley rotation with three years in six under grass (grazed-ley) 

treatments. Both models reproduced measured trends in SOC, which highlights their ability to 

simulate the effects of management on SOC in the long term.  

 

Large scale: there are several number of regional SOM models studies. Fig 10 shows 

results from the application of RothC and Century to investigate land management scenarios for 

C sequestration in a region of Central Hungary (Falloon et al., 1997). This approach, linking 

detailed spatial databases to dynamic SOM models, is a powerful method for studying regional 

–scale SOM dynamics, integrating detailed knowledge on soils, climate and land use with state-

of-the-art SOM models, and allowing identification of “hot spots”. 
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Fig. 10 Soil organic C before land use change scenario (1997) and after land use change 
scenario (2097) (from Fallon et al, 1997) 

 

For C sequestration RothC has also been applied to 1 Km level databases of soil and 

land use, and coarser resolution databases of climate in the UK. Most of Great Britain was 

shown to lose soil C, which clearly has an impact on soil quality issues, as well as being a 

potential positive feedback mechanism to climate change via the enhanced release of CO2.  

By investigating C sequestration scenarios either alone or in combination with climate 

change scenarios, RothC also showed that C mitigation potential could be weakened in the 

future by climate change. It is also important to note that modeled impact “climate scenario” + 

”C sequestration scenario” does not equal the impact of ”climate scenario” + “C sequestration 
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scenario”: models predict interactions between management, soil and climate that are non linear 

and non additive. 

Cerri et al (2007) predict soil C stocks and changes in the Brazilian Amazon during the 

period between 2000 and 2030, using the GEFSOC soil C modeling system. The current and 

future land use scenarios were integrated with spatially explicit soils data (SOTER database), 

climate, potential natural vegetation and land management units using the recently developed 

GEFSOC soil C modeling system. Results are presented in map for the entire Brazilian Amazon 

for the current situation (1990 and 2000) and the future (2015 and 2030). Results include soil 

organic C (SOC) stocks and SOC stock change rates estimated by three methods: the Century 

ecosystem model, the RothC model and finally the intergovernmental panel on climate change 

(IPCC) method for assessing soil C at regional scale. Values from Century and RothC (30,430 

and 25,000 Tg for the 0–20 cm layer for the Brazilian Amazon region were higher than those 

obtained from the IPCC system (23,400 Tg in the 0–30 cm layer). The results can help to 

understand the major biogeochemical cycles that influence soil fertility and help devise 

management strategies that enhance the sustainability of these areas and thus slow further 

deforestation. 
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As previous mentioned soil organic C plays a vital role in ecosystem function, 

determining soil fertility, water holding capacity and susceptibility to land degradation. In 

addition, SOC is related to atmospheric CO2 levels with soils having the potential for C release 

or sequestration, depending on land use, land management and climate. Estimates of soil 

organic C stocks and changes under different climate scenario and land use systems can help 

determine vulnerability to land degradation. 

Simulation models are widely used to assess the impacts of management and 

environmental variables on SOM dynamics, to address questions on ecosystem sustainability 

and C cycling under global change. The aim of process models is reproduce the soil C dynamics 

in the form of equations.  

These models, in combination with Geographic Information Systems (GIS) and 

remotely sensed data, can be useful to predict changes in soil C stocks in long term; GIS linked 

modeling is a useful tool for large scale C cycle studies, allowing current estimates of regional 

C sequestration to be refined. 

In this context fits my work and the main objectives of my research are to: 

 

 Evaluate the Roth C model performance by comparing modeled 

and measured results.  

 Using RothC model link to GIS-database to map existing stocks 

of C in Sardinia soils 

 Assess future SOC change using GIS and RothC model under 

climate change scenarios. 

 

The combination of GIS with SOM model can provide tool for understanding spatial 

and temporal soil organic C dynamics. By linking GIS that contain detailed information on 

soils, land use and climate to dynamic simulation models (RothC) for the turnover of organic C, 

it is possible to estimate actual and future C stock in Sardinia soil. 
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1. The case study 

 

The study area is represented by Sardinia Island (Italy), the second largest island in the 

Mediterranean Basin, located between 38° 51' 52'' and 41° 15' 42 '' latitude degrees and 8° 8' 

and 9° 50' longitude degrees (fig 11).  

The whole extension (24.090 km2) and the heterogeneity of the Sardinian territory led 

several difficulties in collecting and managing input data. It is well known that the soils of 

Sardinia have genesis, characteristics and properties very different, depending on the type of 

substrate, morphology, vegetation cover and land use. 

 

 

 

Figure 11 Geographical map of occidental Mediterranean basin and location of Sardinia. 

 

 

The climate is Mediterranean, sub-arid with a warm summer, mild winter, and with a 

remarkable water deficit from May to September, and most annual rainfall (approximately 700 

mm) occurs in fall and winter. Mean annual temperature is 15°C, mean minimum temperature is 

7°C, and mean maximum temperature is 28°C. Annual mean thermal excursion is of 14°C 

(10°C in January and 24°C in August) (Chessa and Delitala, 1997). 
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Concerning the orography the Sardinian territory is composed by mountains (18.5%), 

hills (67.9%) and relatively plane areas (13.6% ). 

Almost 28% of the total area of the island has an association formed by rock outcrops 

and Leptosols (Eutric, Dystric e Lithic) (FAO-Unesco, 1988), spread to all territory and 

especially on hard rock (metamorphic, intrusive, effusive, dolomitic and limestone), mostly in 

steep, areas with irregular shape and free of tree cover and shrub. In these areas the main 

activity is extensive grazing, especially by sheeps and goats. Only 18% of the Sardinian soils 

are susceptible to irrigation: 3% are soils highly susceptible (Eutric, Calcaric e Mollic Fluvisols; 

Eutric, Calcaric e Vertic Cambisols; Eutric e Calcic Vertisols; Haplic e Calcic Luvisols), 6% are 

moderately susceptible soil (Vertic, Eutric Cambisols and Calcaric; Calcic and Haplic Luvisols; 

Calcaric Arenosols), and 9% are marginal susceptible soils (Haplic Nitisols; Chromic Luvisols, 

Eutric and Dystric Cambisols; Calcaric Regosols). 

These soils are located in the interior plains and the coastal areas, mostly on the alluvial 

deposits of Pleistocene and Holocene, and support a predominantly intensive farming, irrigation 

or not. In the remaining 54% of the territory are mainly Cambisols, and Leptosols Regosols, in 

relation to different substrates, the morphological conditions and the degree and type of 

vegetation cover. These areas of the island are marginal for intensive agriculture, but have great 

importance for particular crops, for grazing and forestry activities.  

 

The vegetation of trees and shrubs are an expression of environmental conditions and 

often indicates the climax vegetation of the area. 

The climax of Sardinian is Phytocoenoses, mainly represented by Quercion-ilicis and 

Oleo-Ceratonion that occur with different aspects of ilex and thermophilous Mediterranean 

shrubland. However, there are in higher mountain areas aspects relating to the climax of the 

prostrate dwarf shrubs. 

In the dynamics of the Sardinian vegetation, the paleogeographic and paleoclimatic 

events have had a very important effect on the island, influencing the composition and 

distribution of the original climaxes and contributing to determine the current vegetation cover. 

The main land use of the Island is agriculture (fig.12). It is interesting that the percentage of the 

areas suitable to the agriculture, including crops, sown field and orchards, accounts for 38% of 

the whole area, while similarly shrubs and herbaceous associations contribute to 34%. Forest 

cover 21% of island surface. 
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Climatic factors, with summer drought, rainfall concentrated in short periods for most 

of winter sunshine and strong winds, have a determining influence on the vegetation and its 

dynamics. All this highlights the heterogeneity of the island vegetation cover (Camarda and 

Valsecchi, 1992). 

 

 

 

Figure 12. Surface % for main land use categories from Corine Land Use 2008 
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2. Methodology  

 

The methodology developed in the present study is schematized in fig 13. 

After data collection, we overlap land use map (Corine Land Use 2008), soil map 

(Regione autonoma della Sardegna1998) and actual climate layers (Dipartimento Specialistico 

Regionale Idrometeoclimatico-Arpas) in a GIS environment (ArcGis 9.3, ESRI Inc., Redlands, 

CA, USA), with the aim to obtain homogeneous areas (336888 polygons) by characteristics and 

input (fig 14). This first step allowed us to create the necessary first layer inputs to run the 

RothC model, in order to obtain the raw C soil map. 

In order to automate and to speed up the process, the RothC model equations were 

written in a spreadsheet (Excel) and subsequently it was linked to GIS database. 

The model was run with the rough input data for 1500 years to reach the equilibrium 

and obtain the current soil C stock with  the current climate and land use. 

These preliminary calculations showed how coupling a detailed GIS database with a 

dynamic simulation model can refine estimates of regional SOC stocks.  

The raw C soil map allowed the model calibration by using the ground data; 

quantification of organic C in soil through modeling approach always requires a comparison 

with ground data in order to calibrate the model. For this reason, about 160 samples of soil were 

collected across the region (fig. 15).  

Ground data were mostly collected from thesis or studies of Department of Soil 

Science, (University of Sassari) carried out in the northwest of the island. About the 37% of the 

ground data were collected from soils with nature grassland cover, about the 17% from soils 

with sclerophyllous vegetation cover and about the 16% by arable lands. 80 samples out of the 

160 samples of soil analysis were used for model calibration, while the remaining 80 for 

validation. 

Unfortunally, it was not possible to found soil sampling representing all the classes of 

Corine Land Use, but only for 8 of these. The 8 classes calibrated with ground data represented 

79% of the island surface. The remaining land use classes were then calibrated accordingly to 

the 8 classes for which we found the data (tab. 4 )[e. g Class 313 (Mixed woods of conifers and 

hardwoods) was calibrated based on the average results obtained from the classes 311(Broad-

leaved forest) and 312 (Coniferous forest)]. 
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Once calibrated, the model was run with correct inputs for the definitive actual C map 

and the data obtained were validated with another dataset of ground data. Finally, using future 

climatic scenario, (A1b scenario CMCC), projections about the Sardinia future C stock were 

obtained. 

The system has been studies and developed with the aim to provide a flexible and 

powerful way to assess how different scenarios climatic change can affect C dynamics at the 

regional scale. 

 

 

Figure 13. The methodology. 
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Figure 14. A particular of GIS elaboration: The overlap of land use + soil map with 
meteorological grid layer. In particular all polygons that are in one meteorological cell (e. g. blue 
square evidenced) have the same meteorological input. While each polygon (e.g. the blue polygon 

evidenced) is characterized by specific land use+ soil information. 
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Fig. 15 Sampling areas (160 total ground data ) 
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3.Input data 

 

The RothC model requires few inputs, but the extension of the study area led to a 

significant difficulty in collecting and managing data (tab. 3). 

Below we analyzed separately the various inputs sources: 

 

Table 3. The data required to run RothC model (from Coleman and Jenkinson, 1999) 

 

 

Land Use Map: the model inputs (Decomposable Plant Material/Resistant Plant 

Material- DPM/RPM, plant residue and soil cover) were associated to Sardinia Land Use Map 

(2008 shapefile format ESRI). 24 land use classes were selected among the most representative 

(fig. 16 and 17), and the 70 original land use codes were rationalized into 24 codes (tab. 4). 

Each classes was associated a value of DPM/RPM, soil cover and plant residue input. 

The Decomposable Plant Material/Resistant Plant Material (DPM/RPM) is an index of 

decomposability of the income plant material. Unfortunately, it is difficult to find data in 

literature that could fit Mediterranean ecosystem. So that , each land use class was associated 

with one of the three indices confirmed by various long term experiment at Rothamsted (0.25, 

0.67, 1.44), these values have been used successfully in different ecosystems types (Coleman 

and Jenkinson, 1999). 

The plant residues input is the amount of C that is put into the soil per month (t C ha-1), 

including C released from roots during crop growth. An extensive literature research was 

focused mostly on works conducted in the Mediterranean Basin (Italy, Spain and Greece) was 

Data required to model run 

                     DPM/RPM ratio: an estimate of the decomposability of the incoming plant material  
                    Soil cover. 

                    Monthly input of plant residues (t C ha-1). 

                    Monthly input of farmyard manure (FYM) (t C ha-1), if any. 
                    Clay content of the soil (as a percentage). 
                    Monthly rainfall (mm).
                    Monthly potential evapotranspiration (mm)

                    Average monthly mean air temperature (oC). 
                    Deph of soil layer sampled (cm)
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made to order to collect all the existing data on monthly litter in Mediterranean Ecosystem 

(tab.5). 

For that concerns land cover, we just associated fallow (0) or covered (1) values to each 

class for each month. 

Monthly input of farmyard manure (FYM) (t C ha-¹) have been omitted because in 

Sardinia is little practiced fertilization, and regarding this data are conflicting. 

 

Soil Map: the soil map (Regione Autonoma della Sardegna, 1998 shapefile format ESRI 

coordinate system Monte Mario, fig 18) provides several information about Sardinian soils 

(morphology, cover vegetation, taxonomy, profile description, texture, depth and limitations). 

The soil input data needed by RothC is the clay content expressed in percentage, and it is one of 

the most variable components in the soil. It can vary even within a few meters because many 

factors influence its amount. The Sardinia Soil Map allowed to detected an average rate for each 

texture class based on the USDA triangle (tab 6 and fig.19); more specifically to each 

homogeneous area was associated an average clay value.  

The soil depth utilized for the run model is 23 cm. 

 

Climate data input: the ARPAS (Dipartimento Specialistico Regionale 

Idrometeoclimatico) provided for the climatological data map of Sardinia region, on a number 

of years (1968-2000) having the following input: monthly rainfall (mm), monthly 

evapotranspiration (mm), average monthly mean air temperature (°C) (fig 19). Thirty-six files 

data, provided in grid format ESRI (resolution of 250 m coordinate system UTM ED50, fig 21) 

were used to have mean values of twelve months for each variable (fig. 20). The resolution, 

being too fine , was reduced to 5000 m. 

Scenario climate data input: the CMCC (Centro Mediterraneo per i Cambiamenti 

Climatici) provided for the climatological Sardinia scenario data (A1b), on a number of years 

(2000-2100). 1200 files data, provided in grid format ESRI (resolution of 8 Km) having the 

following input: monthly rainfall (mm), monthly evapotranspiration (mm), average monthly 

mean air temperature (°C) for each years The trend shows a average temperature increase of 

about 2.5 °C expected for 2100, while the evapotranspiration expects an increase of 

approximately 50 mm and a decrease in rainfall of about 50 mm (fig 22).  
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Figure 16 Corine Land Use 2008 with classes of 2 label 
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Figure 17 Corine land use with the 24 reclassified classes. 
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Table 4. The 24 classes selected by Land Use 2008, with surface value  (% and ha) 
associated.  

 
 
 
 

 

  

code  Land use categories reclassified surface (%) surface (ha)

1 Artificial surfaces 3.1 74343

141 Artificial surfaces 0.0 431

142 Artificial surfaces 0.1 3107

211 Permanently irrigated 17.3 415801

212 Irrigated arable lands 8.8 212525

221 Vineyards 1.0 24693

222 Fruit trees and berry plantation 0.5 11908

223 Olive groves 2.0 48779

231 Pastures 0.4 10316

241 Annual crops associated with permanent crops 2.9 70078

242 Complex cultivation 1.8 42214

243 Agriculture with natural vegatation 1.2 29287

244 Agro‐forestry areas 2.4 57430

311 Broad‐leaved forest 18.8 452356

312 Coniferous forests 1.6 38716

313 Mixed forest 0.5 12350

321 Natural grassland 6.0 144793

322 Moors and heathland 0.7 17608

323 Sclerophyllous vegetation 23.3 561021

324 Transitional woodland‐shrub 3.8 92693

333 Sparsely vegetated areas 2.1 49572

3 Beaches, dune and sand 0.4 10187

4 Wetlands 0.4 9219

5 Water bodies 0.8 19182

Total 2409000
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Table 5 The data of plant residues (t ha-¹) collected in the bibliography. 

 

 

 

 

 

 

 

Land use  code Author/ Source Country Typology vegetation  Plant residues (t/ha y   s.s)

211‐212 Di Blasi et al 1996 Italy Soft Wheat  2.50
211‐212 Hard Wheat  1.60
211‐212 Barley  2.70
211‐212 Oats  1.40
211‐212 Corn Cobs  1.40
211‐212 Sunflowers    4.00
211‐212 Grain legumes  2.00
211‐212 Soya  5.20
211‐212 Rice 3.80
211‐212 Enea 2005 Italy Cereals 0.50
221 Di Blasi et al  1996 Italy Vineyard  2.80

2.90
223 Di Blasi et al  1997 Italy Olive trees  1.60

2.20
231 Hoepli Manuale di agricoltura Italy Trifolium subterraneum         4.40

231 Dactylis glomerata  5.25

231 Lolium perenne                    4.35

231 Festuca arundinacea           5.25

231 Medicago sativa     4.80

231 F. Chiarini,Veneto Agricoltura Italy Trifolium incarnatum             5.00
231 Bullita et al  1989 Italy Trifolium nigrescens 2.50
311 Rapp et al  1999 Spain Quercus ilex  3.50

311 Quercus pyrenaica 3.14

311 Quercus lanuginosa 3.10

311 Zimmermann et al  2001 Southern Switzerland Castanea sativa 7.60

311 Caritat et al  1996 Spain Quercus suber 4.25

311 Leonardi et al 1995 Italy Castanea sativa 4.52

311 Kavvadias et al  2000 Greece Fagus sylvatyca 4.00

311 Peressotti et al 2006 Italy Mediterranean forest 3.60

312 Kavvadias et al  2000 Greece Pinus pinaster 1.40

312 4.00

312 Santa Regina et al  2001 Spain Pinus sylvestris 5.80

312 Roig et al  2004 Spain Pinus pinaster 1.52

312 Pinus pinaster 5.70

321 Hoepli Manuale di agricoltura Italy Pasture 0.10

321 Bullita 1976 italy Pasture 1.80

321 2.30

323 Fioretto et al  2003 Italy Mediterranean shrubland  5.80

323 Nunez‐Olivera et al 1993 Spain Mediterranean shrubland  2.90

323 Arianoutsou et al  1989 Greece Mediterranean shrubland  1.40
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Figure 18 The Sardinia Soil Map 1998 (from Regione Autonoma della Sardegna) 
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Figure 19 The map of clay content % associated at each texture class. 
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Table 6: The texture classes of Soil Map 1998, for each classes there is a value % clay 
content associated. 

 

 

 

 

Figure 20 Monthly average of actual climate data input . 

  

Soil Texture Classes Clay % 
from sandy to sandy loam 7.5

from sandy loam to loam sandy 10.0

from loam sandy to sandy clay 17.5

from loam sandy to sandy loam  in surface, from loam sandy clay to clay in depth 17.5

from sandy loam to loamy sandy clay 17.5

from sandy loam and clay loam 20.0

from sandy and clay loam in the surface, from loam sandy clay  to clay in depth 20.0

from sandy loam to clay loam 20.0

from sandy  loam to loam clay with a varied and plenty content of skeleton 20.0

from sandy loam to clay sandy 27.5

sandy clay loam 27.5

from clay loam to sandy and clay loam 30.0

clay loam 33.5

from sandy loam to clayey 60.0

from clay to clay loam 63.5

from clay loam to clay 63.5

from clay sandy to clay 67.5

from clay to silty clay 70.0

clay 77.5
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Fig. 21 Example of meteorological file grid format ESRI (250m resolution). The map 
showed the value of average monthly mean air temperature (°C) of January. Values range from a 

minimum of 0.68 °C to a maximum of 12.25 °C (from Arpas). 
 

 

Figure 22 Climatic trend of A1b scenario (from CMCC) 
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4. Statistical analysis 

Model evaluation, in its simple form, is a comparison between simulated and observed 

values. Through the calibration, based on comparisons between experimental results and the 

results provided by the model projections, the parameters of the simulation model were 

evaluated in order to improve its ability to describe properly system functioning. ). With the 

validation, the calibrated model is used in real situations to verify the reliability of predictions 

(correspondence between the results of simulations and field results). 

The performance of model was determined using several indexes mainly based on the 

calculation of correlation and differences between estimate and measured values. Results 

obtained from data used for the calibration and validation of plant residue input for each UDS 

classes were analyzed calculating the correlation coefficient (r) and its square, the coefficient of 

determination (R2), the root mean squared error (RMSE), general standard deviation or relative 

root mean squared error (GSD), modelling efficiency index (EF), mean bias error (MBE) and 

mean absolute error (MAE). 

 

The Pearson correlation coefficient (r) gives a measure of the degree of association 

between simulated and measured result; it is the correlation coefficient between measured and 

calculated values defined as: 
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The range of r is -1≤ r ≤1. A value of r=1 indicates that there exists a perfect linear 

relationship between simulated and observed values. However this does not necessarily imply 

that the model is perfect. 

 

The RMSE provides a percentage term for the total difference between simulated and 

measured results, it was used to test the accuracy of the model, which is defined as the variation, 

expressed in the same unit as the data, between simulated and measured values (Loague and 

Green, 1991): 
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where Ei and Mi indicate the simulated and measured values and n the number of 

values. RMSE represents the typical size of model error, with values equalling or near zero 

indicating perfect or near perfect estimates. The RMSE was also expressed as a coefficient of 

variation (GSD) by dividing it by the mean of the measured yield or modelled values ( M ):  
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In addition, the accuracy of the model was evaluated using another index based on 

squared differences, the modelling efficiency index (EF): 
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EF values greater than 0 indicate that the model estimates are better predictors than the 

average measured value, with negative values indicating the opposite.  

A EF value equal or near 1 means a perfect or near perfect estimates.  

Finally, the mean bias error (MBE) and the mean absolute error (MAE) were used to 

measure the tendency of the model to overestimate or underestimate the measured value: 
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A positive bias error indicates a tendency to over predict a variable while a negative 

bias error implies a tendency to under predict a variable. In this case the MBE is negative). 

MAE values near or equal to zero indicate a better match along the 1:1 line comparison of 

estimated and observed values (Rasse et al., 2000). 
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1. Calibration and validation of RothC model in Sardinia soils 

 

This section reports the results obtained from the first RothC data, using as 

litterfall input data coming from the literature. Figure 23 shows the map of total C pool 

in the soils calculated from this preliminary run, while the figure 24 shows the CO2 pool 

map before model calibration. 

 
Figure 23. Map of total C pool in Sardinia obtained before the model calibration. 
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The total organic C amount in the soil is estimated as 390.4 Mt C ha-1 (46.1 t C ha-1, on 

average), and the CO2 released is 5479.1 Mt C (2.39 t C*1000 ha-1, on average). Table 7 reports 

the C pool amounts for the LU classes used in the run. 

 

 
Figure 24. Map of CO2 pool in Sardinia obtained before the model calibration. 
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Table 7. Values of decomposable plant material (DPM), resistant plant material (RPM), microbial 
biomass (BPM), humified organic matter (HUM), total organic C (SUM) and evolved CO2 (CO2) 

pools estimated in Sardinia before the calibration. 

UDS 
CLASS  ha 

DPM 
C (t*1000) 

RPM 
C (t*1000) 

BIO 
C (t*1000) 

HUM 
C (t*1000) 

SUM 
C (t*1000) 

CO2 
C (t*1000)

211  415801  92.4  2074.2  300.0  11296.8  13763.4  783.2 

212  212525  47.3  1033.9  146.7  5514.2  6742.1  400.3 

221  24693  5.0  236.2  16.0  601.6  858.9  52.8 

222  11908  2.4  106.4  7.1  267.9  383.8  25.5 

223  48779  0.5  331.1  25.7  973.5  1330.8  68.3 

231  10316  4.2  94.6  14.1  529.2  642.2  34.9 

241  70078  13.7  416.9  60.2  2298.2  2789.0  167.6 

242  42214  18.9  418.5  59.0  2199.3  2695.7  142.8 

243  29287  6.6  363.9  35.5  1329.3  1735.3  92.3 

244  57430  12.2  684.8  68.0  2566.7  3331.7  181.1 

311  452356  36.3  7318.2  534.8  20235.5  28124.8  1424.8 

312  38716  4.5  681.6  47.6  1762.1  2495.7  104.1 

313  12350  1.1  200.5  14.0  526.2  742.0  36.1 

321  144793  11.8  413.5  60.5  2274.4  2760.2  153.5 

322  17608  3.6  199.1  18.9  709.9  931.6  45.8 

323  561021  116.3  6429.4  616.5  22895.6  30057.9  1457.8 

324  92693  8.6  1395.6  101.1  3793.8  5299.0  255.8 

333  49572  4.8  158.4  21.3  792.9  977.5  52.5 

Total  2292139  390.4  22556.8  2147.1  80567.3  105661.6  5479.1 

t C ha‐1  0.17  9.84  0.94  35.15  46.10  2.39 

 

 

The data obtained from the first RothC run (the total amount of C) were compared with 

the ground data (80 points). The figure 25 shows the regression obtained comparing modeled 

and measured C data in those points. 

For the calibration, the input data related to litterfall were adjusted (table 8 a,b). This 

way was chosen because that input data is affected more than the other by a certain uncertainty, 

while the other factors are already well tested in previous works for different situations.  

Even the RothC model, as the same Authors suggest in the manual, is designed to run in 

two modes: “forward” in which known inputs are used to calculate changes in soil organic 

matter and “inverse”, when inputs are calculated from know changes in soil organic matter.  

Litterfall data were then adjusted and runs of RothC were performed to obtain the best 

R2 coefficient between measured and modeled data.  



 

 

Marina Carta - Study of the soil C dynamics and regional estimates of C sequestration in Sardinia soils linking the 
RothC model to GIS databases. Tesi di Dottorato in Agrometeorologia e Ecofisiologia dei Sistemi 

Agrari e Forestali - XXIII ciclo –Università degli Studi di Sassari 

 97\ 
 
 

Tables 9, 10,11,12,13, 14 shows the results obtained in the statistical analysis before 

and after calibration. Generally after calibration all statistical indexes are improved. 

In particular before calibration the Pearson coefficient is 0.9 while after calibration is 1. 

Also modeling efficiency value is enhanced after calibration, proving a near perfect estimates. 

The tables 13 and 14 summarize the statistical results obtained comparing modeled and 

measured C data in the model validation, generally even in this case there are goods results. The 

figure 26 shows the regression obtained comparing modeled and measured C data in model 

validation (R2 0.9). 
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Table 8a. Value of DPM/RPM, plant residue (pr) and soil cover (sc) associated 
each LU class before (a) and after (b) calibration. 

 

 

 

Table 8b 

Lf , sc Lf , sc Lf , sc Lf , sc Lf , sc Lf , sc Lf , sc Lf , sc Lf , sc Lf , sc Lf , sc Lf , sc

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

211 1.44 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1

212 1.44 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1 0.157 ,  1

221 0.25 0.000 ,  0 0.000 ,  0 0.000 ,  0 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.535 , 1 0.535 , 1 0.535 , 1 0.535 , 0

222 0.25 0.000 ,  0 0.000 ,  0 0.000 ,  0 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.535 , 1 0.535 , 1 0.535 , 1 0.535 , 0

223 0.25 0.280 , 1 0.280 , 1 0.280 , 1 0.280 , 1 0.280 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1

231 1,44 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1

241 1,44 0.281 , 1 0.281 , 1 0.281 , 1 0.281 , 1 0.281 , 1 0.281 , 1 0.141 , 1 0.141 , 1 0.141 , 1 0.141 , 1 0.141 , 1 0.141 , 1

242 1,44 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1 0.282 , 1

243 0,67 0.196 , 1 0.196 , 1 0.196 , 1 0.259 , 1 0.279 , 1 0.341 , 1 0.366 , 1 0.416 , 1 0.316 , 1 0.196 , 1 0.196 , 1 0.196 , 1

244 0,67 0.196 , 1 0.196 , 1 0.196 , 1 0.259 , 1 0.279 , 1 0.341 , 1 0.366 , 1 0.416 , 1 0.316 , 1 0.196 , 1 0.196 , 1 0.196 , 1

311 0.25 0.100 , 1 0.100 , 1 0.100 , 1 0.350 , 1 0.350 , 1 0.500 , 1 0.500 , 1 0.550 , 1 0.300 , 1 0.100 , 1 0.100 , 1 0.100 , 1

312 0.25 0.120 , 1 0.120 , 1 0.120 , 1 0.120 , 1 0.200 , 1 0.300 , 1 0.400 , 1 0.550 , 1 0.400 , 1 0.120 , 1 0.120 , 1 0.120 , 1

313 0,25 0.110 , 1 0.110 , 1 0.110 , 1 0.235 , 1 0.275 , 1 0.400 , 1 0.450 , 1 0.550 , 1     0.350 , 1 0.110 , 1 0.110 , 1     0.110 , 1

321 1,44 0.020 , 1     0.020 , 1 0.050 , 1 0.250 , 1 0.200 , 1 0.100 , 1 0.050 , 1 0.050 , 1 0.100 , 1 0.150 , 1 0.050 , 1 0.020 , 1

322 0,67 0.010 , 1     0.050 , 1 0.100 , 1 0.100 , 1 0.200 , 1     0.600 , 1 0.500 , 1 0.500 , 1 0.100 , 1 0.100 , 1 0.100 , 1 0.200 , 1

323 0,67 0.010 , 1     0.050 , 1 0.100 , 1 0.100 , 1 0.200 , 1     0.600 , 1 0.500 , 1 0.500 , 1 0.100 , 1 0.100 , 1 0.100 , 1 0.200 , 1

324 0,25 0.105 , 1 0.080 , 1 0.105 , 1 0.168 , 1 0.238 , 1 0.500 , 1 0.475 , 1 0.525 , 1 0.225 , 1 0.105 , 1 0.080 , 1 0.155 , 1

333 1,44 0.020 , 1     0.020 , 1 0.050 , 1 0.250 , 1 0.200 , 1 0.100 , 1 0.050 , 1 0.050 , 1 0.100 , 1 0.150 , 1 0.050 , 1 0.020 , 1

UDS
DPM/

RPM

pr , sc pr , sc pr , sc pr , sc pr , sc pr , sc pr , sc pr , sc pr , sc pr , sc pr , sc pr , sc

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

211 1.44 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1

212 1.44 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1 0.152 ,  1

221 0.25 0.000 ,  0 0.000 ,  0 0.000 ,  0 0.000 ,  1 0.000 ,  1 0.000 ,  1 0.000 ,  1 0.000 ,  1 0.520 , 1 0.520 , 1 0.520 , 1 0.520 , 0

222 0.25 0.000 ,  0 0.000 ,  0 0.000 ,  0 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.520 , 1 0.520 , 1 0.520 , 1 0.520 , 0

223 0.25 0.330 , 1 0.330 , 1 0.330 , 1 0.330 , 1 0.330 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1 0.000 , 1

231 1,44 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1

241 1,44 0.281 , 1 0.281 , 1 0.281 , 1 0.281 , 1 0.281 , 1 0.116 , 1 0.116 , 1 0.116 , 1 0.116 , 1 0.116 , 1 0.116 , 1 0.116 , 1

242 1,44 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1 0.231 , 1

243 0,67 0.183 , 1 0.183 , 1 0.183 , 1 0.246 , 1 0.258 , 1 0.331 , 1 0.356 , 1 0.403 , 1 0.291 , 1 0.183 , 1 0.183 , 1 0.183 , 1

244 0,67 0.183 , 1 0.183 , 1 0.183 , 1 0.246 , 1 0.258 , 1 0.331 , 1 0.356 , 1 0.403 , 1 0.291 , 1 0.183 , 1 0.183 , 1 0.183 , 1

311 0.25 0.110 , 1 0.110 , 1 0.110 , 1 0.360 , 1 0.360 , 1 0.550 , 1 0.550 , 1 0.600 , 1 0.300 , 1 0.110 , 1 0.110 , 1 0.110 , 1

312 0.25 0.160 , 1 0.160 , 1 0.160 , 1 0.160 , 1 0.210 , 1 0.310 , 1 0.410 , 1 0.550 , 1 0.400 , 1 0.160 , 1 0.160 , 1 0.160 , 1

313 0,25 0.135 , 1 0.135 , 1 0.135 , 1 0.260 , 1 0.285 , 1 0.430 , 1 0.480 , 1 0.575 , 1     0.350 , 1 0.135 , 1 0.135 , 1     0.135 , 1

321 1,44 0.050 , 1     0.050 , 1 0.140 , 1 0.340 , 1 0.340 , 1 0.140 , 1 0.050 , 1 0.050 , 1 0.140 , 1 0.240 , 1 0.140 , 1 0.050 , 1

322 0,67 0.050 , 1     0.100 , 1 0.100 , 1 0.100 , 1 0.200 , 1     0.500 , 1 0.400 , 1 0.400 , 1 0.100 , 1 0.100 , 1 0.100 , 1 0.050 , 1

323 0,67 0.050 , 1     0.100 , 1 0.100 , 1 0.100 , 1 0.200 , 1     0.500 , 1 0.400 , 1 0.400 , 1 0.100 , 1 0.100 , 1 0.100 , 1 0.050 , 1

324 0,25 0.093 , 1 0.118 , 1 0.118 , 1 0.180 , 1 0.243 , 1 0.465 , 1 0.440 , 1 0.488 , 1 0.225 , 1 0.118 , 1 0.118 , 1 0.093 , 1

333 1,44 0.050 , 1     0.050 , 1 0.140 , 1 0.340 , 1 0.340 , 1 0.140 , 1 0.050 , 1 0.050 , 1 0.140 , 1 0.240 , 1 0.140 , 1 0.050 , 1

UDS
DPM/

RPM
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Figure 25. Linear regression between measured and modeled C data before and after the 

calibration. 
 

 

Table 9.  Observed and simulated data(t C ha-1) for each LU class before calibration. 

 

  

uds code observed data modeled data 

211‐212 31.7 32.3

221 24.0 29.1

223 26.5 24.0

231 47.2 56.4

311 67.3 63.8

312 52.2 46.2

321 33.8 17.8

323 39.6 47.2



 

 

Marina Carta - Study of the soil C dynamics and regional estimates of C sequestration in Sardinia soils linking the 
RothC model to GIS databases. Tesi di Dottorato in Agrometeorologia e Ecofisiologia dei Sistemi 

Agrari e Forestali - XXIII ciclo –Università degli Studi di Sassari 

 100\ 
 
 

Table 10. Statistical analysis before calibration 

 

 

 

 

Table 11. Observed and simulated data(t C ha-1) for each LU class after calibration. 

 

 

 

 

 

 

 

 

Statistical analisys Observed data Model data

Mean 40.3 39.6

Standard Deviation         14.6 16.3

Maximun 67.3 63.8

Minimun 24.0 17.8

Numbers of samples    8.0

Pearson coefficient                  0.9

Coefficient of determination       0.7

Root Mean Square Error             7.7

General Standard Deviation  % 7.0

Modeling Efficiency                         0.7

Mean Bias Error                            ‐0.7

Mean Absolute Error                6.3

uds code observed data modeled data 

211‐212 31.7 31.7

221 24.0 28.0

223 26.5 28.2

231 47.2 46.2

311 67.3 68.9

312 52.2 51.0

321 33.8 29.5

323 39.6 39.9
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Table 12. Statistical analysis after calibration 

 

 

 

 

Table 13.  Observed and simulated data for each LU class in the model validation. 

 

 

  

Statistical analisys Observed data Model data

Mean 40.3 38.8

Standard Deviation         14.6 13.9

Maximun 67.3 68.9

Minimun 24.0 28.0

Numbers of samples    8.0

Pearson coefficient                              r 1.0

Coefficient of determination       0.9

Root Mean Square Error              2.3

General Standard Deviation   % 7.0

Modeling Efficiency                1.0

Mean Bias Error                              0.1

Mean Absolute Error                  1.8

uds code observed data modeled data 

211‐212 30.5 30.3

221 24.2 29.9

223 24.5 26.3

231 49.0 50.5

311 74.0 69.7

312 51.5 58.5

321 34.9 28.9

323 43.0 41.0
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Table 14. Statistical analysis in the model validation 

 

 

 

Figure. 26 Relationship between observed and simulated data in the model validation 
   

Statistical analisys Observed data Model data

Mean 41.5 41.9

Standard Deviation         16.8 16.1

Maximun 74.0 69.7

Minimun 24.2 26.3

Numbers of samples    8.0

Pearson coefficient                              r 1.0

Coefficient of determination         0.9

Root Mean Square Error            4.3

General Standard Deviation   % 10.0

Modeling Efficiency                      0.9

Mean Bias Error                          0.4

Mean Absolute Error                      3.6



 

 

Marina Carta - Study of the soil C dynamics and regional estimates of C sequestration in Sardinia soils linking the 
RothC model to GIS databases. Tesi di Dottorato in Agrometeorologia e Ecofisiologia dei Sistemi 

Agrari e Forestali - XXIII ciclo –Università degli Studi di Sassari 

 103\ 
 
 

The figure 27 and 28 shows respectively the total organic C pool map and CO2 map 

after calibration. 

The calibration affects the several C pools in different percentage.  

As expected, the biggest difference between uncalibrated and calibrated C pool 

differences was found for the DPM. This is due to the fact that this C pool is directly affected by 

the litterfall rates.  

The Figures 29a-b-c-d-e-f show the C pool amounts before and after the calibration. In 

general, the most affected LU classes after the calibration were the 321 (natural pasture), the 

333 (areas with sparse vegetation), the 322 (bushes and shrubs) and the 323 (maquis and 

garrigue). The Table 15 reports the % values of the variation for the C pool amounts after the 

calibration for each LU class.  
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Figure 27 The total organic C (TOC)  map post calibration 
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Figure 28 The CO2 pool map post calibration 
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Figure 29a. Decomposable plant matherial (DPM) amounts in Sardinia before and after the 

calibration for each Land Use Class. 
 

 
Figure 29b. Resistant plant matherial (RPM) amounts in Sardinia before and after the calibration 

for each Land Use Class. 
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Figure 29c. Microbial biomass (BIO) amounts in Sardinia before and after the calibration for each 

Land Use Class. 
 

 
Figure 29d. Humified organic matter (HUM) amounts in Sardinia before and after the calibration 

for each Land Use Class. 
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Figure 29e. Total organic C pool (SUM) amounts in Sardinia before and after the calibration for 

each Land Use Class. 
 

 
Figure 29f. C evolved as CO2 amounts in Sardinia before and after the calibration for each Land 

Use Class. 
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Table 15. Relative variation for the C compartments in the soil before the calibration. 

UDS 
CLASS 

DPM 
% 

RPM 
% 

BIO 
% 

HUM 
% 

SUM 
% 

CO2 
% 

211  ‐3.2  ‐3.2  ‐3.2  ‐3.2  ‐3.2  ‐3.2 

212  ‐3.2  ‐3.2  ‐3.2  ‐3.2  ‐3.2  ‐3.2 

221  ‐2.8  ‐2.8  ‐2.8  ‐2.8  ‐2.8  ‐2.8 

222  ‐2.8  ‐2.8  ‐2.8  ‐2.8  ‐2.8  ‐2.8 

223  17.9  17.9  17.9  17.9  17.9  17.9 

231  ‐18.1  ‐18.1  ‐18.1  ‐18.1  ‐18.1  ‐18.1 

241  ‐16.1  ‐7.6  ‐7.5  ‐7.3  ‐7.4  ‐7.3 

242  ‐18.1  ‐18.1  ‐18.1  ‐18.1  ‐18.1  ‐18.1 

243  ‐6.0  ‐5.4  ‐5.4  ‐5.4  ‐5.4  ‐5.4 

244  ‐6.0  ‐5.4  ‐5.4  ‐5.4  ‐5.4  ‐5.4 

311  8.1  7.3  7.3  7.3  7.3  7.3 

312  15.8  11.5  11.4  11.5  11.5  11.5 

313  12.6  9.2  9.2  9.2  9.2  9.2 

321  89.2  63.3  62.7  63.2  63.3  63.2 

322  ‐32.1  ‐15.7  ‐15.2  ‐15.4  ‐15.5  ‐15.4 

323  ‐32.1  ‐15.7  ‐15.2  ‐15.4  ‐15.5  ‐15.4 

324  ‐10.7  ‐2.4  ‐2.2  ‐2.2  ‐2.3  ‐2.2 

333  84.4  63.3  62.8  63.2  63.3  63.2 

average  0.16  9.71  0.92  34.58  45.4  2.36 
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2. Organic C pools in Sardinia with actual climate 

 

The total C amount in Sardinia after the calibration, calculated for the 95.2% of 

the whole island surface, is estimated, at the year 2000 as 103979.1 t C*1000. This 

means, on average, an amount of 45.4 t C ha-1.  

Most of this C is stored as humified organic matter HUM (76.3%) and resistant 

plant material RPM (21.4%), that are the more stables C pools (fig. 30). 

 

 

 
Figure 30. Soil C pools in Sardinia estimated at the year 2000 for each compartment. 
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In the Table 16, the amount of each C pool after the calibration for the several 

Land Use classes is showed. 

 

Table 16. Values of decomposable plant matherial (DPM), resistant plant matherial (RPM), 
microbial biomass (BPM), humified organic matter (HUM), total organic C (SUM) and evolved 

CO2 (CO2) pools after the calibration (Year 2000). 

DPM  RPM  BIO  HUM  SUM  CO2 
UDS 
CLASS  C (t*1000)  C (t*1000)  C (t*1000)  C (t*1000)  C (t*1000)  C (t*1000) 

211  92.4  2074.2  300.0  11296.8  13763.4  783.2 

212  47.3  1033.9  146.7  5514.2  6742.1  400.3 

221  5.0  236.2  16.0  601.6  858.9  52.8 

222  2.4  106.4  7.1  267.9  383.8  25.5 

223  0.5  331.1  25.7  973.5  1330.8  68.3 

231  4.2  94.6  14.1  529.2  642.2  34.9 

241  13.7  416.9  60.2  2298.2  2789.0  167.6 

242  18.9  418.5  59.0  2199.3  2695.7  142.8 

243  6.6  363.9  35.5  1329.3  1735.3  92.3 

244  12.2  684.8  68.0  2566.7  3331.7  181.1 

311  36.3  7318.2  534.8  20235.5  28124.8  1424.8 

312  4.5  681.6  47.6  1762.1  2495.7  104.1 

313  1.1  200.5  14.0  526.2  742.0  36.1 

321  11.8  413.5  60.5  2274.4  2760.2  153.5 

322  3.6  199.1  18.9  709.9  931.6  45.8 

323  116.3  6429.4  616.5  22895.6  30057.9  1457.8 

324  8.6  1395.6  101.1  3793.8  5299.0  255.8 

333  4.8  158.4  21.3  792.9  977.5  52.5 

Total  357.3  22248.7  2111.6  79261.5  103979.1  5404.7 

t C ha‐1  0.16  9.71  0.92  34.58  45.36  2.36 
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Figura 31 Estimates at the year 2000 of C stored in the 4 compartments and evolved as CO2 for 
each Land Use class.  
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With respect to the Land Use typology, natural areas cover almost the 60% of the total area 

where C pools were estimated. On average, the C stored in the natural areas is higher than that 

stored in the agricultural areas (quantities per ha). The higher natural surfaces and the higher C 

amount per ha of these areas cause that, in Sardinia, these areas contain the 68.5% of the total C 

stored in soils (tab. 17 and fig.31 ). 

With respect to the evolved CO2 per ha, soils of natural areas release more CO2 than 

agricultural areas (56.2% versus 43.8%, respectively). Rapporting these rates to the total natural 

and agricultural surfaces of Sardinia, data indicates that the 65.6% of the evolved CO2 for the 

year 2000 comes from the natural areas (Tab. 17). 

 

 

Table 17. C pool distribution estimation within agricultural and natural areas in Sardinia in the 
year 2000. 

Organic C  CO2 

ha  %  Mt C  %  t C ha‐1  %  Mt C  %  t C ha‐1  % 

Agricultural areas  923030  40.3  32738.9  31.5 35.5  40.5 1861.9  34.4  2.02  43.8 

Natural areas  1369109  59.7  71240.2  68.5 52.0  59.5 3542.8  65.6  2.59  56.2 

Total  2292139  103979.1  5404.7 
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3. C pools projections with the A1b climatic scenario 

 

For a general view of the C pool projections, Figure 32 shows the general trend of 

DPM, BIO, HUM, RPM and the total C pool for the 21th century. The C projections for the 

21th century show a general decrease of C stored in the soils for all compartments, due to a 

general enhanced respiration caused by a rising temperature levels. It is important to say that the 

projections showed in this work did not account for the feedbacks of climatic changes expected 

in the Land Use changes (LUC) and in the Net Primary Production (NPP). The exercise showed 

so far is only the first methodological step to estimate, in Sardinia, the climate change feedback 

in the soil C pools and dynamics, and LUC and NEP variations (these last directly connected to 

litterfall variations) should be accounted in the next step of the work. 

The figure 33 and 34 (a, b, c, d, e )showed the maps of TOC and CO2 pools projections. 

 

 

 
Figure 32. Estimated values of DPM, BIO, HUM, RPM, and total organic C (SUM) in Sardinia for 
the 21th century with the A1b climatic scenario (data area averaged for decade, e.g. 2010 = mean 

data of 2001-2010 period). 
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Figure 33a Map of total organic C (TOC) projection (2001). 
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Figure 33b Map of total organic C (TOC) projection (2030). 
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Figure 33c Map of total organic C (TOC) projection (2050). 
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Figure 33d Map of total organic C (TOC) projection (2070). 
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Figure 33e Map of total organic C (TOC) projection (2100). 
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Figure 34a Map of CO2 pool  projection (2100). 
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Figure 34b Map of CO2 pool projection (2100). 
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Figure 34c Map of CO2 pool projection (2100). 
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Figure 34d Map of CO2 pool projection (2100). 
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Figure 34e  Map of CO2 pool projection (2100). 
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The relative variation of each compartment during the 21th century was different (Table 

18). The reduction for the whole organic C pool (SUM) in the year 2100 is estimated to be the 

18.4% with respect to the year 2000. The pool that showed the highest C loss in the period 

2001-2100 is the DPM (-33.7%), while the HUM pool exhibited the lowest reduction (-14.1%). 

Complexively, the total C loss estimated in the 2090-2100 period with respect to the year 2000 

is equal to 19,165 ktons C. 

The Figures 35a-b-c-d-e shows the trend of each C compartment for the period 2001-

2100. 

The variations of each compartment were different even within each LU class. Figure 

36 shows how the total C pool varies in each LU class. With respect to the total organic C, the 

loss of C was a little less in the agricultural areas than in the natural areas. The Table 20 reports 

the variations of C in each compartment for the respective LU class. 

 

With respect to the evolved CO2, the quantities rising in the period 2001-2100. At the 

end of the 21th century the soils of Sardinia release +7.1% of the CO2 than the year 2000. The 

trend of the CO2 fluxes variation is showed in the Figure 37. The Figure 38 and the table 21 

shows the variations, at the end of the 21th century, of the CO2 fluxes 
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Table 18. Relative variation of the organic C pools and the evolved CO2 during the 21th century 
with A1b climatic scenario. Data area averaged for the respective last decade. 

 

2010  2030  2050  2070  2100 

%  %  %  %  % 

BIO  ‐0.02  ‐8.50  ‐17.93  ‐22.07  ‐29.49 

DPM  ‐5.16  ‐12.72  ‐21.39  ‐28.94  ‐33.74 

HUM  2.73  0.80  ‐2.66  ‐6.70  ‐14.12 

RPM  ‐0.32  ‐10.11  ‐20.77  ‐25.12  ‐32.48 

SUM  1.99  ‐1.77  ‐6.91  ‐11.03  ‐18.43 

CO2  4.31  3.77  4.96  6.50  4.29 

 

 

Table 19. C pools projections for the 21th century in Sardinia. Data (excluded the 2000) are 
averaged for the respective last decade. 

2000  2010  2030  2050  2070  2100 

C (t*1000) 

BIO  2111.6  2111.2  1932.2  1733.0  1645.7  1488.8 

DPM  357.3  338.9  311.9  280.9  253.9  236.8 

HUM  79261.5  81425.0  79895.0  77153.6  73953.9  68067.1 

RPM  22248.7  22178.4  19998.8  17628.4  16660.5  15022.1 

SUM  103979.1  106053.4  102137.9  96795.8  92513.9  84814.7 

CO2  5404.7  5637.9  5608.6  5672.7  5756.0  5636.8 

 

 

Table 20. Variations of C pools in the 21th century. Data area averaged for the respective last 
decade. 

2000  2010  2030  2050  2070  2100 

C (t*1000) 

BIO  0  ‐0.4 ‐179.4 ‐378.6 ‐465.9  ‐622.8

DPM  0  ‐18.4 ‐45.4 ‐76.4 ‐103.4  ‐120.6

HUM  0  2163.5 633.5 ‐2107.9 ‐5307.6  ‐11194.4

RPM  0  ‐70.3 ‐2249.9 ‐4620.3 ‐5588.3  ‐7226.7

SUM  0  2074.3 ‐1841.2 ‐7183.3 ‐11465.2  ‐19164.5

CO2  0  233.1 203.9 268.0 351.2  232.1
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Figure 35a. Absolute and relative variation of the DPM during the 21th century. 

 

Figure 35b. Absolute and relative variation of the RPM during the 21th century. 
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Figure 35c. Absolute and relative variation of the BIO during the 21th century. 
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Figure 35d. Absolute and relative variation of the HUM during the 21th century. 

 

Figure 35e. Absolute and relative variation of the total organic C (SUM) during the 21th century.
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Figure 36. Variations of the total C pool in the LU classes during the 21th century. 

0 20000 40000

211

212

221

222

223

231

241

242

243

244

311

312

313

321

322

323

324

333

Total C pool (t C*1000)

La
n
d
 U
se
 C
la
ss

2000

2091‐2100



 

 

Marina Carta - Study of the soil C dynamics and regional estimates of C sequestration in Sardinia soils linking the 
RothC model to GIS databases. Tesi di Dottorato in Agrometeorologia e Ecofisiologia dei Sistemi 

Agrari e Forestali - XXIII ciclo –Università degli Studi di Sassari 

 131\ 
 
 

Table 21. Variations (period 2091-2100 vs year 2000) of the organic C pools for each Land Use 
class. 

  DPM  RPM  BIO  HUM  SUM 

  %  %  %  %  % 

211  ‐25.69 ‐31.15 ‐28.49 ‐14.32  ‐17.24 

212  ‐30.04 ‐29.82 ‐27.22 ‐14.10  ‐16.90 

221  ‐16.93 ‐28.99 ‐28.05 ‐16.76  ‐20.33 

222  ‐18.43 ‐20.51 ‐18.67 ‐8.61  ‐12.15 

223  ‐86.55 ‐34.04 ‐29.79 ‐14.62  ‐19.77 

231  ‐28.99 ‐35.25 ‐32.22 ‐20.35  ‐22.86 

241  ‐20.94 ‐25.99 ‐23.57 ‐10.25  ‐12.94 

242  ‐35.34 ‐38.65 ‐36.00 ‐21.73  ‐24.77 

243  ‐29.51 ‐31.42 ‐28.41 ‐14.68  ‐18.52 

244  ‐24.21 ‐27.95 ‐25.31 ‐11.49  ‐15.21 

311  ‐31.08 ‐28.32 ‐25.22 ‐10.22  ‐15.25 

312  ‐47.17 ‐45.53 ‐42.01 ‐23.25  ‐29.73 

313  ‐37.53 ‐34.98 ‐31.75 ‐15.47  ‐21.08 

321  ‐30.70 ‐30.00 ‐26.97 ‐11.96  ‐15.08 

322  ‐41.65 ‐31.73 ‐28.25 ‐12.86  ‐17.29 

323  ‐49.33 ‐38.40 ‐34.92 ‐17.82  ‐22.67 

324  ‐38.30 ‐33.14 ‐29.85 ‐13.91  ‐19.31 

333  ‐41.06 ‐37.38 ‐33.71 ‐13.10  ‐17.64 

211  ‐33.74 ‐32.48 ‐29.49 ‐14.12  ‐18.43 

avg  ‐33.74 ‐32.48 ‐29.49 ‐14.12  ‐18.43 

 
Agricultural 
areas  ‐27.19 ‐30.63 ‐28.07 ‐14.32  ‐17.44 
Natural 
areas  ‐41.28 ‐33.09 ‐30.20 ‐14.03  ‐18.88 
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Figure 37. Absolute and relative variation of the evolved CO2 during the 21th century. 

 

 
Figure 38. Variations of the CO2 fluxes during the 21th century. 
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4. Model sensitivity analysis 

 

Good practice in model application requires knowledge of the of the model to changes 

in input variables over a range of conditions. For univariate testing, the model was run with a 

fixed (default) set of variables, except for the particular single variable that was allowed to vary. 

The range of variation depended somewhat on the nature of the particular variables. 

The variables considered are: the clay content, the monthly plant residual input and the 

climate variables. 

 

Percent clay in the soil 

 

Table 22 Variation of C (t ha-1) due to change clay content in the soil for each UDS class 

 

 

For univariate analysis, the initial 30% clay value was varied from 5% to 90%. It was 

considered that these values covered the expected range of the variable. 

 

 

Figure 39. Variation of C (t ha-1) due to change clay content in the soil. 

Clay % 211 221 223 231 311 312 321 323

5 ‐11,3 ‐8,7 ‐9,3 ‐15,7 ‐18 ‐15,8 ‐10,1 ‐13,2

15 ‐5,3 ‐4 ‐4,3 ‐7,2 ‐8,3 ‐7,1 ‐4,6 ‐6,1

30 0 0 0 0 0 0 0 0

45 1,9 1,5 1,5 2,7 3,1 2,7 1,8 2,2

60 2 1,6 1,6 2,9 3,2 2,8 1,9 2,3

75 2,4 1,9 1,9 3,4 3,8 3,3 2,2 2,8

90 2,8 2,2 2,4 4 4,6 4 2,6 3,3
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Low values of clay (around 5-30%) affect substantially negatively the C soil content (-

20/-5 t C ha-1), while if the clay content increases the C content varies little. All 8 UDS classes 

have roughly the same trend but the class 312 reacts slightly more sensitive to the clay variation 

(tab.22 and fig 39). 

 

Monthly plant residual 

 

The monthly of plant residual is the variable that most influences the C soil content. All 

8 UDS classes have roughly the same trend, with an increase/decrease of 2,5 t C ha-1 about for 

0,01 t C ha-1 of input variation (tab.23 and fig 40) . 

 

Table 23 Variation of C (t ha-1) due to plant residual change. 

 

 

 

 

Figure 40. Variation of C (t ha-1) due to plant residual change. 

Plant Residual inputs (t C/ha) 211 221 223 231 311 312 321 323

>0,03 7,3 6,5 8,2 7,3 8,2 8,2 7,3 7,8

>0,01 2,4 2,2 2,7 2,4 2,8 2,7 2,4 2,6

0 0 0 0 0 0 0 0 0

<0,01 ‐2,4 ‐2,2 ‐3 ‐2 ‐2,8 ‐3 ‐2,4 ‐2,6

<0,03 ‐7,3 ‐6,6 ‐8,3 ‐7,3 ‐8,2 ‐8,2 ‐7,3 ‐7,8
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Climate variables 

 

The observed average monthly pan evaporation had no effect on the estimate of soil C. 

A small (-0,9/-2,3 t C ha-1) response was detected (fig 20) at -15 mm month-1 pan evaporation 

(tab.24 and fig 41) 

 

Table 24 Variation of C (t ha-1) due to ETP change. 

 

 

 

 

 

Figure 41 Variation of C (t ha-1) due to ETP change. 

 

  

ETP (mm) 211 221 223 231 311 312 321 323

>15 0 0 0 0 0 0 0 0

>5 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

<5 0 0 0 0 0 0 0 0

<15 ‐1,3 ‐0,9 ‐1,2 ‐1,8 ‐2,3 ‐2 ‐1,1 ‐1,6
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Also the temperature strongly influences the C soil variation. An increase in one degree 

celsius (°C) would decrease the amount of soil C by about 4 t C ha-1 until 8 t C ha-1 (tab.25 and 

fig 42). Temperature may be a critical variable because large changes in temperature can occur 

within the same region 

 

 

Table 25 Variation of C (t ha-1) due to temperature change 

 

 

 

 

 

Fig. 42 Variation of C (t ha-1) due to temperature change. 

 

 

 

 

 

 

TEMP (°C) 211 221 223 231 311 312 321 323

>2,5 ‐9,3 ‐8,7 ‐8,8 ‐13,2 ‐17 ‐15 ‐8,3 ‐11,6

>1 ‐4,3 ‐3,9 ‐4 ‐5,9 ‐7,7 ‐6,7 ‐3,7 ‐5,3

0 0 0 0 0 0 0 0 0

<1 5 4,6 4,7 7 9,1 8 4,5 6,2

<2,5 14,4 13,6 13,5 20,3 26,3 23,1 13 17,9
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A rain increase of 15 mm per month had a significant effect, decreasing from 1,6 to 

about -4 t C ha-1. However, it would be expected that increased monthly rainfall would correlate 

with increased biomass production, there by lessening the real observed impact (tab.26 and fig 

43). 

 

Table 26 Variation of C (t ha-1) due to rain change. 

 

 

 

Fig. 43 Variation of C (t ha-1) due to rain change. 

 

Further complications can arise due to interactions between variables. For example, 

climatic conditions and soil type may have a profound effect on crop growth, which in turn 

affects the amount of C entering the soil. There is often also a correlation between temperature, 

rainfall and evaporation characteristics affecting the moisture content of the soil, with an 

additional correlation with clay content (Janik et al., 2002). Although it is acknowledged that 

these correlations may have significant influence on the calculated sensitivities, they are too 

complex to address in this work.  

RAIN (mm) 211 221 223 231 311 312 321 323

>15 ‐2,3 ‐1,6 ‐2,1 ‐3,1 ‐4 ‐3,5 ‐1,9 ‐2,7

>5 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

<5 0 0 0 0 0 0 0 0

<15 0 0 0 0 0 0 0 0
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In this preliminary study, an analysis of organic carbon pools in a representative 

Mediterranean area was carried out. A detailed GIS database, coupled with climate data and a 

dynamic simulation model was used to estimate the regional SOC stocks and the sequestration 

potential. 

The results show the total organic C amount in the soil is estimated as about 

104,000,000 t C (45 t C ha-1, on average), and the CO2 released is 5479.1 kt C (2.39 t C ha-1) on 

average. In general, the naturals areas contain an higher amount of organic carbon. Most of this 

carbon is stored as humified carbon. With respect to the evolved CO2, natural areas release more 

C than agricultural areas (56.2% vs 43.8%, respectively). 

The projections through the 21th century in a climate change scenario (A1b) showed a 

general reduction of the organic carbon pool in the soil (-18.4% in the 2100). The C pool 

decrement rate was different between the compartments and, on average, the natural areas lose 

more C than the agricultural areas. 

The rate of the released CO2 from soil increases in the natural areas. On average, the 

annual CO2 flux at the end of the 21th century increased of 4.3%. 

This work represents a preliminary exercise that shows how climate change can affect 

the organic carbon decomposition in the soil of Mediterranean areas. But other processes, 

coupled to climate change, first of all the Land Use change, and the changes in the annual inputs 

of plant debris (changing in a context of climatic change) should be accounted in the next steps 

to give more realistic estimations of C pool dynamics. 
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