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Abstract 

Soil is a critical natural resource that inherently changes through time. This 

change is affected by a variety of natural and anthropogenic factors and their 

combined impacts. To preserve the soil and protect it, it is necessary to predict the 

consequences of human activities and global change on soil evolution. This can be 

achieved using soil evolution modelling. However, only a model that includes a large 

coverage of physical, chemical and biological processes, that considers feedback 

mechanisms between soil and soil forming factors, that has a detail description of 

flow of water, and that accounts for human activities on land (land use, agricultural 

practices) would be suitable for projection purposes. However, the evolution of key 

soil characteristics such as organic carbon (OC), are often simulated by models 

focusing on that specific soil characteristic and the sole soil processes acting on it.  

In this study, we first tested the sensitivity to variation of climate, land use and 

agricultural practices, of a model that includes the maximum process coverage 

(SoilGen2.24). We demonstrated the sensitivity of this model to those forcing factors 

and identified three of its main limitations, namely some over-simplified processes, 

some missing processes and a simplifying assumption of constant soil volume. We 

conclude that to overcome these limitations a modular structure is fundamental. 

To overcome part of these limitations, we thus 1) built up the first fully modular soil 

evolution model, OC-VGEN, by using the process definitions of SoilGen2.24 model in 

a flexible environment, i.e. a modelling platform, VSoil; 2) tested different 

formalisms for some of the key processes responsible for the OC depth distribution, 

namely the root depth distribution, bioturbation and the depth evolution of the OC 

decomposition rate; 3) proposed a first, semi-mechanistic approach to account for 

soil volume change in a short to medium time scale soil evolution modelling. This 

latter is still a challenge for most of the soil evolution models. 
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OC-VGEN was used to reproduce and project the depth distribution of OC at a 

century time scale for Luvisols having experienced different histories of land use 

and tillage. We demonstrated that, at this time scale, 1) the impact of feedback 

processes on OC depth distribution are not negligible; 2) land use and tillage, beside 

their direct impact on the input of organic matter to soil, influence the internal 

feedbacks (e.g. soil moisture and temperature) leading to an indirect impact on OC 

dynamics; 3) when projecting soil evolution, the lack of knowledge on the process 

definition has a larger influence on the projected trajectories than uncertainties on 

climate or land use scenarios.  

This work demonstrated the necessity of 1) a pedogenetic model when estimating 

soil response to forcing factors such as climate, land use and agricultural practices 

at the century scale; 2) a better definition and calibration of some still insufficiently 

known soil processes. 

Saying that, OC-VGEN can be set as a corner stone for the future of soil evolution 

modelling. 
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Résumé 

Le sol est une ressource naturelle essentielle qui évolue dans le temps. Cette 

évolution est influencée par un grand nombre de facteurs naturels et anthropiques 

et leurs interactions. Pour préserver le sol et le protéger, il est nécessaire d’être en 

mesure de prévoir les conséquences des activités humaines et du changement global 

sur l'évolution des sols notamment en modélisant cette dernière. Pour ce faire, il est 

nécessaire de disposer de modèles qui incluent une large gamme de processus tant 

physiques, chimiques que biologiques; qui considèrent les mécanismes de 

rétroaction entre les facteurs pédologiques et le sol; qui propose une description 

explicite de l'écoulement de l'eau; et tiennent compte des activités humaines (usage 

des terres, pratiques agricoles). Cependant, l'évolution des principales 

caractéristiques du sol, comme celle du carbone organique (Corg), est souvent 

simulée par des modèles axés sur cette caractéristique spécifique et donc 

uniquement sur les processus pédologiques qui agissent sur elle. 

Dans cette étude, nous avons d'abord testé la sensibilité du modèle qui inclut la plus 

grande gamme de processus pédologiques, SoilGen2.24, à la variabilité du climat, de 

l'usage des terres et du travail du sol. Nous avons démontré la sensibilité de ce 

modèle à ces facteurs de forçage et identifié trois de ses principales limites, à savoir, 

certains processus trop simplifiés, certains processus manquants et une hypothèse 

simplificatrice de volume constant du sol. Nous avons conclu que pour surmonter 

ces limitations, une structure modulaire est fondamentale. 

Ainsi, nous avons 1) construit le premier modèle d'évolution du sol entièrement 

modulaire, OC-VGEN, en intégrant dans une plateforme de modélisation flexible, 

VSoil, les formalismes des processus du modèle SoilGen2.24; 2) testé différents 

formalismes pour certains des processus clés responsables de la distribution 

verticale de Corg, à savoir la distribution verticale des racines, la bioturbation et 

l'évolution verticae du taux de décomposition de Corg; 3) proposé une première 

approche semi-mécaniste du changement du volume du sol pour la modélisation de 
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l'évolution du sol à court et moyen terme. Ce dernier aspect représente un défi pour 

la plupart des modèles d'évolution des sols. 

OC-VGEN a été utilisé pour reproduire et projeter l’évolution, à l’échelle du siècle, de 

la distribution verticale de Corg pour des Luvisols ayant connu des historiques 

d'utilisation des terres et de travail du sol différents. Nous avons démontré que, à 

cette échelle de temps, 1) l'impact des processus de rétroaction sur la distribution 

verticale de Corg n'est pas négligeable; 2) l'usage des terres et le travail du sol, en 

plus de leur impact direct sur l'apport de matière organique au sol, influencent les 

rétroactions internes (par exemple l'humidité et la température du sol) entraînant 

un impact indirect sur la dynamique de Corg; 3) le manque de connaissances sur la 

définition des processus a une plus grande influence sur les trajectoires d’évolution 

des sols que les incertitudes sur les scénarios climatiques ou d'utilisation des terres. 

Ce travail a démontré la nécessité 1) d’utiliser un modèle pédogénétique pour 

estimer la réponse du sol à des facteurs de forçage tels que le climat, l'utilisation des 

terres et les pratiques agricoles à l'échelle du siècle; 2) de se doter d'une meilleure 

définition et calibration de certains processus pédologiques encore insuffisamment 

connus. 

Cela dit, OC-VGEN peut être considérés comme une pierre angulaire pour l'avenir de 

la modélisation de l'évolution des sols. 
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Samenvatting 

De bodem is een essentiële natuurlijke hulpbron welke continu verandert. 

Deze verandering wordt beïnvloed door een scala aan natuurlijke en antropogene 

factoren en hun gecombineerde effecten. Om de bodem te kunnen behouden en 

beschermen is het noodzakelijk om de consequenties van menselijke activiteiten en 

klimaatverandering op de bodemevolutie te kunnen voorspellen. Dit kan worden 

gerealiseerd middels de modellering van bodemevolutie. Echter, slechts een model 

dat een groot aantal fysische, chemische en biologische processen omvat, dat een 

gedetailleerd beschrijving van de waterstroming bevat, en dat rekening houdt met 

de effecten van menselijke activiteiten op het land (landgebruik, 

landbouwpraktijken), kan geschikt zijn voor toekomst-projecties. De evolutie van 

belangrijke bodemkenmerken zoals organische koolstof wordt op dit moment 

echter beschreven met modellen die zich beperken tot die bodemkenmerken en de 

bodemprocessen die daar direct op inwerken. 

In deze studie testten we allereerst de gevoeligheid van een model met maximale 

procesdekking (SoilGen2.24) ten opzichte van variaties in klimaat, landgebruik en 

landbouwpraktijken. We demonstreerden de gevoeligheid van dit model voor deze 

randvoorwaarden en identificeerden drie van de belangrijkste beperkingen, 

namelijk enkele over-gesimplificeerde processen, enkele missende processen en 

een simplificerende vooronderstelling van een constant volume. We concluderen 

dat een modulaire modelstructuur is essentieel om deze beperkingen te 

overwinnen. 

Om een deel van deze beperkingen te overwinnen werden de volgende activiteiten 

uitgevoerd: 1) we bouwden het eerste volledig modulaire bodemevolutiemodel, OC-

VGEN, door de procesdefinities uit SoilGen2.24 over te brengen naar een flexibele 

software omgeving, namelijk het model platform VSoil; 2) we testten verschillende 

formalismen voor enkele van de sleutelprocessen die verantwoordelijk zijn voor de 

evolutie, met de diepte, van organische koolstof (OC), namelijk de 
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bewortelingsdiepte-distributie, bioturbatie en de diepte-specifieke evolutie van de 

OC decompositiesnelheid; 3) we introduceren een eerste, semi-mechanistische 

manier om rekening te houden met veranderingen in het bodemvolume op de korte- 

en middellange termijn voor bodemevolutiemodellering. Deze laatste activiteit is 

een uitdaging voor de meeste bodemprocesmodellen. 

OC-VGEN is gebruikt om de diepte-distributie van OC te reproduceren en te 

voorspellen op tijdschaal van een eeuw, voor Luvisol-bodems met verschillend 

historisch landgebruik en bodembewerking. We demonstreerden dat, op deze 

tijdschaal, 1) de effecten van terugkoppelingsprocessen op OC-dieptedistributies 

niet verwaarloosbaar zijn; 2) landgebruik en bodembewerking, naast hun directe 

effect op de aanvoer van organischestof in de bodem, ook de interne 

terugkoppelingsmechanismen beïnvloeden (bijvoorbeeld via het 

bodemvochtgehalte en de temperatuur), met als gevolg een indirect effect op de 

dynamiek van OC; 3) bij de projectie van bodemevolutie, een gebrek aan kennis 

omtrent de procesdefinitie een grotere invloed heeft op de geprojecteerde 

ontwikkeling dan onzekerheden omtrent klimaats- of landgebruik-scenario’s. 

Dit werk toonde de noodzaak aan van 1) een pedogenetisch model wanneer de 

bodem-response op randvoorwaarden zoals klimaat, landgebruik en 

landbouwpraktijken op een schaal van 100-en jaren moet worden ingeschat; 2) een 

betere definitie en kalibratie van een aantal onvoldoende gekende bodemprocessen. 

Dit gezegd hebbende, denk ik dat OC-VGEN een hoeksteen kan zijn bij toekomstige 

modellering van bodemvorming.. 
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1.1 Why modelling soil evolution? 

Soil is a critical natural resource that inherently changes through time. This change 

is affected by variety of natural and anthropogenic factors and their combined impacts 

(Tugel et al., 2006). The population growth and human practices as the anthropogenic factor 

has caused strains on soils and greatly influenced the nature, intensity and speed of change 

in soil properties, specifically over short time scales (Tugel et al., 2006; Hartemink, 2008; 

Montagne and Cornu, 2010). Deforestation, land use change, fertilizer application and 

tillage are examples of human activities that led to significant alterations of soil chemical, 

physical and biological characteristics and raised serious concerns toward soil degradation 

(Stockmann et al., 2013). On the other hand, due to the feedback mechanisms between 

atmosphere, hydrosphere, biosphere and soils, all the environmental challenges related to 

food and water security, energy sustainability, biodiversity and climate change are 

connected to soil at one end (McBratney et al., 2014).  

The key to face these challenges and demands for sustained use of soil is in studying and 

projection of soil change as a result of environmental factors and human activities (Tugel et 

al., 2006). Understanding of soil temporal change and the ability to project this change 

under changing environmental factors can be achieved by soil modelling.  

Anticipations for dramatic changes in climatic conditions and land uses in the coming 

century, increase the importance of soil modelling exercises at the century time scale. 

Notably recent studies have argued the importance of including soil processes in climate 

models, due to their role as source or sink of carbon and other greenhouse gases and their 

contribution on extreme climatic events (Smith and Mizrahi, 2013; Trenberth et al., 2015). 

Soils currently comprise two times the amount of carbon that is stored in the atmosphere 

and three times what is conserved in vegetation (Smith et al., 2008). A relatively small 

change in soil carbon stocks can play a significant role in atmospheric greenhouse gases 

concentrations (Minasny et al., 2017; Jones and Falloon, 2009). Thus, modelling of soil 

organic carbon dynamics have gained lots of attention to predict the potential of soil carbon 

storage to mitigate climate change (Campbell and Paustian, 2015). However due to the 

feedback mechanisms existing between soil carbon dynamics and other soil properties such 

as soil moisture and temperature (Conant et al., 2011; Craine et al., 2011), soil type (Mathieu 

et al., 2015) and soil chemical composition (Doetterl et al., 2015), the co-evolution of 

physical, chemical and biological characteristics and the feedbacks between them must be 

modelled while projecting OC stocks on a decade to century time scale. 
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1.2 How far are we in soil evolution modelling? 

1.2.1 Existing soil modelling approaches 

The state of art of modelling the processes of soil formation has been documented and 

reviewed in several studies (Hoosbeek and Bryant, 1992; Minasny et al., 2008; Samouëlian 

and Cornu, 2008; Stockmann et al., 2011; Samouëlian et al., 2012; Vereecken et al., 2016). 

In general soil evolution models follow either a functional or a mechanistic approach. In the 

former, a simplified or empirical relation between observed and simulated data is 

developed without making a claim to fundamentality with regard to the processes involved 

(Hoosbeek and Bryant 1992) (Figure 1-1). Factorial and mass balance models (Brimhall and 

Dietrich, 1987; Phillips, 1993; McBratney et al., 2003) are examples of functional models. 

Those models focus only on the solid part of the soil and are limited to the soils developed 

from homogeneous parent material (Samouëlian and Cornu, 2008). However, when aiming 

at projecting the evolution of soil under global change, an explicit description of flow of 

water as the motor of soil evolution is fundamental (Samouëlian and Cornu 2008; Lin 2011). 

Figure 1-1: Fundamental characteritics of soil evolution modelling used in this study, adapted from 
Hoosbeek and Byryant, (1992), X axis representing the process coverage; Y the spatial scale and Z 
the modelling approach. 
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In contrast, mechanistic approaches incorporate fundamental mechanisms of the processes 

involved, according to the available knowledge (Addiscott and Wagenet 1985). The 

mechanistic soil modelling efforts can further be categorized based on the diversity of their 

process coverage and their spatial scale (Figure 1-1). There exist a wide range of models 

which focus on selected processes acting on soil evolution. Explicit models that deal only 

with water transfer in soil such as HYDRUS (Šimůnek, 2008), WAVE (Vanclooster et al., 

1996) and MACRO (Jarvis, 1991); models dedicated to the process of soil erosion (Minasny 

and McBratney, 1999); dynamic vegetation models such as LPJ (Sitch et al., 2003), STICS 

(Brisson et al., 1998) and ORCHIDEE (Krinner et al., 2002) which explicitly consider the 

development of plants and their interaction with climate; and organic carbon dynamic 

models such as RothC (Coleman et al., 1997), CENTURY (Parton, 1996) and CANTIS 

(Garnier, 2003) dealing with soil OC decomposition are examples of such modelling 

approaches. Models dealing with soil liquid phase and lateral soil evolution usually extend 

from 1D to 3D scales. Vegetation and OC dynamic models are also commonly used at global 

scale (Campbell and Paustian, 2015) (Table 1-1).  

More recently, attempts on coupling soil processes have gained more attention. While some 

still couple processes that are only dealing with the solid phase (Salvador-Blanes et al., 

2007; Cohen et al., 2010), integration of solutes and solids have been practiced by others 

(WITCH model, (Godderis et al., 2006); SoilGen model, (Finke and Hutson, 2008)). In 

addition, realizing the importance of feedback mechanisms among soil processes, OC 

dynamic models started to couple the mechanism of OC decomposition with water transfer 

and biological processes such as plant development and bioturbation (Braakhekke et al., 

2011; Koven et al., 2013; Riley et al., 2014). While models dealing with solid phases usually 

include 3D spatial extension, the solid-solute and OC-water integrated models are often 1D 

(Table 1-1).  

Lately, some modelling approaches attempted to fill the gap by combining the available 

knowledge on 1D and 3D processes and building soilscape models that deal with a wide 

range of lateral and vertical processes occurring in soils. MILESD by Vanwalleghem et al. 

(2013), LORICA by Temme and Vanwalleghem (2016) and mARM5D by Cohen et al. (2015) 

are example of those models (Table 1-1). However, these models are still in their infancy 

and lack the explicit description of water transfer. 
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Table 1-1: Summary of the mentioned soil evolution models, their modelling approach, process 
coverage and spatial scale. 

Modelling 
approach  

Considered 
phase 

Spatial 
scale 

Processes 
included 

Reference 

Functional  

Solid  

1D 
Mass balance 
 

Brimhall and Dietrich (1987) 

3D 
Pedogenetic 
processes 

Phillips (1993) 
McBratney et al.(2003) 

Mechanistic 
 

0D OC dynamics 
RothC – Coleman et al. (1997) 
Century-Parton (1996) 

1D 
Erosion and 
weathering 

Salvador-Blanes et al. (2007) 
Cohen et al. (2010) 

2D Minasny and McBratney (1999) 

Liquid 

1D 

Water 
transfer 

HYDRUS - (Šimůnek et al., 2008) 

Water and 
solute 
transfer 

WAVE (Vanclooster et al.,1996) 

3D 
MACRO (Jarvis, 1991) 

Solid-liquid 

1D 

Chemical 
weathering 

Godderis et al., (2006) 

Water and OC 
dynamics 

Braakhekke et al. (2011); 
Koven et al. (2013)  
Riley et al. (2014) 

3D 
Pedogenetic 
processes
  

MILESD by Vanwalleghem et al. 
(2013) 
LORICA by Temme and 
Vanwalleghem, (2015)  
mARM5D by Cohen et al. (2015) 
 

Solid-liquid-gas 1D 
Pedogenetic 
processes 

Finke and Hutson (2008) 

 

Nevertheless, as stated by Samouëlian and Cornu (2008), when considering soil evolution 

at the century scale or longer, interactions among various soil processes and the co-

evolution of important soil characteristics must be considered. This feature is relatively rare 

in soil modelling approaches so far. 

Recently, Minasny et al. (2015) reviewed over 29 published soil models including 1D, 2D 

and 3D models, according to their processes coverage. They conclude that 2D and 3D soil 

modelling efforts generally have a lower process coverage than profile models and lack 

http://www.sciencedirect.com/science/article/pii/S0016706108000293#bib28
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formulations of water flow while more concentrated on the redistribution of solid phase. 

On the other hand, the drawback of soil profile (1D) models is the lack of lateral interactions.  

In summary, soil evolution modelling must include: 

 a large coverage of physical, chemical and biological processes to be able to 

reproduce the present soil from an initial condition (parent material or already 

developed soil); 

 feedback mechanisms between soil and soil forming factors; 

 detail description of flow of water as it is the main driving force for almost all other 

processes; 

 human activities on land (land use, agricultural practices). 

Among all the available models, there exist only a few recent efforts on coupling major soil 

forming processes -while considering the explicit flow of water- to simulate the feedback 

mechanisms among the soil properties (SoilGen: Finke and Hutson (2008); MILESD: Temme 

and Vanwalleghem, (2016)). 

 

1.2.2  SoilGen, a good candidate to model soil evolution: advantage and limits 

Among existing models mentioned above, SoilGen2.24 (Finke, 2012) is the model with the 

widest process coverage (Minasny et al., 2015) that (1) simulates the co-evolution of major 

soil properties (e.g. OC content, clay content, bulk density and pH); (2) takes into account 

climate factors, land use and agricultural practices on land. These characteristics make 

SoilGen a good candidate to study the evolution of soil and project this evolution according 

to the global change scenarios. However, this model, like all the existing multi-process, 

complex models is still bound with limitations as well as simplifying assumptions (Opolot 

et al., 2015; Keyvanshokouhi et al., 2016). 

Limitations associated with soil evolution modelling are either process based or structure 

based. Process based limitations of SoilGen were evidenced by Minasny et al. (2015), Opolot 

et al. (2015), Keyvanshokouhi et al. (2016) and, Vereecken et al. (2016). They can be 

summarized as: missing processes (e.g. for SoiGen2.24: secondary mineral formation); 

simplified processes which require more dynamic and mechanistic formulations (e.g. for 

SoilGen2.24: plant development) and simplifying assumption (e.g. for all the existing soil 

evolution models: constant soil volume over time (Sollins and Gregg, 2017)). 
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Models exist in the literature that address certain of these processes as described above. 

Those modelling approached could be used to complete the SoilGen model. However, since 

each of these modelling efforts have their own structure meaning: functionality, 

programming language, spatial scale and definition of concepts and variables it is a 

challenge to couple them with another model. This leads to the above mentioned structure 

based limitation which is generally rooted in the fact that these models are not strictly 

modular and due to the coding complications, they can be modified almost only by the 

developer. 

Thus, it can be inferred that the remediation of process based limitations is bound with the 

structure restrictions of the model. Unless the model achieves modularity in a transparent 

framework, it cannot communicate with larger community of developers to be modified and 

improved. This becomes far more important when we refer to the necessity of further 

coupling between projective soil models and climate/ecology models (Vereecken et al., 

2016). 

 

1.2.3 VSoil, a virtual soil platform for soil evolution modelling 

As proposed by Campbell and Paustian (2015) and Vereecken et al. (2016) use of virtual 

soil platforms that provide a user friendly environment to exchange the existing knowledge 

and develop new functionalities with a collaborative approach is a starting point toward a 

common community to address global environmental issues. Such a modelling platform 

should provide transparency on the definition and exchange of concepts and variables and 

simplify the technical/IT procedure to open the community to a wider range of developers.  

Recently developed, the VSoil modelling platform (Lafolie et al., 2014), with modularity as 

its main feature, is an example of such modelling environments that addresses the above-

mentioned issues. This platform allows a clear distinction between knowledge defined as 

processes and their mathematical representation. This distinction provides the opportunity 

of considering several numerical expressions to represent each of the processes. The 

platform also provides a variable time and space grid, which can be different for each 

process in a coupled model while this grid can be altered if needed during simulations of 

soil evolution (an example would be the change in soil compartment thickness due to 

volume changing processes). 

All the above gives a significant flexibility for building multi-process models and makes the 

VSoil modelling platform a unique tool to build complex soil evolution models. 
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1.3  How to validate soil evolution models for projections? 

 

One of the important goals of soil evolution modelling is to be able to determine 

the trajectory of soil change and project this evolution over the next century as the climate 

models do. Since future soil does not exist, the ability of a model for projective modelling 

has to be evaluated on a sequence of present soils developed under different climatic and 

management (e.g. land use, tillage practices, etc.) conditions or on paleosols. 

To reproduce present soils, the process of soil formation from the parent material should 

be simulated. The formation of soil extends thousands of years and the initial and boundary 

conditions (in the case of SoilGen, parent material characteristics and time series of climate, 

land use, vegetation and agricultural practices) have to be provided for all the simulation 

duration. Since the simulations are extending beyond the history of recorded data, the 

reconstruction of these conditions are associated with uncertainties. Thus, the propagation 

of those uncertainties on model outputs has to be estimated as well. Little is known about 

such uncertainty propagations in soil evolution modelling (Minasny et al., 2015). 

 

1.4  Objectives and outline of this study 

 

From the above state of the art analysis on soil evolution modelling, the following 

questions were set as objectives to be addressed: 

i) Is the SoilGen2.24 model suitable for projecting soil evolution due to climate, 

land used and agricultural practices change? To do so we performed a sensitivity 

analysis on the SoilGen2.24 model to climate and agricultural practices change 

as well as to the uncertainties of initial and boundary conditions on millennium 

time scale (Chapter 3). 

ii) Can we predict organic carbon (OC) depth distribution in soils experiencing 

different land uses and practices at the century scale considering interactions 

and retroactions among soil processes? To do so, we proposed: 



Chapter 1. Objectives and outline of this study 

- 26 - 

a.  to build a pedogenetic model based on the SoilGen2.24 model in the VSoil 

modelling platform (Chapter 4); 

b. to test the impact on the OC depth distribution of 1) different numerical 

representations of root depth distribution, decomposition coefficients and 

bioturbation; 2) forcing factors such as land use, agricultural practices and 

climate (Chapter 5). 

iii) How can we overcome one of the most important limitations of soil evolution 

modelling: the constant volume assumption? We thus proposed to introduce 

volume change using a bulk density pedotransfer function in the OC-VGEN 

model (Chapter 6). 

 

In all cases, the modelling approaches were tested on long term experiments conducted on 

Luvisols sequences having experienced different land uses of tillage history, forming so 

called anthroposequences. These two changes were selected as they represent probable 

evolution in the coming century (Paustian et al., 1997; Jobbágy and Jackson, 2000; Post and 

Kwon, 2000; Lal 2004). The soil sequences are presented in Chapter 2.

  



 

 

 The SoilGen2.24 model, 

the VSoil platform and the 

study sites 
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2.1 A short description of SoilGen2.24 

 

SoilGen (Finke and Hutson, 2008; Finke, 2012) is a pedon scale, soil formation, 

mainly mechanistic model as it includes some empirical formalisms (e.g. evaluation of the 

hydraulic properties). This model takes into account factors of soil formation (climate, 

organisms, relief, parent material and human activities on soil) as initial or boundary 

conditions and simulates a large range of physical, chemical and biological soil forming 

processes. The model is based on LEACHC (Hutson, 2003) that uses Richard’s equation for 

water flow, the advection-dispersion equation for solute and heat flow and chemical 

equilibrium processes, to which was added some improvements to include more cations 

and minerals. It can simulate physical and chemical weathering. The impact of vegetation 

on soil is considered based on a simplified, vegetation-specific forcing function. Suspension 

of fine particles is simulated by mechanisms such as the effect of rain splash, chemical 

dispersion/coagulation and filtering of <2 µm particles, while the transport of solids follows 

the convention-dispersion equation as done for solutes. Bioturbation is modelled by a 

mixing equation among soil compartments. Agricultural activities such as tillage, irrigation 

and application of fertilizers are also simulated in this model.  

Since in this study we focused more on OC depth distribution, the modules acting on OC will 

be further described. Organic matter input to soil occurs via plants/manure and is 

subsequently split between the above and below ground pools. Each of these two pools 

decay over time according to an equation based on Rothc-23.6 model (Coleman and 

Jenkinson, 2014). In RothC, the fresh organic matter input is split between different pools 

(decomposable plant material (DPM), resistant plant material (RPM), biomass (BIO), humus 

(HUM) and inert organic matter (IOM) and CO2) which decay (with the exception of IOM and 

CO2) according to an exponential equation. Coefficients of this equations are a function of 

(i) time, with half-life that differs strongly among pools (a month for DPM; one to three years 

for BIO, three to ten years for RPM, over 50 years for HUM, IOM is considered as stable in 

the model (Janik et al., 2002); (ii) soil moisture deficit defined as rain less potential 

evapotranspiration; (iii) temperature; (iv) <2 µm fraction; and (v) soil cover. In SoilGen, the 

moisture deficit depth distribution is assumed to mirror that of the air filled porosity. In 

addition, each OC pool and the total OC are affected by mixing processes such as 

bioturbation and tillage. Finally, (i) root depth distribution, (ii) OC-decomposition rate, (iii) 

the ratio of above to below ground fresh organic input, (iv) the distribution of root litter 

input over the year and (v) a partitioning coefficient among RothC pools are a function of 
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the vegetation type/land use. Four vegetation types/land uses are defined: agriculture, 

pasture, coniferous and deciduous wood. Development of plants (roots and shoots) are not 

influenced by climatic conditions. 

Although the time step for each process is different, for instance from seconds for water 

flow to year for bioturbation, the outputs of the model are the depth distribution of solid, 

liquid and gas phase properties at the end of each simulation year (Figure 2-1). 

 

 

Figure 2-1: schematic of the SoilGen model, process coverage and the required initial and boundary 
conditions, taken from Finke (2012). 

 

For further details on equations and numerical solutions see Hutson (2003), Finke and 

Hutson (2008), Finke (2012) and the SoilGen2 user manual (Finke, 2014).  
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2.2 VSoil modelling platform and the philosophy behind its 

development 

 

VSoil (Lafolie et al., 2014) is a component-based platform that aims at designing, 

developing and implementing bio-geochemical and physical processes in soil. Basically, 

there is clear distinction in the platform between knowledge defined as processes and their 

mathematical representation defined as modules. This distinction provides the opportunity 

for soil scientists without specific coding expertise to build up models inside the platform. 

Processes of any kind (physical, chemical, biological) occurring within soil or at its 

boundaries (atmosphere and water table) can be described. The platform makes the 

connection between the processes according to the defined input and outputs to create the 

conceptual skeleton of the wanted model. Several numerical expressions and computer 

codes (modules) can be proposed to represent each of the processes. The modules 

associated to one process can differ by their mathematical formalisms having different level 

of complexity (from fully mechanistic to empirical), or by the numerical technique used to 

solve the equations or by the programming language (FORTRAN or C++). 

In concrete terms, as the user selects a set of processes and assigns a module for each 

process, the platform checks the connections between the modules and orders their 

execution according to the input/output variables to generate a model. All the entities inside 

the platform, including inputs, outputs, parameters, processes and modules are listed and 

visible to anyone using the framework. The platform is compatible with both Windows and 

Linux operating systems while it can be used remotely on any computer device comprising 

G++, gfortran and R software to run the codes. 

The platform also provides: 

1- a variable time and space grid on which input and outputs are exchanged. While the 

modules can use their own grid, which can be different for each process, in the 

coupled model the common grid can be updated during the simulations as well;  

2- tools to visualize the output of all the modules readily and to compare the results 

among different models, between model outputs and data and to perform statistical 

analysis such as sensitivity analysis and parameter estimation with various 

techniques. 
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At the initiation of this project, there already existed several processes and modules in the 

VSoil platform namely transport of water based on Richard’s equation and solutes, heat and 

gas based on diffusion-advection equation were coded and tested inside the platform for 

other studies. Since these processes were equivalent to those already included in SoilGen, 

they could be reused for the purpose of this work. For the complete list of available 

processes, modules and models see Lafolie et al. (2014). 

 

2.3 Study site description 

 
Three anthroposequences on Luvisols developed on loess deposit are selected for 

this study. These Luvisol sequences were already extensively characterised by Jagercikova 

et al. (2014; 2015; 2016). They are located in the Paris Basin at Mons, Feucherolles and 

Boigneville and were subjected to long term experiments with different land uses (forest, 

pasture and crop) and agricultural practices (manure input, conventional tillage, reduced 

and no tillage) (Table 2-1 and Figure 2-2).  

 

 

Figure 2-2: The history of the three study sites, Luvisols developed on loess deposits in a) Mons, b) 
Feucherolles and c) Boigneville. CT is representing conventional tillage, RT the reduced tillage and 
NT no tillage. 
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Table 2-1: Description of the study sites. 

Site  Mons Feucherolles Boigneville 

Coordinates  
40° 52ʹ01ʺ N 

3° 01ʹ53ʺ E 

48° 53ʹ49ʺ N 

1° 58ʹ19ʺ E 

48° 19ʹ30ʺ N 

2° 22ʹ58ʺ E 

Elevation  88 m 120 m 116 m 

Mean annual 

rainfall 
 680 mm 660 mm 630 mm 

Mean annual 

temperature 
 11°C 11.2°C 10.4°C 

H
is

to
ry

 o
f 

la
n

d
 u

se
 

   

M1&M2: wheat-corn-

sugerbeet 

M3: grassland since 

1939 

F1&F2: wheat-corn 

F3: oak forest since 

1815 (according to 

Cassini map) and a 40 

cm layer of soil with the 

same properties was 

deposited over the top 

soil 

B1& B2& B3: Wheat 

H
is

to
ry

 o
f 

a
g

ri
cu

lt
u

ra
l 

p
ra

ct
ic

e
s 

fo
r 

cu
lt

iv
a

te
d

 

p
lo

ts
 

 

L
im

in
g 

Not since 1986 under 

cultivation and 1939 

for grassland 

Not since 1998 under 

cultivation 
Not since 1970 

F
er

ti
li

sa
ti

o
n

 M1&M2:data available 

since 1970 

M3: no fertilization 

since 1939 

F1: no manure or 

fertilization since 1998 

F2: manure since 1998 

Not since 1970 

T
il

la
ge

 

M1: conventional 

tillage 

since 2001 

M2: reduced tillage 

since 2000 sine 2001 

M3: last tillage in 1939 

F1&F2: conventional 

tillage since 1998 

 

B1: Conventional 

tillage 

B2: reduced tillage 

since 1970 

B3: no tillage since 

1970 

 

One pit was dug at each plot in the frame of a former project (AGRIPED 2010-2014). 

Continuous sampling over depth, with varying sampling increments of 2 to 10 cm, was 

performed from the soil surface to the C-horizon. In Mons, a silt-loam dark yellowish brown 

(10RY4/4) A-horizon was observed over the upper 10 cm for the reduced tillage plot (M1 -

Figure 2-3b) and over the upper 28 cm for conventional tillage (M2-Figure 2-3a). The upper 

horizon of the reduced tillage profile was characterised by a tillage horizon of 10 cm and a 

5 cm thick compact horizon. No active earthworm burrows were observed from 0 to 28 cm. 

Down to 38 cm, the remains of an ancient tillage layer that had bulked the E-horizon were 
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visible and a few earthworm burrows from 28 to 38 cm were observed. From that depth 

down to 130 cm, a silty clay-loam light brown (7.5YR 6/4) B-horizon was visible with few 

earthworm burrows. From 130 to 150 cm the C-horizon was silt-loam and of light yellowish 

brown colour (10RY6/5) and no earthworm burrows. The pasture plot (M3-Figure 2-3c) 

differed in the upper horizons from the cultivated plots being darker and silt loam (dark 

yellowish brown-10RY3/2), significantly richer in organic carbon and earthworm activity 

down to 45 cm. 

 

 

Figure 2-3: Three sampled profiles in Mons study sites with different land use and agricultural 
practices. 

 

In Feucherolles, the two cropped horizons for F1 and F2 plots were very similar with a silt-

loam dark yellowish brown (10RY4/4) A-horizon down to 27 cm. Down to 35 cm, the 

remains of an ancient tillage were visible and followed by a silt-loam light yellowish brown 

(10RY6/4) E-horizon down to 50 cm. From 50 to 100 cm depth a silty clay loam light brown 

(7.5RY6/4) B-horizon was observed and followed from 100 cm to 160 cm by a silt-loam 

light yellowish brown (10RY6/5) C-horizon, carbonated at its base). In both cases, 

earthworms were abundant down to 40 cm depth (Figure 2-4a and b). The forest plot (F3) 

differed in the upper horizons with a very thin A-horizon over the upper 10 cm. Its B-

horizon was encountered 40 cm deeper than in the cultivated plots. Earthworms were 

abundant down to 50 cm depth (Figure 2-4c). The deeper Bt-horizon resulted from a 40cm 
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deposit of neighbouring loess A-horizon due to grid stone extraction along the 19th century 

as suggested by Jagercikova et al., (2014) based on soil analysis. 

 

 

Figure 2-4: Three sampled profiles in Feucherolles study sites with different land use and agricultural 
practices. 

 

In Boigneville, the reduced tillage and no tillage profiles were characterised by differences 

affecting their upper horizons (up to 30 cm in depth) and their abundance in earthworms. 

In the case of reduced tillage, a 5 cm thick tillage horizon was observed. Its colour slightly 

differed from that of the conventional tillage profile (dark greyish brown, 10 YR 3.5/2). The 

20 to 25 cm thick underlying horizon with a silty clay loam texture, corresponds to the 

former tillage horizon (Figure 2-5a andb). In the case of the no tillage treatment, comparable 

horizons were observed with slightly different colours (darker and browner 10 YR 3/2 and 

10 YR 4/3 for the upper and underlying horizon, respectively) and structures compared to 

the reduced tillage treatment and slightly different depths (0-10 cm and 10-25 cm; Figure 

2-5c). In both cases, earthworms were abundant down to 40 cm depth. Surface organic 

matter and bioturbation activity were decreasing from no tillage to conventional tillage.  
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Figure 2-5: Three sampled profiles in Boigneville study sites with different land use and agricultural 
practices. 

 

In all the three sites Jagercikova et al. (2015) demonstrated that the soil profiles developed 

from several superimposed loess deposits differing in their fine sand/course silt. For a more 

detailed description of the sites and soil profiles see Jagercikova et al. (2014; 2015). 

 

2.4 Research layout 

 

To estimate the ability of SoilGen to simulate soil evolution under climate, land use 

and agricultural practices changes (Chapter 3), Mons and Feucherolles sites are used to 

perform a sensitivity analysis on millennium time scale (15000 years of loess formation) 

(Table 2-2). The initial condition for the model to simulate the formations of loess were 

reconstructed based on the measured soil characteristic on the C-Horizon of those two sites 

(Figure 2-2).  

Then the processes acting on OC depth distribution in soil from SoilGen were integrated in 

VSoil to build up an OC depth distribution pedogenetic model: OC-VGEN (Chapter 4). The 

results of the newly developed model, OC-VGEN, and of SoilGen2.24, are then compared on 

the pasture profile of Mons over the last 72 years (Figure 2-2) for validation of the new OC-

VGEN model (Table 2-2). 



 

 

Table 2-2: Summary of the research layout. 
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Impact of different formalisms of mechanisms acting on OC depth distribution was thus 

tested using OC-VGEN (Chapter 5) by simulating the Mons site (Figure 2-2) over the last 72 

years and projecting over the 90 coming years (by the year 2100) to address the impact of 

climate change (Table 2-2). The climate projection was constructed according to the bias-

corrected outputs produced by three Earth System Models (ESM) (HadGEM, IPSL-CM5A and 

MIROC-ESM-CH) while the projection of NPP was estimated by the land surface model, 

ORCHIDEE, forced by the climate fields of the three ESMs. 

At last, a soil volume change mechanism was implemented in OC-VGEN model (Chapter 6) 

and tested on both Mons and Boigneville sites over 72 years of pasture and 10 years of 

tillage reduction for Mons and 42 years of tillage reduction for Boigneville (Figure 2-2 and 

Table 2-2).  

In all simulations, past climatic boundary conditions are based on the SAFRAN grid for the 

last 60 years and, before 1960, on reconstructed climate anomalies provided by Davis et al. 

(2003) from pollen data analysis (provided once per 100 years). 
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Abstract 

 

To protect soils against threats, it is necessary to predict the consequences of 

human activities and global change on their evolution on a ten to hundred-year time scale. 

Mechanistic modelling of soil evolution is then a useful tool. We analysed the ability of the 

SoilGen model to be used for projections of soil characteristics associated to various soil 

threats: vertical distributions of <2 μm fraction, organic carbon content (OC), bulk density 

and pH. This analysis took the form of a functional sensitivity analysis in which we varied 

the initial conditions (parent material properties) and boundary conditions (co-evolution 

of precipitation and temperature; type and amount of fertilization and tillage as well as 

duration of agriculture). The simulated scenario variants comprised anthroposequences in 

Luvisols at two sites with one default scenario, six variants for initial conditions and 12 

variants for boundary conditions. The variants reflect the uncertainties to our knowledge 

of parent material properties or reconstructed boundary conditions.  We demonstrated a 

sensitivity of the model to climate and agricultural practices for all properties. We also 

conclude that final model results are not significantly affected by the uncertainties of 

boundary conditions for long simulations runs, although influenced by uncertainties on 

initial conditions. The best results were for organic carbon, although improvements can be 

reached through calibration or by incorporating a dynamic vegetation growth module in 

SoilGen. Results were poor for bulk density due to a fixed-volume assumption in the model, 

which is not easily modified. The <2 μm fraction depth patterns are reasonable but the 

process of clay new formation needs to be added to obtain the belly shape of the Bt-horizon. 

After calibration for organic carbon under agriculture, the model is suitable for producing 

soil projections due to global change. 
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3.1 Introduction 

 

Today with the increase in population, human activities are imposing severe 

changes to the environment including the soil (Richter et al., 2001). As demonstrated by 

Sombroek (1990), Montagne et al. (2008), and Cornu et al. (2012) these changes are mostly 

irreversible and happening at short time scales from a few tens of years to a century. 

Erosion, pollution, acidification, salinization, loss of organic carbon, sealing and compaction 

are major threats rising from these changes (EU, 2006). As a goal to preserve the soil and 

protect it against these threats, it is necessary to predict the consequences of human 

activities and global change on soil evolution (Schaetzl and Anderson, 2005). This means 

that there is an urgent need in forecasting soil properties and evolution on a ten to hundred-

year time scale. This can be achieved using soil evolution modelling for establishing soil 

projection on the coming century. This was never performed so far to our knowledge. 

Nevertheless mechanistic modelling of soil formation exist in the literature, in which soil 

formation results from the interrelated action of a wide range of physical, geochemical and 

biological processes (Schaetzl and Anderson, 2005; Stockmann et al., 2011). These models 

are either 1D (Salvador-Blanes et al., 2007; Finke and Hutson, 2008), 2D (Minasny and 

McBratney, 1999) or 3D (Sommer et al., 2008; Cohen et al., 2010; Temme and 

Vanwalleghem, 2016). Although as stressed by Samouëlian and Cornu (2008), to simulate 

the land use and climate change impacts on soil formation, a model has to take into account 

over long time scale physical, geochemical and biological processes altogether and, 

particularly, explicitly consider the water fluxes through soil profile and the associated 

redistribution of matter with depth. The last one is an absolute necessity to describe the 

formation of soil horizons (Salvador-Blanes et al., 2007).  

In addition to provide soil projections, the model has to be sensitive to the external factors 

of interest (climate, land-use and agricultural practices) and to be reliable. Since by 

definition future soils do not exist, the only way to test the reliability of a model is to test its 

ability to reproduce the formation of actual soils.  Simulating actual soil profiles requires 

reconstructing climate, land-use and agricultural practices along the duration of soil 

development i.e. along several thousands of years, as well as reconstructing the 

characteristics of the parent material from which the soil is developed. Such a 

reconstruction is associated to large uncertainties: the history of agriculture at a particular 

site is generally largely unknown and climate and parent material reconstructions are 

uncertain as well.  
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To our knowledge SoilGen2.24 (Finke, 2012) is one of the only models that meets all the 

requirements mentioned for simulating the projection of soil evolution and has the largest 

soil processes coverage so far (Minasny et al., 2015). The model takes into account climate 

factors, land-use and agricultural practices as boundary conditions and provides the depth 

distribution of a large range of soil characteristics, therefore it should be suitable to build 

up soil projection scenarios. However, it was never used for it so far. The Soilgen model was 

first developed by Finke and Hutson in 2008 and improved by Finke in 2012. It was used so 

far to simulate soil development in calcareous loess, marine clay (Sauer, et al., 2012) and 

sand covers. It was already calibrated for organic carbon dynamic under forest (Yu et al., 

2013) and with regard to <2 µm translocation over millennium time scale (15000 years) for 

French Luvisols developed in loess under natural and semi-natural vegetation (Finke et al., 

2015). Finke et al. (2015) also demonstrated that the model was efficient to simulate Luvisol 

development under agriculture and might be used to predict the impact of agricultural 

practices on pedogenesis on the scale of few tens of years.  

In this study, we test the ability of the SoilGen2.24 model to provide projection of the 

vertical distribution of major soil characteristics on two Luvisol anthroposequences which 

differ by their land-uses and agricultural practices. We focus on the <2 μm fraction, organic 

carbon content (OC), bulk density and pH because they play an important role in 

determining soil functionalities such as fertility, crop production potential, erosion control 

etc. (Huber et al., 2001; Kirchmann and Andersson, 2001) and they are considered to evolve 

over a time scale compatible with human activities (Guo and Gifford, 2002; Montagne et al., 

2008; Guo et al., 2010; Cornu et al., 2012; Boizard et al., 2013). First, we look at the 

sensitivity of the model to variations of climate and agricultural practices along the duration 

of Luvisol’s development. Then we test the sensitivity of the model to the uncertainties 

associated with reconstruction of the input data. Finally, we evaluate the ability of the model 

to reproduce the depth distribution of considered soil characteristics and its potential to be 

used for projection scenarios through an optimum simulation. 
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3.2 Material and method 

 

3.2.1 Choice of the Luvisols anthroposequences 

Two anthroposequences on Luvisols developed on loess deposit are selected for this study. 

These Luvisol sequences were already extensively characterised by Jagercikova et al. (2014; 

2015; 2016). They are located in the Paris Basin at Mons and Feucherolles and were 

subjected to long term experiments with different land uses (forest, pasture and crop) and 

agricultural practices (manure input, conventional tillage and reduced tillage) (Table 3-1).  

 

Table 3-1: Description of the study sites. 

Site  Mons Feucherolles 
Coordinates  40° 52ʹ01ʺN – 3° 01ʹ53ʺE 48° 53ʹ49ʺN – 1° 58ʹ19ʺE 
Elevation  88 m 120 m 
Mean annual 
rainfall 

 680 mm 660 mm 

Mean annual 
temperature 

 11°C 11.2°C 

History of land use  
M1&M2: wheat-corn-
sugerbeet 
M3: grassland since 1939 

F1&F2: wheat-corn 
F3: oak forest since 1815 
(according to Cassini map) and 
a 40 cm layer of soil with the 
same properties was deposited 
over the top soil  

History of 
agricultural 
practices for 
cultivated plots 

Liming  
Not since 1986 under 
cultivation and 1939 for 
grassland 

Not since 1998 under 
cultivation  

Fertilisation 

M1&M2: data available 
since 1970 
M3: no fertilization since 
1939 

F1: no manure or fertilization 
since 1998  
F2: manure since 1998  

Tillage 

M1: conventional tillage 
since 2001 
M2: reduced tillage since 
2000 sine 2001 
M3: last tillage in 1939 

F1&F2: conventional tillage 
since 1998  
 

 

One pit was dug at each plot. Continuous sampling over depth, with varying sampling 

increments of 2 to 10 cm, was performed from the soil surface to the C-horizon. In Mons, a 

silt-loam dark yellowish brown (10RY4/4) A-horizon was observed over the upper 10 cm 

for the reduced tillage plot (M1) and over the upper 28 cm for conventional tillage (M2). 

Down to 38 cm, the remains of an ancient tillage layer that had bulked the E-horizon were 

visible. From that depth down to 130 cm, a silty clay-loam light brown (7.5YR 6/4) B-

horizon was visible. From 130 to 150 cm the C-horizon was silt-loam and of light yellowish 
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brown colour (10RY6/5). The pasture plot (M3) differed in the upper horizons from the 

cultivated plots being darker (dark yellowish brown-10RY3/2) and silt loam down to 45 cm. 

 In Feucherolles, the two cropped horizons for F1 and F2 plots were very similar with a silt-

loam dark yellowish brown (10RY4/4) A-horizon down to 27 cm. Down to 35 cm, the 

remains of an ancient tillage were visible and followed by a silt-loam light yellowish brown 

(10RY6/4) E-horizon down to 50 cm. From 50 to 100 cm depth a silty clay loam light brown 

(7.5RY6/4) B-horizon was observed and followed from 100 cm to 160 cm by a silt-loam 

light yellowish brown (10RY6/5) C-horizon, carbonated at its base. The forest plot (F3) 

differed in the upper horizons with a very thin A-horizon over the upper 10 cm. Its B-

horizon was encountered 40 cm deeper than in the cultivated plots. 

In both sites Jagercikova et al. (2015) demonstrated that the soil profiles developed from 

several superimposed loess deposits differing in their fine sand/course silt. For a more 

detailed description of the sites and soil profiles see Jagercikova et al. (2015). 

 

3.2.2 Principle of the SoilGen model 

SoilGen2.24 (Finke, 2012) is a pedon scale (1D) soil formation model that simulates the 

evolution of soil characteristics over millennium time scale. It was developed based on 

LEACHC (Hutson, 2003) which is a coupled chemistry-transport model, and RothC26.3 

(Coleman et al., 1997) which is a carbon dynamics model. To this combination were added 

other modules for major soil forming processes. All in all SoilGen2.24 simulates processes 

such as water and solute flow, <2 µm particle migration, (de)calcification, (de)gypsification, 

physical weathering, bioturbation, chemical equilibria, carbon cycle and plant development 

(Opolot et al., 2015). Model is able to simply add or remove layers of soil corresponding to 

erosion and deposition. SoilGen2.24 also considers fertilisation, tillage, irrigation and land-

use with four possible vegetation types including an agricultural crop. Time steps of the 

considered processes range from second (water flow) to year (tillage). For more detailed 

description of the model, including the equation of the modelled processes and complete 

list of required input data see Finke and Hutson (2008) and Finke (2012).  

SoilGen2.24 needs input data to satisfy both initial conditions and boundary conditions. 

Initial conditions are limited to the soil parent material characteristics (initial texture, bulk 

density, carbon organic content, CaCO3 notably) while boundary conditions consist of time 

series of climate, vegetation, agricultural practices and addition or removal of layers of soils 

over the duration of the simulation. Model outputs are discretised depth distribution of 
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numerous soil characteristics according to the defined depth and compartment thickness of 

the simulated profile (150 cm depth with compartments of 5 cm thickness for this study). 

Among the simulated soil characteristics are <2 μm particle content, organic carbon 

content, bulk density and soil solution water pH. Since soil pH is the characteristic measured 

on soil samples in laboratory and not soil solution pH, the modelled pH is converted into 

soil pH by diluting it by 1:5 ratio that correspond to the solid/water ratio used for pH 

measurement in laboratory (NF-ISO:10390, 2005). This conversion does not take into 

account equilibrium calculations. 

 

3.2.3 Research layout 

First to test the SoilGen2.24 sensitivity to probable global change, the output (<2 µm and 

organic carbon content, pH and bulk density) of a default scenario is compared to the other 

scenarios for each boundary condition to see if the model responds to the considered 

variations of climate, agriculture duration, tillage practices and liming. 

The sensitivity of the model to the uncertain input data (boundary and initial conditions) is 

then tested by comparing the outputs of different scenarios of initial and boundary 

conditions to the measurements of M1 to M3 and F1 to F3 plots.  

Based on the results of sensitivity analysis we select the boundary and initial condition 

scenarios which provide the best model results in respect to the measurements for each 

study site and combine them to create an optimum scenario. We then explore the ability of 

the model to reproduce the vertical profile of measured soil characteristics developed under 

the different agricultural practices and land uses (plots M1 to M3 and F1 to F3) by 

comparing the measured data to those simulated by the optimum scenario. We thus 

estimate how close to reality the model can get in its present state. 

 

3.2.4 Functional sensitivity analysis 

To estimate the model sensitivity, we developed a functional sensitivity analysis. Since a 

typical SoilGen-run for a 15000 year period and a 30-compartment soil profile (150 cm 

profile depth and 5cm compartment thickness) takes about 180 h CPU time, classical 

sensitivity analysis methods as Monte Carlo methods or Bayesian methods (Oakley and 

O'Hagan, 2004) that need large number of runs, are not suitable. We chose here to perform 

a functional sensitivity analysis in which each boundary or initial condition is changed at 
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one time, covering for each of them a range of probable values. The list of the nine boundary 

and initial condition data considered in this study is reported in Table 3-2 (third column). 

Four scenarios are considered for each boundary/initial condition, one of them being a 

reference (the so-called default) scenario shared among the initial and boundary conditions.  

 

Table 3-2: Input data requirement of SoilGen considered in the sensitivity analysis and validation 
process. 

Condition Data Group Input parameters (units) 
Initial condition 
(over depth) 

Soil parent material 
characteristics 

Initial bulk density (g cm-3) 
Initial <2 µm fraction (%) 

Boundary condition 
(time series) 
 

Climate 
Temperature (°C) 
Precipitation (mm) 
Evapotranspiration (mm) 

Agriculture practices 

Agriculture duration (yr) 
Tillage depth (cm) 
Tillage intensity (% of mixing) 
Frequency and content of fertilization (mol m-2) 

 

This leads to 19 scenarios per plot. In the case of climate, the considered parameters 

temperature, precipitation and evapotranspiration are changed in a non-independent 

manner. Tillage depth and intensity are treated the same way. Model is run for all the 

created scenarios and the results of each simulation is compared to a reference which is 

either the default scenario or the measured soil characteristics over the profile. 

 

3.2.5 Reconstruction of initial and boundary conditions and their uncertainties 

3.2.5.1 Initial conditions: characteristics of the parent material 

The parent material characteristics (<2 µm fraction and bulk density) were estimated based 

on the measurements from the C-horizon that is considered as representative of the parent 

material (Table 3-3). However, the content in <2 µm fraction of the C-horizon measured in 

Feucherolles was rather high compared to values commonly encountered for loess of those 

regions in the literature, that generally range from 15 to 21 % (according to a synthesis 

made by Jagercikova et al. (2016)). Therefore, three other scenarios (Ini<2 µm1 to 3) were 

tested for initial <2 µm fractions covering this range (Table 3-4). 
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Table 3-3: Characteristics of parent material for each study site. The values are the average of the 
three sampled C-horizons for each study site. For more details see Jagercikova et al. (2014). 

Sites 
C-horizon 
<2 µm 
fraction (%) 

C-horizon  
OC content 
(%) 

C-horizon 
carbonate 
content (%) 

C-horizon  
bulk density 
(kg m-3) 

C-horizon  
pH 

Mons 18.9 0.197 0.15 1.37 8 

Feucherolles 23.2 0.157 0.15 1.51 7.26 

 

In SoilGen the volume of soil compartments is kept constant as a simplifying assumption. 

Thus, the processes which change the volume of soil are not taken into account in model 

simulations. This affects simulations of bulk density. Calcite dissolution progressively 

increases pore volume up to a threshold where a partial collapse of the decalcified soil 

layers occurs. This phenomenon causes at first a decrease in bulk density and after collapse 

a noticeable increase of bulk density through time in soils. On the other hand, in top soils 

the biological activity creates porosity and thus inflation of the soil volume, which 

counteracts the collapse. As the bulk density is a key factor that enters in the calculation of 

the water transfer, we test the sensitivity of the model to this parameter by increasing the 

initial values (IniBD-D) in three scenarios (IniBD1 to 3) to mimic the collapse (Table 3-4).   

 

Table 3-4: Scenarios for the initial characteristics of the parent material (initial conditions). 

Scenarios Details 

In
it

ia
l <

2
 µ

m
 f

ra
ct

io
n

 
 

Ini<2µm-D* 
 

Average of measured <2 µm fraction of the C-Horizon for the three 
profiles of each site 
(Mons: 18.9 %/Feucherolles: 23.2 %) 

Ini<2µm1 
 

Minimum possible <2 µm fraction for the existing parent material  
(15 % for both sites) 

Ini<2µm2 
 

A value between min and max and the profile C-Horizon clay content 
(21 % for both sites) 

Ini<2µm3 
 

Maximum possible clay content for the existing parent material  
(Mons: 23 %/ Feucherolles: 25 %) 
 

In
it

ia
l B

u
lk

 D
en

si
ty

 
 

IniBD-D* 
 

Average measured bulk density at C-Horizon over three profiles of each 
site 
Mons: 1.37 g cm-3/ Feucherolles: 1.51 g cm-3 

IniBD1 Mons: 1.45 g cm-3/ Feucherolles: 1.6 g cm-3 

IniBD2 Mons: 1.55 g cm-3/Feucherolles: 1.65 g cm-3 

IniBD3  1.7 g cm-3 for both sites 

* D stands for default scenario 
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3.2.5.2 Boundary conditions 

3.2.5.2.1 Climatic reconstruction over the last 15 000 years 

SoilGen2.24 requires yearly average January and July air temperatures, annual precipitation 

and potential evapotranspiration data (Zwertvaegher et al., 2013) for the 15000 years of 

simulations. These data are extracted from the SAFRAN grid (Quintana-Seguí et al., 2008) 

provided on a yearly base by Meteo France, for the last 60 years. For the period 15000 years 

ago until 1960, climate data are reconstructed by combining anomalies given by Davis et al. 

(2003), based on pollen data analysis and provided once per 100 years and measured 

present-day data. The potential evapotranspiration is then calculated based on the 

Hargreaves equation (Hargreaves and Samani, 1985) using a correction factor to adjust to 

Penman (1956) evapotranspiration as the Hargreaves equation overestimated the 

evapotranspiration on modern Meteo France data (data not shown). 

As recent and past data are not provided at the same time interval, we test two options: a 

100-year average climate for which only one set of climate data per century is provided and 

recent records are averaged (CR-D); and a scenario in which the yearly variability over the 

last 60 years is projected to the reconstructed climate to downscale the input (CR1). Testing 

the yearly variable climate scenario is also important because IPCC climate predictions 

show that extreme climatic years will be more frequent in future (IPCC, 2007) (Figure 3-1a).   

We also test the impact of the uncertainties on the data reconstruction. Bartlein et al. (2011) 

stated that in the pollen based reconstructed climates the uncertainties mainly concern the 

growing season and yearly uncertainties of ± 1 °C over summer and corresponding ± 60 mm 

of annual precipitation for Northern Europe are probable (Davis et al., 2003; Etien et al., 

2008; Bartlein et al., 2011). The association of temperature uncertainties with yearly 

precipitation and consequently yearly potential evapotranspiration is made by yearly 

deficit of 60 mm rainfall when adding 1 °C to mean summer temperature to create a 

warmer/dryer scenario (CR2). Conversely a yearly  addition of 60 mm rainfall is applied 

with a subtraction of 1 °C from the mean summer temperature to create a colder/wetter 

scenario (Figure 3-1a to c, Table 3-5). 
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Figure 3-1: Reconstructed climatic data for the 15000 past years with associated uncertainties for a) 
July temperature, b) annual precipitation and c) annual evapotranspiration. The solid black line 
represents the 100 year average pollen data reconstruction (CR-D); the grey line, the yearly variable 
climate (CR1); the dashed while line, upper boundary of uncertainties also called warmer and dryer 
climate (CR2); and the dashed black line, the lower boundary of uncertainties also called colder and 
wetter climate (CR3). 
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Table 3-5: Detailed description of functional sensitivity analysis scenarios (boundary conditions). 

Scenarios Details 
C

li
m

at
e 

 
R

ec
o

n
st

ru
ct

io
n

s CR-D* 
Reconstructed 100 years average climate of each study site (Davis and 
Hargreaves equation) + available data for the last 60 years 

CR1 
Reconstructed yearly climate of each study site (Davis and Hargreaves 
equation) + available data for the last 60 years 

CR2 
Default climate +1 degree summer temperature and subsequently -60 mm 
annual precipitation + available data for the last 60 years 

CR3 
Default climate -1 degree summer temperature and subsequently +60 mm 
annual precipitation + available records for the last 60 years 

A
gr

ic
u

lt
u

re
  

D
u

ra
ti

o
n

 

 
AD-D* 

 
Start of agriculture, 2060 years BP 

AD1 Start of agriculture, 1000 years BP  
AD2 Start of agriculture, 500 years BP  
AD3 
 

Start of agriculture, 260 years BP  
 

T
il

la
ge

 h
is

to
ry

 

T-D* 
20 cm plough depth and 50 % mixing over all the agriculture period except 
the last 20 years where records are available 

T1 

From the start of agriculture to 1850 :10 cm plough depth and 5 % mixing  
1850 – 1960 : 20 cm plough depth and 50 % mixing 
1960 – 1990: 35 cm plough depth and 85 % mixing + available records for 
the last 20 years  

T2 
From the start of agriculture to 1960 :20 cm plough depth and 25 % mixing  
1960 – 1990 : 40 cm plough depth and 50 % mixing + available records for 
the last 20 years  

T3 

From the start of agriculture to 400 A.C: 20 cm plough depth and 20 % 
mixing 
400 A.C – 1960: 25 cm plough depth and 50 % mixing 
1960 – 1990: 40 cm plough depth and 85 % mixing + available records for 
the last 20 years  

L
im

in
g 

h
is

to
ry

 

 
L-D* 

 
Liming (CaCO3)  from the beginning of agriculture duration every 10 years 
+ available data for the last 40 years  

L1 
Liming (Ca(Mg)CO3)  from the beginning of agriculture duration every 10 
years + available data for the last 40 years  

L2 
Liming (CaCO3) from 1850 every 20 years + available data for the last 40 
years  

L3 
Liming (Ca(Mg)CO3) from 1850 every 20 years + available data for the last 
40 years  

* D stands for default scenario 

 

3.2.5.2.2 Agricultural practices histories 

When agriculture land use is considered, tillage, fertilisation and crop growth scenarios 

must be provided to the model as boundary condition data and thus reconstructed over the 

agriculture duration period. We only test here the sensitivity of SoilGen2.24 to tillage and 

fertilisation, since first tests showed that it was not sensitive to crop rotation (data not 

shown).  

Land-use history - Beginning of agriculture is set to 2060 years before present, which 

represents the Roman age in which the systematic clearance of the natural vegetation 
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started (Zwertvaegher et al., 2013). Such a duration was already used by Finke et al. (2015) 

and is considered as the default scenario here (AD-D). Maps of Cassini (Cassini, 1750) show 

that for the considered plots the land-use was the same as nowadays at least from 260 years 

ago. In addition, literature mentions that the deforestation peak occurred around year 1000 

AC in France (Sigaut, 1988). Based on these data we consider three supplementary 

scenarios for the start of agriculture which are 1000 years (AD1), 500 years (AD2) and 260 

years (AD3) before present (Table 3-5). 

Tillage history - For tillage practices both depth of mixing and intensity of mixing must be 

provided. When not specified it is fixed to 20 cm deep with 50% of mixing by SoilGen2.24 

for all years with agricultural land use. However, it is well known that both tillage depth and 

intensity are a function of the tillage tools and have thus strongly varied along time. Up to 

the mechanisation of agriculture, tillage was probably relatively shallow (maximum of 20 

cm). Between the 70’s and the 90’s on the opposite, tillage became deeper and reached 40 

cm depth. Mixing intensity was shown to depend on the type of tillage with 85% of mixing 

for conventional tillage and 30% of mixing for reduced tillage (Ullrich and Volk, 2009). 

Nevertheless, on the studied sites tillage history is known only for the 40 last years in the 

best case (Table 3-1) and some evidence of ancient tillage was observed while describing 

the soil profiles for agricultural plots. We thus built up scenarios of ploughing history for 

the previous period. Fixed tillage with 20 cm depth and 50 percentage of mixing (SoilGen 

automatic setting) is set as the default scenario (T-D). The three other scenarios consist in 

variations of the best scenario proposed by Finke et al. (2015) for the unknown years (Table 

3-5). Compared to the reference scenario, scenario T1 to T3 propose a reduced tillage 

scenario for the first period (shallower and/or with a lower mixing rate; scenario 1 being 

the most different from the reference one) and on the opposite a more intense tillage 

scenario for the second period (deeper and/or with a higher mixing rate; scenario T1 being 

the least different from the reference T-D). 

Liming history - Fertilisation data are available for all studied site over the last 30 years. 

For previous years, history of fertilisation used by Finke et al. (2014), includes 1.88 mol.m-2 

surface additions of Ca and CO3 once every 10 years from the beginning of agriculture 

(based on Natural History, Volume V, (Plinty The Elder, 1950). We thus consider this as a 

default scenario over the period of time when no records are available (L-D). Liming is of 

key importance for the control of soil pH under agriculture. We therefore test the sensitivity 

of the model to liming reconstructions. Since lime was not only of calcite but also often of 

dolomite (Ca,Mg(CO3)) (Peters et al., 1996), in a second scenario (L1), we consider liming 
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with dolomite instead of calcite with the same frequency and quantity as in the default 

scenario. In the two last scenarios, the use of lime as a fertilizer is considered as starting 

from 1850s with the frequency of every 20 years one with calcite (L2) and the other with 

dolomite (L3) (Table 3-5) (Clout and Phillips, 1972; Sigaut, 1988; Boulaine, 1995; 

Isherwood, 2009). 

 

3.2.6 Analysis of the simulation results 

For the comparison of model outputs among scenarios or between the measurement and 

the scenarios the dissimilarity statistic (Gower, 1971) is used. 

 𝑆𝑐𝑎𝑙𝑒𝑑𝐷𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦𝑃𝑟𝑜𝑓𝑖𝑙𝑒 =
1

𝐾(𝑋𝑟,𝑚𝑎𝑥 − 𝑋𝑟,𝑚𝑖𝑛)
∑ 𝑎𝑏𝑠 (𝑋𝑟,𝑘 − 𝑋𝑠,𝑘)

𝐾

𝑘=1

 (3.1) 

 

where X represents <2 µm fraction (%), organic carbon (mg cm-3), bulk density (g cm-3) or 

pH; K, stands for the number of soil compartments (30 in the present study); s subscript, 

stands for the simulated scenarios and r, for the reference to which the simulations are 

compared: when comparing the results among scenarios, the reference corresponds to the 

default scenario and when comparing the results of scenarios with measurements the 

reference corresponds to the measured values. The max and min subscripts stand for the 

maximum and minimum quantities found for the soil characteristic X in the reference depth 

distribution. Therefore, scaled dissimilarity provides the sum over the whole profile of 

absolute differences between two depth profiles. Since it is scaled, it allows comparison 

among the four soil characteristics.  

We consider that below 0.01, scaled dissimilarities among scenarios are negligible since 

they correspond to less than 1 % change in the considered soil characteristics in the whole 

profile. When comparing the result of scenarios to measurements, dissimilarities less than 

0.05 are considered as negligible. This value corresponds to the 5 % uncertainties over the 

measured soil characteristics. 

The sensitivity of the model to uncertain data is presented as differences of dissimilarities. 

It means dissimilarities are first calculated from the differences of simulations and 

measurements and the results of dissimilarities of default scenario and varying scenarios 

are compared. This difference indicates how variations of initial and boundary conditions 

improve or worsen the model outputs in comparison to the default situation. When this 
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difference is positive and large the tested scenario is improving model outputs, when it is 

negative it worsens the model outputs. Differences less than 5 % are considered as none 

significant like before. 

 

3.3 Results and discussion 

 

3.3.1 Sensitivity of the model to boundary conditions 

Results show that dissimilarities for OC are often close to the 0.01 threshold (1 % change) 

except for tillage practice scenarios, while dissimilarities for soil pH are generally much 

larger than 0.1, dissimilarities for the <2 µm fraction and bulk density being intermediary 

and generally ranging from 0.01 to 0.1 (Figure 3-2). Changes in dissimilarities among 

scenarios for the <2 µm fraction and for the bulk density occur with a similar pattern (not 

necessarily with the same magnitude) in both study sites and for all boundary conditions, 

but this is not the case for OC and soil pH (Figure 3-2). 

 

3.3.1.1 Model sensitivity to climate 

The yearly variability in climate scenarios (CR1) does not influence the <2 µm fraction and 

organic carbon content. It affects bulk density and strongly changes soil pH (Figure 3-2a).  

Warmer/dryer (CR2) and colder/wetter (CR3) climates significantly increase the 

dissimilarities of the <2 µm fraction and moderately of bulk density in both sites (Figure 

3-2a). None of the scenarios influence organic carbon content. pH shows great changes of 

dissimilarity for the two scenarios with different patterns between the two sites (Figure 

3-2a). The absence of reaction of organic carbon content to climate change in SoilGen 

simulation may seem surprising as climate is known to act on plant growth and on OC 

decomposition rate (Davidson et al., 2006). However, in the present form of SoilGen plant 

carbon input is considered as an input data and is therefore not modified by the change in 

climate we applied. A proper vegetation module should be integrated to SoilGen if we want 

it to be able to react on such changes. Concerning OC decomposition rate, RothC is used for 

calculations of organic carbon in SoilGen, and thus association between decomposition rate 

and temperature and moisture content exists, but the effects of the increase in temperature 

may be compensated by that of the decrease in moisture and conversely. The <2 µm fraction 
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is mainly controlled in SoilGen by bioturbation, clay migration and physical weathering. 

Climate directly acts on the two latter in SoilGen and therefore of the <2 µm fraction content. 

Bulk density is calculated by summing the mass of mineral and organic material in the 

volume of each compartment. Since OC content is not influenced by climate in SoilGen, the 

change in bulk density due to climate change is related to the change in <2 µm fraction.  

 

3.3.1.2 Model sensitivity to agriculture duration and practices 

Dissimilarity between scenarios (with 2060 years of agriculture as a reference (AD-D)) 

clearly increases as the agriculture duration decreases for the <2 µm fraction and bulk 

density, while OC is just affected for the smallest duration in one of the sites (first scenario, 

Figure 3-2b). Impact on soil pH is high in both sites. 

Agriculture duration acts on a variety of processes, such as the splash process due to a 

change in soil coverage duration and intensity, the root distribution, water and nutrient 

uptake, tillage and fertilisation. As shown by Finke et al. (2015), SoilGen has great sensitivity 

to the length of the crop cover period, a longer crop cover maintaining the <2 µm fraction in 

the topsoil. Increasing agriculture duration increases the time for which the soil is bare 

along the year as we can consider that for forest and pasture the soil is covered all year 

round. Thus, the shorter the agriculture duration, the more <2 µm fraction is retained in the 

top soil, as seen by the increase of the dissimilarity for the <2 µm fraction (Figure 3-2b). The 

effect of tillage and liming were tested independently. 

Application of dolomite instead of calcium carbonate for liming has smaller effect on <2 µm 

fraction and bulk density rather than changes in frequency and quantity of the applied 

fertilizer (L2 and L3) (Figure 3-2c). Effects of liming scenarios stays trivial for the simulated 

OC but the pH is strongly affected, mainly by the nature of the liming (Figure 3-2c). Liming 

obviously acts on soil pH, and consequently on <2 µm fraction translocation (Duchaufour, 

1983) and on bulk density. OC does not react to liming in the model. 

Tillage scenarios vary mainly by the depth and intensity of tillage during the first 1900 years 

and the period 1960-1900 (Table 3-4). Results show that, T1 does not affect <2 µm fraction 

and bulk density while T2 and T3 both have an equally stronger effect (Figure 3-2d). Organic 

carbon is affected by all the tillage scenarios, with a smaller effect for first scenario. It can 

be inferred that old tillage history has less impact on the model result than more recent 

tillage history (which is also simpler to reconstruct). Soil pH is strongly influenced by tillage 

scenarios, with different magnitude and patterns between the sites (Figure 3-2d).  
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Figure 3-2: Dissimilarities among different scenarios for the two study sites with respect to the so-
called reference scenario. Histogram bars are the mean dissimilarity of all the plots related to each 
site for each scenario and the error bars indicate the variation of dissimilarities among plots of each 
site. With the exception of the climate scenarios, dissimilarities are calculated as the mean of three 
plots for Mons and two plots for Feucherolles because one of the Feucherolles plots was never 
cultivated. M stands for Mons and F for Feucherolles. 
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3.3.1.3 The case of soil pH 

We showed that soil pH is extremely sensitive to all variations of the boundary conditions 

with patterns of changes that cannot be explained most of the time. To discuss the reason 

behind this behaviour we look at the evolution of soil pH through time and depth in more 

details. Soil pH profiles at the end of 15000 year simulations shows that pH levels around 

4.5 for some of scenarios, with sudden abrupt variations in depth (Figure 3-3).  

 

Figure 3-3: Simulated pH for a climate and a fertilisation scenario: example of Mons conventional 
tillage plot. 

 

Indeed, for calculation purposes, the chemical equilibrium module assumes a lower 

threshold for solution pH around 3 that corresponds to a soil pH of about 4.5, as it is 

assumed that under normal conditions pH does not reach lower values in simulated soil 

solutions. We demonstrate here that this threshold induces an artefact in the model 

calculations. The evolution of soil pH over the 15000 year simulation show that as long as 

calcite from the parent material is present in the soil profile (Figure 3-4a), the soil pH is 

buffered around 7 (Figure 3-4b). When calcite is completely dissolved (from 11 to 12 kyr 

BP for the upper horizons; Figure 3-4a), the soil pH drops and reaches the threshold over 

upper 50 cm (Figure 3-4b).  
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Figure 3-4: pH and calcite evolution through the simulation years for Mons conventional tillage 
plot. a) calcite and b) pH evolution through 15000 years of simulations for the default scenario (L-
D). Liming starts from the beginning of agriculture (2060 yr BP). c) pH evolution through 15000 
years considering a liming scenario with dolomite (L1). 

 

The obtained soil pH values are too low compared to those measured in the field (Figure 

3-3). In addition, from the beginning of agriculture, soil pH behaviour becomes erratic 

(Figure 3-4b). When considering dolomite instead of calcium carbonate for liming, 

simulated soil pH values are less acidic but the yearly variability still remains extremely 

erratic (Figure 3-4c). Drops in pH are probably due to a too strong simulated soil drainage, 

possibly in combination with an underestimation of cations added to the soil solution by 

weathering of minerals. Additionally, it should be mentioned that the simulated soil pH was 

numerically diluted 1:5 to be comparable with lab-pH, but that did not involve equilibration 

with the diluted soil solution. 

a) 

b) 

c) 
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In addition, whatever the scenario considered the final soil pH is too acidic, showing that a 

soil buffering process is missing in the model in absence of calcite. 

For all these reasons, soil pH simulations are not discussed further the rest of the paper. 

 

3.3.2 Impact of uncertainties on initial and boundary conditions on the model 

results 

For all soil characteristics and all considered scenarios, the dissimilarities calculated with 

respect to the measurements are higher than 0.05 and thus considered as significant as they 

exceed the 5 % uncertainty on the characteristic measurements (Table 3-6). OC has always 

the smallest dissimilarities with mean value of 0.15. Conversely as expected bulk density 

has the largest dissimilarities with mean of 1.13 (Table 3-6). This indicates that quite good 

model simulations of the OC can be reached, but only poor simulations of bulk density.  

 

3.3.2.1 Impact of the uncertainties on the boundary conditions on the model results 

As we concluded from the results of model sensitivity to global change, some changes in 

boundary conditions affect the results of the model simulation while others do not. The 

question of sensitivity to uncertainties remains for the boundary conditions that affect the 

model simulation results. As mentioned, dissimilarity of those boundary conditions are 

calculated in respect to measurements; then the calculated dissimilarities of the varying 

scenarios are compared to that of the default scenario to see whether they improve or 

decrease the absolute quality of the simulated soil characteristics (Figure 3-5). For OC 

differences were always less than 5 %. We therefore conclude that uncertainties on 

boundary conditions are not affecting the model OC predictions significantly. 

Climate – From the results of the first analysis we know that model is only sensitive to 

warm/dry (CR2) and cold/wet (CR3) climate scenarios. Among them, only the warm/dry 

climate scenario (CR2) impacts the model output quality. Comparing to the results of the 

default scenario, the warm/dry climate (CR2) improves the dissimilarities with respect to 

the measurements for <2 µm fraction for 5 to 10 percent in one of the sites (Figure 3-5a). 
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Figure 3-5: Dissimilarity differences between default scenario and other scenarios for <2 µm fraction 
and bulk density for two boundary conditions a) climate; b) agriculture duration. 

 

Agriculture duration – Reduction of the agriculture duration mainly affect simulations of 

<2 µm fraction. The smallest duration improves model results in range of 5 to 7 % in Mons 

and below 5 % in Feucherolles (Figure 3-5b).  Reduction of agriculture duration specifically 

affect <2 µm fraction depth distribution, in the upper 40 cm of the profile where agriculture 
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induces loss of <2 µm. Reduced agriculture duration scenarios maintain more <2 µm 

fraction over the top 40 cm in the model output and produce more realistic results until this 

depth, although it doesn’t change the model results below this depth. However, the 

upper/lower horizon <2 µm ratio is better simulated for the default scenario (AD-D). When 

agriculture duration decreases, this ratio also decreases (the upper <2 µm fraction increases 

but the lower one remains constant) and becomes less realistic (Figure 3-6). 

 

 

Figure 3-6: Simulated <2 µm fractions for different agriculture duration scenarios: example of Mons 
conventional tillage profile. 

 

Agricultural practices: Liming and tillage – Both liming and tillage scenarios do not 

improve the model predictions compared to the measurements for any of the soil 

characteristics (results not shown).  
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Table 3-6: Dissimilarities for each initial/boundary and for each plot of the two study sites. M1 stands 
for Mons reduced tillage; M2 for Mons conventional tillage; M3 for Mons grass land; and F1 for 
Feucherolles, conventional tillage; F2 for Feucherolles conventional tillage +manure; F3 for 
Feucherolles forest. 

 
Dissimilarity 

<2 µm 
fraction 

OC (g cm-2) 
Bulk density  

(g cm-3) 

B
o

u
n

d
a

ry
 c

o
n

d
it
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n

s 

C
li

m
a

te
 

M2 0.48 - 0.58 0.11 - 0.13 1.82 - 1.89 

M1 0.44 - 0.56 0.13 - 0.13 1.14 - 1.18 

M3 0.42 - 0.52 0.14 - 0.14 0.8 - 0.84 

F1 0.16 - 0.16 0.26 - 0.28 1.52 - 1.55 

F2 0.15 - 0.16 0.15 - 0.17 1.06 - 1.08 

F3 0.15 - 0.15 0.12 - 0.13 0.53 - 0.54 

A
g

ri
cu
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u
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d
u
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o
n

 M2 0.48 - 0.54 0.13 - 0.15 1.84 - 1.87 

M1 0.44 - 0.52 0.13 - 0.14 1.15 - 1.17 

M3 0.42 - 0.48 0.13 - 0.14 0.82 - 0.83 

F1 0.16 - 0.19 0.27 - 0.28 1.49 - 1.55 

F2 0.15 - 0.2 0.15 - 0.16 1.05 - 1.08 

L
im

in
g

 

M2 0.54 - 0.57 0.11 - 0.13 1.87 - 1.92 

M1 0.52 - 0.55 0.12 - 0.13 1.17 - 1.2 

M3 0.48 - 0.51 0.13 - 0.14 0.83 - 0.85 

F1 0.16 - 0.16 0.27 - 0.27 1.55 - 1.61 

F2 0.15 - 0.15 0.15 - 0.15 1.08 - 1.12 

T
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g

e
 

p
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e
s M2 0.53 - 0.54 0.09 - 0.13 1.87 - 1.88 

M1 0.51 - 0.52 0.09 - 0.13 1.17 - 1.18 

M3 0.47 - 0.48 0.13 - 0.14 0.83 - 0.83 

F1 0.16 - 0.17 0.26 - 0.27 1.54 - 1.55 

F2 0.15 - 0.16 0.15 - 0.16 1.07 - 1.09 
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it

ia
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<
2

 µ
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M2 0.37 - 0.67 0.13 - 0.13 1.78 - 2.12 

M1 0.35 - 0.67 0.13 - 0.13 1.11 - 1.32 

M3 0.32 - 0.61 0.14 - 0.14 0.79 - 0.95 

F1 0.16 - 0.36 0.26 - 0.27 1.39 - 1.58 

F2 0.15 - 0.35 0.15 - 0.16 0.98 - 1.1 

F3 0.15 - 0.35 0.11 - 0.12 0.49 - 0.55 

In
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b
u
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d
e
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M2 0.42 - 0.54 0.12 - 0.13 0.65 - 1.87 

M1 0.37 - 0.52 0.12 - 0.13 0.42 - 1.17 

M3 0.38 - 0.48 0.13 - 0.14 0.24 - 0.83 

F1 0.16 - 0.17 0.27 - 0.28 0.76 - 1.55 

F2 0.15 - 0.17 0.15 - 0.16 0.55 - 1.08 

F3 0.15 - 0.17 0.12 - 0.12 0.32 - 0.54 

O
p

ti
m

u
m

 
sc

e
n

a
ri

o
 

M2 0.45 0.13 1.8 

M1 0.42 0.13 1.11 

M3 0.40 0.14 0.79 

F1 0.18 0.26 1.51 

F2 0.16 0.15 1.06 

F3 0.17 0.12 0.53 
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3.3.2.2 Impact of the uncertainties on the initial conditions on the model results 

Initial <2 µm fraction – In Mons, higher values of initial <2 µm fraction (Ini<2 µm2 and 3) 

improve the predicted absolute values (dissimilarities). In Feucherolles, the lowest initial 

value (Ini<2 µm1) improves the predictions of bulk density but worsens that of the <2 µm 

fraction (Figure 3-7a). Since the parent material <2 µm fraction value strongly affects the 

result, the correct estimation of its initial value is critical for the model.  

 

 

Figure 3-7: Dissimilarity differences between default scenario and other scenarios for <2 µm fraction 
and bulk density for the initial conditions a) initial<2 µm fraction; b) initial bulk density of the parent 
material. 
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Initial bulk density –parent material bulk density scenarios strongly affect the bulk density 

estimations by the model. IniBD1 to 3, all improve the absolute predicted values of the bulk 

density compared to the default scenario against measurements (Figure 3-7b). While the 

largest initial value (IniBD3) gives the best dissimilarities for all plots in both sites, it 

produces numerical instabilities for the model. The simulated depth profiles of bulk density 

for the conventional tillage plot in Feucherolles, as an example, shows the occurrence of 

sharp peak at 40 cm depth for high parent material bulk density scenarios (Figure 3-8). This 

peak is located at the beginning of the <2 µm fraction accumulation zone. When <2 µm 

particles cannot leach anymore, since the volume of each compartment is assumed constant, 

they create a dense layer at this depth, with a very low porosity. When porosity reaches a 

threshold, the model becomes unstable. A smaller peak is also visible at 75 cm depth. This 

depth corresponds to a discontinuity in loess deposit in the reconstructed parent material 

profile (Jagercikova et al., 2015).  

All in all, whatever the tested parent material bulk density, the model underestimated the 

soil bulk density especially on the upper part of the soil profile (Figure 3-8). This is probably 

due to the fixed volume constraint in the model that cannot be compensated by the increase 

in the initial bulk density. 

 

Figure 3-8: Simulated bulk densities for four initial bulk density scenarios for parent material: 
example of the conventional tillage plot in Feucherolles. 
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3.3.2.3 Ability of the model to reproduce the actual soil profile characteristics 

Based on the results of dissimilarities in respect to measurements and the improvement of 

the model outputs in comparison with the default scenario for each initial and boundary 

condition an optimum scenario is made for final evaluation of the model outputs. 

Considering boundary conditions, although the tested scenarios could improve model 

outputs for some soil characteristics, they either decrease model output quality for other 

characteristics or disturbed the simulated depth distribution.  As a result the default 

scenarios for the boundary conditions are considered as of sufficient quality and are chosen 

to obtain the optimum scenario. Considering initial conditions, an initial <2 µm fraction of 

21% in both Mons and Feucherolles is considered as the optimal value. However concerning 

initial bulk density the default values are chosen for both sites again mainly because higher 

values create model instabilities (Figure 3-8). Dissimilarities to the measurements for the 

studied soil characteristics for the optimum scenario are reported in Table 3-6. 

Comparison of dissimilarities against measurements, of the optimum scenario with the 

default scenario shows that <2 µm fraction dissimilarities are improved in range of 17 % in 

Mons but are not improved in Feucherolles, and bulk density dissimilarities improve in 

range of 33 % in Feucherolles but are not improved for Mons. These improvements are 

negligible on organic carbon. 

 

3.3.2.3.1 Global ability of the model to reproduce the measured soil properties 

The simulated <2 µm fraction profiles in Mons reproduce more or less the depth 

distribution of the measurements but underestimate the <2 µm fraction content through 

the whole profile for all the plots (Figure 3-9a). In Feucherolles over the top 50 cm the <2 µm 

fraction is predicted precisely for the two agricultural plots and slightly over estimated for 

the forest (Figure 3-9b). Nevertheless the belly shape of the B-horizon observed between 

40 cm and 1 meter is not represented by the model in any of the plots for both sites (Figure 

3-9a, b). As shown by Lawrence et al. (2015), this belly shape corresponds to the secondary 

mineral formation zone. Since SoilGen2.24 does not include the process of secondary 

minerals new formation, but only <2 µm particle translocation, it seems that the B-horizon 

indeed is more probably produced by clay new formation than by translocation. Jagercikova 

et al. (2016) already reached this conclusion using isotopic tracers and diffusion-advection 

modelling. 



  

 

 

 

 

Figure 3-9: Simulated and measured profiles for Mons (a, c, e) and Feucherolles (b, d, f) anthroposequences for the optimum scenario: a and b) <2 µm 
fraction; c and d) organic carbon; e and f) bulk density. Dotted line /    : grassland/f orest – Black line/    : conventional tillage – grey line/   : reduced 
tillage/conventional tillage + manure. Error bars represent the measurement uncertainties.
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Organic carbon below 70 cm depth is correctly reproduced by the model for all the plots in 

Feucherolles but underestimated in Mons. Above simulated contents are overestimated for 

agricultural plots by a factor of 0.5 to 1.5 over the top 30 cm and underestimated between 

30 and 60 cm especially in Mons (Figure 3-9c), with the exception of the forest in 

Feucherolles (Figure 3-9d). This overestimation under cultivation is due either to an 

overestimation of the C input to the topsoil (either as external input or due to the assumed 

exponential root depth distribution) or to inappropriate parameter values of the RothC 

module in SoilGen for agriculture. As a matter of fact, SoilGen was calibrated for OC only on 

forest (Yu et al., 2013). 

Bulk density is underestimated by the model through the whole profile for all the plots in 

both site except for forest top soil for which the bulk density is overestimated by the model 

(Figure 3-9e and f). 

 

3.3.2.3.2 Ability of the model to reproduce the impact of land use and agricultural practices 

As we showed above, the model is not able to reproduce the absolute values of the tested 

soil characteristics, but gives a reasonable description of their depth profile. So, we also 

further study the ability of the model to reproduce the changes induced by the differences 

of agricultural practices and land uses. 

Changes measured along the anthroposequences - Measurements in Mons for the <2 µm 

fraction show slight differentiations between the three plots over the top compartment. The 

highest content being observed for the reduced tillage plot (M1) and the lowest for the 

conventional tillage (M2) (Figure 3-9a). In Feucherolles, measured <2 µm fraction for two 

agricultural plots (F1 and F2) are identical. Although for the forest (F3), it differs from the 

other plots with a higher <2 µm fraction in the upper 40 cm and a deeper <2 µm belly. This 

is due to the complex history of the forest plot, including the addition of soil layers around 

100 years before present. (Figure 3-9b). 

For organic carbon, different tillage plots in Mons (M1 and M2) only differ over the 10 upper 

cm of the profile with a higher stock for reduced tillage (M1) (Figure 3-9c). In Feucherolles, 

addition of manure (F2) naturally creates higher stock of organic carbon over the top 30 cm 

(tilled depth). In grassland (M3) and forest (F3) the stock of organic carbon is increasing to 

2 times the agricultural plots over the top compartments (Figure 3-9c, d).  

In Mons, bulk density of reduced tillage (M1) below the 0 to 10 cm tilled compartment are 

significantly higher than in grassland (M3) over 30 cm, that are in turn higher than those of 
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the conventional tillage (M2) on the tillage depth with the exception of the upper 10 cm. 

This result is classically observed in reduced tillage experiments (Boizard et al., 2013) 

(Figure 3-9e). In Feucherolles, bulk density of the two agricultural plots (F1 and F2) do not 

significantly differ along the profile. Forest (F3) bulk density mainly differs from the 

cropped plots over the top 5 cm. 

Changes simulated by the model for the anthroposequences- For the <2 µm fraction the 

model does not reflect any noticeable change for the agricultural plots and also for grassland 

but these differences are slight on the sites as well. Nevertheless, the difference between 

forest and agricultural plots is reproduced more or less by the model. For OC differences 

between reduced and conventional tillage are exaggerated by the model both in depth and 

magnitude. The model reflects the differences between pasture and agricultural plots but in 

a wrong direction and magnitude. Changes induced by addition of manure are reflected 

correctly in the simulated OC profile. Forest is also distinguished from the agricultural plots 

but the differences are only simulated correctly over the top 10 cm. 

For bulk density, the differences between plots due to change in agricultural practices and 

land use is not reflected by the model.  

Overall, for <2 µm fraction, the model proves to be reliable for different agricultural 

practices and land uses despite being slightly less sensible to changes than reality. For OC, 

the model can also reproduce the differences between agricultural practices and land uses 

although not always with same magnitude (for agricultural plots) and directions (for 

pasture and forest) as the measurements. For bulk density model cannot reflect the 

differences induced by neither tillage practices and nor by different land uses. These results 

once again shows the limitation on calculations of bulk density caused by the constant 

volume compartment assumption in the model. 
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3.4 Conclusion 

 

In this paper, we test the ability of a mechanistic pedogenesis model including 

vertical transfer of matter processes and explicit water transfer, the SoilGen model, to 

simulate soil evolution under global change including climate change, land use and 

agricultural practices. The results show that: 

I. The model is sensitive to all the tested boundary conditions for all the considered 

soil characteristics. 

II. Uncertainties on climate reconstruction and agriculture duration and practices did 

not influence the quality of the model predictions for the considered soil 

characteristics. Therefore, we conclude that the existing climate reconstructions are 

of sufficient quality for the purpose of modelling soil evolution and that 

reconstruction of agriculture history does not represent a lock in terms of long term 

soil evolution modelling. 

III. Parent material characteristics are of most importance for the accuracy of the model 

predictions. Much effort should be put on their estimation through geological 

survey. This count as a strength point for projection scenarios, since the current 

soils will represent the parent material in such simulations and can be characterized 

precisely. 

IV. Several limitations of the model are identified as, the lack of secondary mineral new 

formation module, the lack of a proper vegetation module and the constant volume 

compartment assumption. A simple vegetation model that connects net primary 

production to annual temperature and precipitation as in Miami model (Lieth, 

1975) can be adopted to SoilGen model to improve the sensitivity of model 

simulations of OC to global change. For secondary new mineral formation, recent 

work by Opolot (PhD thesis, 2016) gives insight to overcome this limitation. At last, 

introducing change in volume in this type of model is more challenging, since very 

few models to our knowledge are able to change volume so far. 

V. The model should be calibrated for the organic carbon under agriculture, in order 

to reproduce changes induced by change in land use and agricultural practices. 

VI. Once the OC calibration performed the model should be able to perform reasonable 

projections of the evolution of <2 µm and OC contents of Luvisol sequences, that 

represent 20% of the European soils, due to global change. 
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In this chapter, the processes from SoilGen acting in OC depth distribution were 

implemented in the VSoil platform and the resulting OC-VGEN model was compared to 

SoilGen for validation by simulating 72 years of pasture in the Mons site. 

 

4.1 Difference between the modelling approach used in SoilGen 

model and VSoil platform 

 

SoilGen and VSoil present large conceptual differences in their building 

approaches. In general, the SoilGen model is mainly viewed as a single unit, while processes 

perform in a defined sequence and input/outputs are being modified while passing through 

each process (Figure 4-1a). The core processes cannot be accessed through the user 

interface and only few processes (bioturbation and tillage) can be activated/deactivated 

without major modifications. The in/outputs of the model are not separated based on the 

process which provides them at the end.  

On the opposite, in VSoil, each module associated to a process has to be defined as an 

independent entity. The modularity and encapsulation available in Fortran2003 and C++ 

languages provide safety as a variable defined as an output of a module cannot be modified 

outside of this module. The input and outputs of each module are clearly defined and 

separately provided thus changes applied to a variable are tracked by process. The model 

is build up by joining all the processes and associated modules through selected 

input/outputs. The platform then checks that all the inputs needed by a module are 

available, i.e. provided by another module. 

To be able to implement the processes from the SoilGen model in the VSoil platform a 

compatibility strategy needed to be considered. To deal with this difference, a balancing 

process was introduced in VSoil to account for the changes applied to soil OC and soil 

particles mass fraction (clay, sand and silt) through different processes (Figure 4-1b). In 

practice, instead of exchanging the value of each property (X), the changes applied, during 

the time increment, to that property X by a given process p, Δp(X) is used. Each process (p) 

will produce a Δp(X) which is an input of the balancing process. The balancing process will 

update X and provide the new value whenever it is needed. The module associated to this 

process is based on the following equation: 



Chapter 4. Building of the OC depth distribution model - OC-VGEN 

- 74 - 

 𝑋(𝑡 + 1) = 𝑋(𝑡) + ∑ ∆𝑝(𝑋)

𝑛

𝑝=1

 (4.1) 

where, t represents the time step and n, number of processes modifying the variable X. 

 

In this approach, the changes applied to each variable through each process are recorded 

which allows estimating the contribution of different processes to the final value of a soil 

characteristic. This is valuable information missing in the SoilGen model.  

 

 

Figure 4-1: Different ways of a) SoilGen and b) VSoil in handling processes and associated input and 
outputs and the functionality of the balancing process in VSoil: Example of OC. Black arrows 
represent input; red arrow, output; blue and green, intermediary variables. 

 

4.2 Building of the OC depth distribution model - OC-VGEN 

 

We identified in SoilGen eleven processes as fundamental core of an OC depth dis-

tribution model (highlighted in Table 4-1) Of these eleven processes, some were already 

existing in the VSoil platform with an associated module, while the non-existing processes 

were created and associated to modules implemented with identical formalism as 

Soilgen2.24 (Table 4-1). 
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For the processes and associated modules which pre-existed in VSoil (italic and underlined 

in Table 4-1), although they are based on the same basic equations, differences exist in the 

handling of boundary conditions and possibily in the implementations of numerical 

solutions although they are supposed to be identical. In the water transport module, while 

the upper boundary condition is the same for the two models, the lower boundary condition 

is chosen among two possibilities (zero flux or free drainage) by the SoilGen model 

depending on the water deficit or surplus and while in OC-VGEN the lower boundary 

condition is free drainage and it never leads to zero flux. For heat flow and temperature 

distribution, the upper boundary condition is assumed to be equal to the air temperature 

for both models, while the bottom boundary condition differs between the two models. In 

SoilGen, a very large heat reservoir is considered, while in OC-VGEN, the profile is extended 

to a large depth (4 meters for the 1.2 meter soil profile designed for this study) with a 

predefined constant temperature at that depth. No differences are recorded between the 

two gas modules. 

In addition, the discretization of the soil profile (grid) differs between the two models. 

SoilGen2.24 works with compartments of fixed size, assigning a node to the middle of each 

soil compartment. A first and a last nodes are set out of the soil profile to represent the 

boundary conditions (Figure 4-2). The equations of transport are solved simultaneously at 

all those nodes. In VSoil, the nodes are set at the surface and bottom of each soil 

compartment, their distances do not have to be uniform and can vary from few millimetres 

to centimetres. For comparison purposes, the compartments are defined in OC-VGEN so that 

each node is located in the middle of the compartment, as for SoilGen, beside the first and 

last compartments which have half the thickness of the other ones (Figure 4-2). First and 

last nodes are involved in the assignment of the boundary conditions. Since the outputs of 

the two models are produced at different depths (at nodes), linear interpolation is used to 

produce values at same depths for comparison purposes in the following.  
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Table 4-1: List of processes/modules implemented in the VSoil modelling platform to build a soil 
evolution model. Only the processes/modules in grey are fully functional at the moment. 

Name of process Original model Reference 

Bioturbation SoilGen1 Finke and Hutson (2008) 

Chemical weathering of 

primary minerals 

SoilGen2 Finke (2012); after Kros, (2002) 

(NUCSAM) 

Colloid transport PASTIS (CDE) Lafolie ( 1991) 

Deposition SoilGen1 Finke and Hutson (2008) 

Dispersion/coagulation of 

particles 

SoilGen2 Finke ( 2012) 

Erosion SoilGen1 Finke and Hutson (2008) 

Filtering of particles SoilGen2 Finke (2012); after Jarvis et al. (1999) 

Gas transport and balance PASTIS Lafolie ( 1991) 

Geochemistry SoilGen2 After Hutson (2003) 

Heat transport and balance PASTIS Cannavo et al. (2006) 

Organic matter dynamics RothC-26.3 Coleman et al. (1997) 

Physical weathering SoilGen2 Finke ( 2012) 

Plant development SoilGen1 Finke and Hutson (2008) 

Root solute uptake SoilGen1 Finke and Hutson (2008) 

Root water uptake LEACHC Hutson (2003) 

Soil hydraulic properties 

estimation 

SoilGen2  Finke (2012); after Sommer and 

Stöckle (2010) 

Solid mineral balance OC-VGEN This study 

Splash SoilGen2 Finke (2012); after Jarvis et al. (1999) 

Tillage practices SoilGen1 Finke ( 2012) 

Transport in liquid phase PASTIS (CDE) Lafolie ( 1991) 

Water flow and balance PASTIS (Richard’s) Lafolie ( 1991) 

Water runoff LEACHC Hutson ( 2003) 

 

The initial goal of this study was to build a complete soil evolution model, including all the 

major soil forming processes. Although the individual modules were all fully implemented 

the connection between them, specifically concerning the geochemistry and chemical 

weathering modules is not fully developed yet and is still being tested. The work on 

development of the complete model is in progress. 
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Figure 4-2: Distribution of nodes and definition of compartments in SoilGen2.24 model and VSoil 
platform. 

 

4.3 Comparison of the OC-VGEN and SoilGen2.24 models 

 

To validate the OC-GEN model, we compared its behaviour to that of the model 

from which it is derived, i.e. SoilGen2.24. This was performed for OC stocks and for all the 

other soil characteristics that are known to influence the OC concentration in soils.  

4.3.1 Comparison of the OC stocks simulated by the two models 

Both models were used to simulate 72 years of pasture on a previously cropped soil. Along 

time, the evolution of total OC stocks for both models is identical (Figure 4-3a). Besides 

DPM, the differences along time for the different OC pools simulated by the two models are 

considered as negligible. At the end of 72 years of simulation (Figure 4-4), the differences 

between the two models in the total OC and HUM depth distributions is lower than 5 % at 

all depths, as well as for the other pools below 50 cm. Above 50 cm, RPM and BIO are smaller 

in OC-VGEN with a difference ranging between 7 and 13 % with the exception of the upper 

compartment. For DPM, OC-VGEN simulate a 40 % larger stock than SoilGen down to 45 cm 

and a 40 % lower stock at 50 cm. The latter can be due to a difference in the root profile 

depth distribution at this depth, imposed by the difference in grid definition in the two 

models. 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4-3: Difference along the 72 years of pasture between a) the total stock of OC and associated pools simulated by the two models. IOM was not reported as it is not 
affected by any process in both models; b) simulated soil water stock, soil drainage and plant transpiration and (c) Input climatic data of the 72 years of simulation including: 
rain, potential evapotranspiration (PET) and summer temperatures (Jul T). SoilGen simulations were considered as the reference and the differences are calculated as ((XOC-

VGEN – XSoilGen2.24)/XSoilGen2.24)* 100. Positive values correspond to larger OC-VGEN predictions, conversely negative values correspond to larger SoilGen predictions. Horizontal 
dash lines represent 5 % considered as insignificant threshold. 
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To better analyse the behaviour of the two models and explain the differences recorded for 

organic carbon pools, simulated soil climate (soil moisture and temperature) and other 

characteristics affecting it such as clay content, bulk density and hydraulic properties 

simulated by the two models are compared below. These soil characteristics are known to 

influence the dynamics of OC directly or indirectly (Davidson and Janssens, 2006; Ise and 

Moorcroft, 2006; Sierra et al., 2015; Lawrence et al., 2015).  

 

Figure 4-4: Differences at the end of the 72 years of pasture between the profiles simulated by two 
models for organic carbon stock and associated pools. DPM: decomposable plant material, RPM: 
resistant plant material, BIO: biomass, HUM: humus and Total: the total OC content. . IOM was not 
reported as it is not affected by any process in both models. Vertical dashed lines represent 5 % 
considered as insignificance thresholds. Positive values correspond to larger OC-VGEN predictions, 
conversely negative values correspond to larger SoilGen predictions. 

 

4.3.2 Comparison of the soil characteristics known to influence the OC 

concentration in soils simulated by the two models 

The two models simulate similar values for soil bulk density, clay content and thus the 

predicted hydraulic properties after 72 years of pasture. Nevertheless, at 50 cm depth, a 

spike is observed in SoilGen2.24 simulations of bulk density and saturated hydraulic 

conductivity which can be due to numerical instabilities. Those instabilities are not visible 

in OC-VGEN simulations (Figure 4-5a and c). 
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The water balance (5 and 22 mm for SoilGen and OC-VGEN respectively) is less than 5 % of 

the average precipitation (660 mm) for the two models (Table 4-2) except for 3 years in 

SoilGen model (years 24, 41 and 48). Nevertheless, two main behaviours are observed:  

I. for most years (57 over 72) the soil water amount between the two models differs 

less than 5 % but the drainage is 40 to 80 % smaller in OC-VGEN, while transpiration 

is 20 to 40 % larger in SoilGen (Figure 5. b). Water balance differences mirror 

drainage differences (data not shown). 

II. for the remaining 15 years, the difference between the soil water amount simulated 

by the two models becomes larger than 5 % while both drainage and transpiration 

simulated by the two models are closer.  

 

 

Figure 4-5: Simulated a) soil bulk density, b) clay content and c) saturated hydraulic conductivity by 
SoilGen2.24 (dashed lines) and OC-VGEN (solid lines) models after 72 years of pasture. 

 

The years in which the differences between the two models becomes large, correspond to 

the years in which potential evapotranspiration exceed precipitation (Figure 4-3c). 

Transpiration is then very close between the two models although the drainage is stopped 

in SoilGen2.24 that thus keeps more water in the simulated soil profile (Figure 4-3b). For 

the other years, the simulated transpiration is larger in OC-VGEN (in average 60 mm per 

year) while drainage is larger in SoilGen2.24 (in average 68 mm per year; Figure 4-3b and 

Table 4-2). 
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There exist other studies on comparison of water balance modules in the literature 

(Clemente et al., 1994; Vanderborght et al., 2005), although they were always done on a 

short time scale ranging from days to maximally a couple of years. Vanderborght et al. 

(2005), reported differences of 50 mm for drainage, over the course of 2 years for 4 water 

transport models (MACRO, HYDRUS, SWAP, WAVE, MARTHE). While, Clemente et al. 

(1994), compared three other water balance models, all based on Richard’s equation, 

SWASIM, LEACHW and SWATRE, over one year and reported differences of 20 to 50% in 

volumetric water content, mainly during spring and fall and 30 to 50 mm difference of 

predicted actual evapotranspiration. Both studies concluded that the differences among 

models are caused by differences in spatial discretization, the implementation of the 

boundary condition and of the calculation of evapotranspiration, which is observed to be 

the similar case in this study. The water balance module included in OC-VGEN was shown 

to well compare with Hydrus (Lafolie et al., 2015) and with test cases proposed in 

Vanderborght et al. (2005). As a conclusion, the differences between SoilGen2.24 and OC-

VGEN in terms of water dynamics were considered acceptable. 

 

Table 4-2: Profile average over the 72 years of soil moisture and temperature simulated by the 
SoilGen2.24 and OC-VGEN models. ET: transpiration, D: drainage, θ: water stock and P: precipitation. 

Average value over the profile SoilGen2.24 OC-VGEN 
ET (mm) 480 533 
D (mm) 180 110 
Θ (mm) 389 353 
Water balance (mm) 
(P-Δθ-D-T) 

5 22 

Temperature (°C) 9.3 9.8 

 

Finally, the soil moisture deficit used for the dynamic simulations of organic carbon is based 

on the difference between rain and potential evapotranspiration that are input data in both 

models. This differences is then distributed over depth according to the air filled porosity 

depth distribution. Air filled porosity is calculated according to the soil bulk density and the 

water content depth distribution. So more than the absolute difference, along the years, it is 

the difference over depth that is important. We thus compared the water content depth 

distribution for years where the difference in simulated water stocks between the two 

models was lower than 5 % and for the 15 years where this difference was large (Figure 

4-6). This comparison is done on the water profile simulated by the two models at the end 

of each year. The difference in water content depth distribution is generally lower than 5 % 

with the exception of those 15 years. Indeed for those years, the water content simulated by 
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the two models differs along depth, being wetter in OC-VGEN at the top profile and dryer at 

depth since drainage is put to zero for SoilGen. Nevertheless since those years are rare they 

do not influence significantly OC dynamics.  

 

Figure 4-6: Differences of simulated water content depth distributions between SoilGen and OC-
VGEN. Average water content distribution difference (Solid line) of the 57 typical years and one 
example of one of the 15 peculiar years (dashed line). Vertical dashed lines are indicators of 5 % 
difference. 

 

Temperatures simulated by the two models over the 72-years, compared at the end of each 

simulation year, are very close over the whole profile with an average difference of 0.5 °C 

(Table 4-2) ranging from -1 °C to +2 °C depending on the considered year. For the upper 60 

cm, where OC dynamic is modelled, the average difference between the two models is 

smaller than 0.5 °C. This difference is a consequence of the different bottom boundary 

conditions and of the differences in simulated water contents between the two models. The 

small differences recorded over the upper 60 cm of the profile are not expected to influence 

OC stocks in the soil profile.  

All in all, in the context of OC dynamics the two models agree and the observed differences 

are acceptable on a century time scale. 
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4.4 An overall evaluation of using VSoil modelling platform 

 

Here we present an overall evaluation of use of this platform as well as the 

difficulties inherent to the building of complex – multi process models which can address 

the questions regarding the future of soils in response to the global change. 

 

4.4.1 Strengths 

The differentiation between the conceptualization and numerical expression of the 

processes is one of the core strenghts of VSoil modelling platform. This option allowed 

discussion between the modellers and non-modellers of the project. Building the skeleton 

of the model only providing the conceptual process allowed to have a complete view of the 

model structure.  

The modularity and the possibility of defining various numerical expressions (modules) for 

each process are two other important features, which helped us to build OC-VGEN model 

with a unique transparency on all the prodcued/used entities (processes, input/outputs, 

modules, etc.). It further provided the flexibility for testing different modules for each 

process allowing for the continuous progress of every single entity according to the 

progress of the knowledge without major disturbance of other entities (Chapter 5). 

The flexible definition of time step and grid spacing facilitated the development of the 

model. For example the option to have a non-uniform, non-constant profile discretization, 

later allowed us to implement soil volume changing processes to the model (Chapter 6). 

This work also demonstrated that some technical feature of VSoil are very helpful for the 

development of complex soil model: 1- the possibility to export and import model entities 

via simple emailing services, allowed for constant exchange between model developer and 

platform support; 2- the options to perform model runs on a distant cluster with the 

compiling option on both Windows and Linux operating systems further allowed to run 

numerous long runs on a remote Linux systems simultaneously, which provide a shorter 

run time (4 to 10 times) in comparison to Windows, while testing and debugging individual 

modules on a Windows personal computer. 
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4.4.2 Difficulties in implementing complex soil evolution model  

The major difficulty in this study corresponded to our dependency to the platform’s 

technical team to solve problems rising 1- due to the platform technical issues, 2- due to 

modelling errors. Although different in nature, the solution of both problem groups 

required the intervention of the platform’s support team. This was mainly due to the fact 

that it was not easy for us to identify the source of the problem, by the error message 

provided by the platform. Thus a frequent exchange between platform’s support team was 

inevitable to resolve those issues.  

Additionally, performance testing (debugging and to make sure the created outputs are 

correct) of each individual module before connecting them together to build the model was 

rather time consuming, since each module is connected to upstream modules which provide 

the inputs and downstream modules which receive the outputs. To test each module we 

needed to guarantee the functionality of at least the upstream modules which was not 

always the case. Thus, to be able to test each module individually we created an additional 

(dummy) module for each of the upstream modules to generate simple inputs for the 

module which is being tested. This was a laborious process. 
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Abstract  

 

Estimating the response of soil organic carbon (OC) to climate change is crucial 

because soil OC sequestration is being considered as a possible solution to mitigate climate 

change, converting atmospheric CO2 into long-life soil organic carbon (COP21). Land use 

change (conversion of cropped land into pasture) and conservation agricultural practices 

(reduced tillage), are considered as a strategy to sequester carbon in soil. Nevertheless, the 

relationship between the OC depth distribution and changes in land use and tillage practices 

is still poorly understood. 

In this paper, we used an OC depth distribution model, OC-VGEN, to test the impact of 1) 

different numerical representations of root depth distribution, decomposition coefficients 

and bioturbation; 2) forcing factors such as land use, agricultural practices and climate on 

OC depth distribution at the century scale. The model allowed considering explicit transfer 

of water and temperature in OC decomposition rate modifying factors. 

We used the model to simulate decadal to century time scales on long-term experiments of 

Luvisols with different land uses (pasture and crop) and tillage practices (conventional and 

reduced) as well as projection scenarios of climate and land use at the horizon of 2100. We 

thus showed that, among the different tested formalisms or parametrisation for key OC 

dynamic processes, 1) the sensitivity of the simulated OC depth distribution to the tested 

formalisms/parameters depends on the land use considered; 2) the use of different soil 

processes formalisms/parameters has a larger impact on OC stock prediction than that of 

land use or agricultural practice change over 72 years or that of the IPCC scenarios tested 

for 2100 for pasture or deep soil OC stock. When considering a given OC-VGEN setting, the 

pasture and the RCP8.5 scenarios generally produced larger OC stocks than agriculture and 

RCP2.6 scenarios respectively.  

Keywords 

Climate change, pasture, reduced tillage, organic matter, stocks, organic carbon dynamics 
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5.1 Introduction 

 

Soil organic matter is the largest terrestrial carbon reservoir that is in constant 

exchange with the atmosphere and, consequently, a small change in this carbon reservoir 

can have a strong effect on atmospheric CO2. Estimating the response of soil organic carbon 

(OC) to climate change is crucial (Smith et al., 2008; Minasny et al., 2017) because soil OC 

sequestration is being considered as a possible solution to mitigate climate change, 

converting atmospheric CO2 into long-life soil organic carbon (COP21). Land use change 

(conversion of cropped land into pasture) and conservation agricultural practices (reduced 

tillage), considered as a strategy to sequester carbon in soil have been extensively studied 

(Paustian et al., 1997; Jobbágy and Jackson, 2000; Post and Kwon, 2000; Lal, 2004). 

Nevertheless, the relationship between the OC depth distribution and changes in land use 

and tillage practices is still poorly understood (Jobbágy and Jackson, 2000; Lorenz and Lal, 

2005) and controversial results have been reported concerning the effects of tillage 

reduction (Haddaway et al., 2016). 

Thus, there is an urgent need to better predict the OC stock evolution under land use, 

management and climate change scenarios by the year 2100. Heretofore, most predictive 

modelling efforts (Smith et al., 2005; Xu et al., 2011; Álvaro-Fuentes et al., 2012; Mondini et 

al., 2012; Lugato et al., 2014; Wiesmeier et al., 2016) concentrated on the upper 30 cm of 

soil, e.g. those based on RothC (Coleman et al., 1997) or Century (Parton, 1996). These 

models describe OC as an ensemble of organic pools with different decay dynamics, but do 

not consider other soil processes or depth distributions. However, while the upper 30 cm 

(topsoil - A Horizon) of soil profile represents the highest organic matter concentrations, 

recent studies show that subsoil horizons (from 30 cm to 1 meter) contribute 30 to 63 % of 

the total amount of soil OC despite low concentrations (Batjes, 1996; Jobbágy and Jackson, 

2000; Tarnocai et al., 2009). Consequently, OC stock prediction must not be restricted to the 

upper 30 cm of the soil but should also consider deep OC stocks. 

Yet, the transport mechanisms of OC into deep layers are not well understood due to 

limitations of direct measurements when dealing with very low concentrations and very 

slow changes. Information on contribution of deep roots to OC stock is rarely available while 

obtaining data on deep OC decomposition is not possible without disturbing the processes 

involved (Balesdent et al., submitted). These processes may be addressed either by using 

tracers as stable C isotopes (as proposed by Balesdent et al. (submitted)) or by modelling 

approaches. However, deep OC dynamics is generally not considered in OC modelling 
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approaches or only to a limited extent (Nakane, 1978; Elzein and Balesdent, 1995; Baisden 

et al., 2002; Dörr and Münnich, 2006; Guenet et al., 2013) with the exception of SOLVEG-II 

(Ota et al., 2013), C-Tool (Taghizadeh-Toosi et al., 2014), and RothPC-1 (Jenkinson and 

Coleman, 2008). Although these models do not include water transfer module, and more 

generally soil climate, preventing the simulation of effect of climate change on OC stock 

evolution. More recently, a few attempts were made to couple the previous approaches with 

water transfer (Braakhekke et al., 2011; Koven et al., 2013; Riley et al., 2014). These models 

consider transport of dissolved OC, bioturbation, root litter input and decomposition. 

However, all these models consider that inherent soil properties as soil texture, bulk density 

and hydraulic properties are constant over time, which was proven to be wrong on a 

decadal to centennial time scale (e.g. Montagne et al. (2008), and Boizard et al. (2013)). 

Since OC decomposition is a function of the soil climate (humidity and temperature), soil 

type (Mathieu et al., 2015) and soil geochemical composition (Doetterl et al., 2015), 

evolution of these properties must be modelled while projecting OC stocks on a long time 

scale (several tens of years to a century). As an example soil OC content modifies the soil 

bulk density that plays on soil hydraulic properties and thus on soil water content that in 

turn affect the OC decomposition (Figure 1). The use of a soil formation model which 

includes all the soil processes and the feedback mechanisms among them would thus be a 

plus-value for deep OC stock modelling. One example of such pedogenesis model is SoilGen2 

(Finke, 2012), which has been recognised as the pedological model having the largest 

process coverage (Minasny et al., 2015) and could thus be a good candidate for building 

such an OC depth distribution model. It includes the major mechanisms contributing to the 

dynamics of OC such as the root development, bioturbation and OC decomposition and 

reasonably well simulates the depth distribution of OC over time and depth (Yu et al., 2013; 

Keyvanshokouhi et al., 2016).  

For some of the key processes affecting OC depth distribution, namely bioturbation, root 

depth distribution and OC decay, several numerical representations exist in the literature 

(Elzein and Balesdent, 1995; Jackson et al., 1996; Zeng 2001; Koven et al., 2013). Due to the 

mentioned lack of measurements on deep OC dynamics, the impact of the different 

numerical representations on the OC depth distribution should be evaluated. Such an 

evaluation necessitates the use of a modular environment as a modelling platform. As 

emphasised by Campbell and Paustian (2015), and Vereecken et al. (2016) the use of such 

modelling platforms provides an enormous amount of flexibility as well as great 

opportunities for exchange and improvement of model components. VSoil (Lafolie et al., 

2014) is one of these component based modelling platforms developed by French National 
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Institute for Agricultural Research (INRA) that aims at designing, developing and 

implementing bio-geochemical and physical processes in soil.  

In this paper, we propose to use an OC depth distribution model, called OC-VGEN (Chapter 

4) to test the impact of 1) different numerical representations of root depth distribution, OC 

decomposition coefficients and bioturbation; 2) forcing factors such as land use, agricultural 

practices and climate on OC depth distribution at the century scale. This model uses 1) the 

processes from the SoilGen2 model (Finke, 2012) involved in OC depth distribution, and 2) 

the modular environment of the VSoil modelling platform (Lafolie et al., 2014). In addition, 

we used to test the model long-term experiments on Luvisols that include different land 

uses (pasture and crop) and tillage practices (conventional and reduced) as well as 

projection scenarios of climate and land use at the horizon of 2100. 

  



Chapter 5. Material and Method 

- 92 - 

5.2 Material and Method 

 

5.2.1 Description of OC-VGEN model 

The OC-VGEN model (Chapter 4) contains eleven processes of the SoilGen model that were 

considered as the fundamental core of the OC depth distribution model (Table 5-1) and 

were implemented in the VSoil modeling platform. As such OC-VGEN has the specificities of 

both SoilGen and VSoil. This model is designed to consider the feedback between soil 

climate and OC decomposition over the soil profile (Figure 5-1) while any change to 

inherent soil properties (soil texture, bulk density and associated hydraulic properties) due 

to the mixing processes can impact the decomposition rate of soil OC. 

 

 

Figure 5-1: Processes involved in the OC depth distribution and the feedbacks between them. 

 

Like SoilGen (Finke, 2012), OC-VGEN is a pedon scale, soil formation, mechanistic model 

that takes into account factors of soil formation (climate, organisms, relief, parent material 

and human activities on soil) as initial or boundary conditions. Carbon dynamics is 

simulated after the RothC 26.3 model (Coleman et al., 1997). Other processes such as 

bioturbation, plant development and human activities on soil (tillage, amendment) are 
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based on SoilGen2.24 so that OC-VGEN includes major soil forming processes and their 

feedbacks at the century time scale. For further details on the processes, equations, 

numerical solutions see Finke and Hutson (2008), Finke (2012), the SoilGen2.24 user 

manual (2014) and Chapter 4. 

In addition, being developed in the VSoil modelling platform (Lafolie et al., 2014), OC-VGEN 

is in a user friendly and modular environment that minimizes the amount of coding for the 

developers and eases the re-use of already developed numerical codes. There is a clear 

distinction in OC-VGEN between knowledge, defined as processes, and their mathematical 

representation, defined as modules. As a result, several modules can be associated to one 

process and OC-VGEN checks automatically the connections between the modules and 

orders their execution, according to the input/output variables, to generate a model.  

The processes from SoilGen were created and associated to modules implemented with 

identical formalism as SoilGen2.24 (Table 5-1). Fluxes of water, gas and heat were based on 

the PASTIS model (Garnier et al., 2003). In addition, due to the fundamental differences 

between the modelling philosophies of SoilGen2.24 and VSoil, a mass balance process for 

solids (OC and soil particles) was added (see Chapter 4, for more details).  

 

Table 5-1: List of the major processes and corresponding modules used to build OC-VGEN model 
inside VSoil platform which were either created based on SoilGen2.24 or used from the official 
inventory of VSoil platform (highlighted) or newly designed, mass balance module (bold). 

Process Module Original model Reference 

Bioturbation 
Vertical mixig + 
compartment  
homogenization 

SoilGen1 
Finke and Hutson 
(2008) 

Gas transport and 
balance 

Advection-diffusion  
equation 

PASTIS Lafolie (1991) 

Heat transport and 
balance 

Advection-diffusion  
equation 

PASTIS Lafolie (1991) 

Organic matter 
dynamics 

Exponential decay of OC 
pools  

RothC-26.3 
Coleman et al.  
(1997) 

Plant development Exponential root growth SoilGen1 
Finke and Hutson 
(2008) 

Root water uptake Forcing function LEACHC Hutson (2003) 
Soil hydraulic 
properties 

Van Genuchten +Campbell SoilGen2.24 Finke (2012) 

Solid mineral balance 
Balancing soil 
characteristics 

OC-VGEN This study 

Tillage practices 
Vertical mixig + 
compartment 
homogenization 

SoilGen1 
Finke and Hutson 
(2008) 

Water flow and balance Richard’s equation PASTIS Lafolie (1991) 
Water runoff Removing excess water  LEACHC Hutson (2003) 
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The processes and associated modules which pre-existed in VSoil, are based on the same 

basic equation and numerical solution of the equations in SoilGen2.24. Nevertheless, 

differences exist in the handling of boundary conditions for water and heat transport. In 

addition, the discretization of the soil profile (grid) differs between the two models. We 

compared the behaviour of the obtained OC-VGEN model to that of the SoilGen from which 

it is derived and showed that, in the context of OC dynamics the two models agree and the 

observed differences are acceptable on a century time scale (Chapter 4). 

OC-VGEN needs as initial conditions the characteristics of soil corresponding to the 

distribution of different particle sizes (clay, sand and silt), OC content, bulk density and 

water content and as boundary conditions the yearly time series of temperature, 

precipitation and corresponding evapotranspiration as well as land use and vegetation type 

chosen from the four existing agriculture, pasture, coniferous and deciduous wood land 

use/vegetation types. The time step of the model varies from a few seconds for the case of 

simulations of water flow to a day for simulation of OC dynamics and a year for application 

of tillage and bioturbation. 

 

5.2.2 OC-dynamics in OC-VGEN model 

Concerning organic matter, input to soil occurs via plants/manure and is subsequently split 

between the above and below ground pools. Each of these two pools decay over time 

according to an equation based on Rothc-23.6 model (Coleman et al., 1997). The 

belowground pools are calculated separately for each depth compartment. In OC-VGEN, 

adapted from RothC model, the fresh organic matter input is split between different pools 

(decomposable plant material (DPM), resistant plant material (RPM), biomass (BIO), humus 

(HUM), inert organic matter (IOM) and CO2; Figure 5-1) which decay (with the exception of 

IOM and CO2) according to an exponential equation. Coefficients of this equations are a 

function of (i) time, with half-life that differs strongly among pools (a month for DPM; one 

to three years for BIO, three to ten years for RPM, over 50 years for HUM, IOM is considered 

as stable in the model; Janik et al., 2002); (ii) soil moisture deficit defined as rain less 

potential evapotranspiration; (iii) soil temperature; (iv) <2 µm fraction; and (v) soil cover. 

In addition, each OC pool and the total OC are affected by mixing processes such as 

bioturbation and tillage. In OC-VGEN, soil temperature is modelled along depth and soil 

moisture deficit is distributed over depth according to the simulated air filled porosity.  
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Finally, (i) root depth distribution, (ii) OC-decomposition rate, (iii) the ratio of above to 

below ground fresh organic input, (iv) the distribution of root litter input over the year and 

(v) partitioning coefficients among OC pools (RPM/DPM and BIO/HUM) are a function of 

the vegetation type/land use. Development of plants (roots and shoots) are not influenced 

by climatic conditions. The OC decomposition is limited to the maximum rooting depth 

defined for each vegetation type and below that depth no biological activity nor OC 

decomposition is considered.   

 

5.2.3 Different existing formalisms for processes influencing the dynamics of OC 

depth distribution 

As mentioned in the introduction, for some of the key processes affecting OC depth 

distribution, namely bioturbation, root depth distribution and OC decomposition, several 

formalisms exist in the literature. These formalisms are presented below. 

 

5.2.3.1 Plant root depth distribution 

The plant root depth distribution is defined by a root density function, a rooting depth and 

the ratio of above and below ground fresh organic input. The first is defined as the 

formalism of root depth distribution while the two latter are considered as parameters of 

that formalism. 

Globally, the root depth distribution formalism is represented by an exponential equation, 

with some variations among authors. OC-VGEN originally uses the following exponential 

distribution for permanent vegetation with a steady rooting profile: 

 𝑅𝐷𝐹(𝑧) = 𝑒−𝛼𝑧 (5.1) 

 

where, RDF is the root density function calculated for each compartment inside the 

maximum rooting depth (Table 5-2), z, represents the depth (m) and α is equal to 0.004 

based on Finke (2012).  

On the other hand, Jackson et al. (1996) fitted the function developed by Gala and Grigal 

(1987) to a global data set of root profile measurements and reached a global average 

rooting distribution function (Equation 5-2) that is common for the different plant groups 

(grass, shrubs, crop, trees). Its general form is: 
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 𝑅𝐷𝐹(𝑧) =  − 𝑙𝑛(𝛽). 𝛽𝑧 (5-2) 

 

where, β is the depth coefficient estimated by fitting to the measured data for each 

vegetation type. β is equal to 0.943 and 0.961 with r2=0.88 and 0.82 for pasture and crop 

respectively.  

Zeng (2001) proposed a vegetation root distribution fitted by a two parameter equation. 

This equation is an improved version of Jackson et al. (1996), taking into account the rooting 

depths reported by Canadell et al. (1996), to better account for deep roots. 

 𝑅𝐷𝐹(𝑧) =
1

2
 (𝑎. 𝑒−𝑎𝑧 + 𝑏. 𝑒−𝑏𝑧) (5-3) 

 

Fitting to measurements provides values of 10.74 and 5.558 for a, and of 2.608 and 2.614 

for b, for pasture and crop respectively.  

At last, Davidson et al. (1978), proposed a root density function for crops in which the roots 

are assumed to be growing within the year based on the pre-defined dates of planting, 

germination and root maturity according to Equation 5-4. At harvest plant roots are no 

longer active regarding the uptake of water from the soil. 

 𝑅𝐷𝐹(𝑧, 𝑡) = 𝑅𝑚𝑎𝑥(𝑡) 𝑒𝑥𝑝(−𝛽𝑧2) 𝑐𝑜𝑠
𝜋𝑧

2𝐿(𝑡)
 (5-4) 

 

in which, Rmax is the maximum root density at z=0, z is the soil depth and L is the depth of 

the bottom of root zone. For more details see Davidson et al. (1978). This approach was 

introduced in OC-VGEN after SoilGen2.24 (Finke, 2012) for crops.  

In addition, the parametrisation for rooting depths and above/below ground ratios used in 

the different root depth distribution formalisms vary as reported in Table 5-2. The two 

alternative formalisms (Jackson et al., 1996; Zeng, 2001) and the corresponding 

parametrizations were implemented in OC-VGEN. However the impact of formalisms and 

parameters are studied separately to identify the contribution of the formalism and the 

parametrisation to the depth distribution of OC (the scenarios are summarized in Table 

5-3). Note, that in all the above cases, RDF is scaled to sum to 1 over the rooted zone. 
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Table 5-2: Root depths and above/below ground fresh input ratios used for pasture and crop in the 
different root depth distribution modules encountered in the literature (Finke, 2012; Zeng, 2001; 
Jackson et al., 1996). 

Reference Max rooting depth (cm) Above/below ground ratio 
Land use Pasture  crop Pasture Crop 
SoilGen2.24 (Finke, 2012) 50  50  58/42 41/59 
     
Jackson et al. (1996) 
and Zeng et al. (2011) 

150 150 22/78 90/10 

 

 

5.2.3.2 Bioturbation 

The formalism classically used in the literature to describe transport by bioturbation is 

based on the diffusion equation (Elzein and Balesdent, 1995; Jarvis et al., 2010; Tonneijck 

et al., 2016). Recently, Jagercikova et al. (2014), using 137Cs as a tracer of contemporary 

transfer of fine particles, demonstrated that depth-dependent diffusion coefficients better 

reproduce the data. The diffusion equation is as follows: 

 
𝜕 𝑀𝑂𝐶  (𝑧, 𝑡)

𝜕𝑡
= 𝐷(𝑧)

𝜕2𝑀𝑂𝐶  (𝑧, 𝑡)

𝜕𝑧2
 (5-5) 

 

where D(z) is the depth-dependent diffusion coefficient and MOC, the organic carbon mass 

and the diffusion coefficient is exponentially decreasing: 

 𝐷(𝑧) =  𝐷0 𝑒𝑥𝑝(−𝑏𝑧) (5-6) 

 

where D0 is the diffusion coefficient at the surface (m2 s-1) and b, the parameter of 

exponential decrease (m-1). 

Jagercikova et al. (2014) fitted Equation 5-5 to 137Cs activities measured on the long-term 

experiment sites considered in this study and obtained the following values of D0 and b for 

the pasture profile: D0 = 5.42 ± 1.81 (cm2 yr-1) and b= 0.04 ± 0.01. No 137Cs was detected 

below 50 cm suggesting a negligible bioturbation below that depth. 

OC-VGEN however uses a different modelling approach for bioturbation, which is developed 

based on SoilGen2.24, in which a portion of each soil compartment is distributed vertically 

among the other soil compartments of the bioturbated depth and then homogenized with 

the remaining soil in each compartment to predict the soil properties at each compartment 

after the process of vertical mixing. The mixing proportions per compartment and the 
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mixing depths are model inputs and usually vary depending on the simulated land use and 

agricultural practices.  

Both formalisms include the redistribution of both soil solid and liquid phases. The 

alternative formalism based on Jagercikova et al. (2014) was implemented in OC-VGEN.  

 

5.2.3.3 Decomposition rate coefficient 

In a classical OC decomposition formalism as RothC-26.3 (Coleman et al., 1997), organic 

matter pools (decomposable and resistant plant material, biomass and humus) decompose 

over time according to rates depending on moisture deficit, temperature, soil cover and 

texture (Equation 5-7). 

 𝐾(𝑧) = 𝐾0,𝑝𝑟𝑇(𝑧)𝑟𝑊𝑡(𝑧)𝑟𝑆𝐶(𝑧) (5-7) 

 

where K0,p is the pool dependent decomposition rate coefficient which is constant over 

depth and r, are the rate modifiers corresponding to T-temperature, Wt-moisture deficit & 

<2 µm fraction, SC-soil cover.  

Temperature, moisture deficit and <2 µm fraction are depth dependent. Nevertheless, it was 

shown by Jenkinson and Coleman (2008) and Koven et al. (2013) that there exist other 

depth dependent processes such as priming effect, stabilization by mineral surfaces and/or 

aggregates which are responsible for the observed OC depth profiles. Koven et al. (2013) 

proposed to multiply soil decomposition rate by an exponential function, rz(z), that 

decreases with depth to account for those processes. The decomposition rate equation then 

becomes:  

 𝐾(𝑧) = 𝐾0,𝑝𝑟𝑇(𝑧)𝑟𝑊𝑡(𝑧)𝑟𝑆𝐶(𝑧)𝑟𝑧(𝑧) (5-8) 

 

in which, 

 𝑟𝑧(𝑧) = 𝑒𝑥𝑝 −
𝑧

𝑧𝜏
 (5-9) 

 

where zτ is the e-folding depth of intrinsic decomposition rates. This depth was optimized 

by Koven et al. (2013) to 40 cm.  
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This approach was implemented in OC-VGEN to evaluate the impact of the decomposition 

coefficient formalism on OC depth distribution (the scenarios are summarized in Table 5-3). 

While in the A horizon, the OC decomposition rate corresponds to that calibrated in SoilGen, 

it decreases exponentially as we go deeper in the soil profile. 

 

Table 5-3: Summary of the scenarios of the different formalisms tested on the three Luvisol profiles 
of pasture and cropped land with conventional and reduced tillage. 

Scenario name 
Root depth distribution 

Bioturbation 
Decomposition  
coefficient Formalism Parameter 

Reference setting -Ref Based on SoilGen2.24 
Based on  
SoilGen2.24 

Based on  
RothC-26.3 

Alt 1 - RD SoilGen2.24 
Jackson et al. 

(1996) 
Based on 
 SoilGen2.24 

Based on  
RothC-26.3 

Alt 2 - RD_Jackson 
Based on Jackson et al. 

(1996) 
Based on 
 SoilGen2.24 

Based on  
RothC-26.3 

Alt 3 - RD_Zeng Based on Zeng et al. (2001) 
Based on  
SoilGen2.24 

Based on 
 RothC-26.3 

Alt 4 - RD_A/B SoilGen2.24 
Jackson et al. 

(1996) 
Based on 
 SoilGen2.24 

Based on 
 RothC-26.3 

Alt 5 - OC_DDCoeff Based on SoilGen2.24 
Based on  
SoilGen2.24 

Based on  
Koven et al. 
(2013) 

Alt 6 - Bioturb Based on SoilGen2.24 
Based on  
Jagercikova et al. 
(2014) 

Based on  
RothC-26.3 

 

5.2.4 Impact of the forcing factors on OC depth distribution 

The considered forcing factors are land use, agricultural practices and climate change. Their 

impact on the OC stocks was tested by referring to long term experiment site for land use 

and agricultural practice and on the bases of IPCC projections for climate change. 

5.2.4.1 Land use, agricultural practices and study sites 

A long-term experiment on a loess deposit, in the Paris Basin, at Mons, consisting of different 

land uses (pasture and crop) and agricultural practices (conventional and reduced tillage) 

was used in this study (Table 5-4). The three plots used in this study were already cropped 

260 years before present as shown on Cassini maps (Cassini, 1750). Seventy two years 

before the sampling date, one of the plots was converted to pasture while the other two 

experienced differentiated tillage: while one continued with conventional tillage, the other 

experienced reduction in tillage depth and intensity over the last 10 years (Table 5-4). The 

continuous conventional tillage profile was considered to be in equilibrium state. Soil 
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profiles were already extensively characterized by Jagercikova et al. (2014), Jagercikova et 

al. (2015), and Jagercikova et al. (2016). 

Simulations were run for 72 years with climate input data measured by Meteo France for 

this site (SAFRAN grid, Quintana-Seguí et al. (2008)) for the period extending from 1939 

(pasture installation) to 2011 (sampling date). More details on the simulation runs are given 

in section 5.2.5. 

 

Table 5-4: Description of the study site. 

Site  Mons 
Coordinates  40° 52ʹ01ʺ N – 3° 01ʹ53ʺ E 
Elevation  88 m 
Mean annual rainfall  680 mm 
Mean annual temperature  11 °C 

History of land use   
M1&M2: wheat-corn-sugerbeet 
M3: grassland since 1939 

History of agricultural  
practices for cultivated plots 
 

Liming  
Not since 1986 under cultivation and 1939 
for grassland 

Fertilisation 
M1&M2: data available since 1970 
M3: no fertilization since 1939 

Tillage 
M1: conventional tillage since 2001 
M2: reduced tillage since 2000 sine 2001 
M3: last tillage in 1939 

 

5.2.4.2 Climate change scenarios 

Climate change impacts OC dynamic in two ways, directly as modelled in OC-VGEN but also 

indirectly because it affects the net primary production (NPP). The impact of climate on NPP 

is not implemented in the current version of OC-VGEN, as NPP is considered as input data. 

Therefore, to simulate the impact of climate on OC depth distribution, we use as input 

climate the bias-corrected outputs produced within the ISI-MIP project (Warszawski et al., 

2014) from three Earth System Models (ESM) named the HadGEM, IPSL-CM5A and MIROC-

ESM-CH. Two climatic scenarios were considered: RCP 2.6 (greenhouse emissions 

decreasing after 2020) and RCP 8.5 (emissions continue to rise). This gave a combination of 

6 simulations (Figure 5-2a, b and c). The NPP was estimated by running the land surface 

model ORCHIDEE (Krinner et al., 2002) forced by the climate fields of the three ESMs for 

the two scenarios (RCP 2.6 and RCP8.5). The precipitation variations between -20 to +50 

mm, temperature rise of between 2 to 8 °C and NPP increase from 1 to 2.4 (t C ha-1) under 

such climatic conditions depending on the considered scenario and the selected ESM were 

considered.



 

 

 

Figure 5-2: Anomalies of projection scenarios for the coming century: a) precipitation, b) average temperature, and c) NPP: net primary production. Climatic data were 
produced by HadGEM (H), IPSL-CM5A (I) and MIROC-ESM-CH (M) ESM models and NPP, by ORCHIDEE model. 2.6 is used to represent the RCP 2.6 scenarios (greenhouse 
emissions decreasing after 2020) and 8.5 to represent RCP 8.5 scenarios (emissions continue to rise). 
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5.2.5 Simulations and data treatment 

The research work consisted of the following steps:  

I. Evaluation of the impact of different formalisms/parameters of plant rooting depth 

distribution, bioturbation and depth-dependent decomposition rate coefficients on 

the OC depth distribution: 

a)  implementing the different formalisms in the OC-VGEN,  

b) running the model, changing one formalism for each run (Table 5-3), 

c) and comparing the results of simulations performed with these different 

formalisms to a reference model setting, among themselves and to data 

obtained on the long-term experiment.  

II. Evaluation of the impact of forcing factors, namely land use, agricultural practices 

and climate change, by running  

a) 72 year scenarios of land use (pasture) and agricultural practice (reduced 

tillage) change or of business as usual scenario (agriculture with 

conventional tillage);  

b) climate and NPP scenarios at horizon of 2100 on the three Luvisol profiles 

(Table 5-4). 

All together this makes 168 runs for this study (see legend of Figure 5-2 for the list of the 6 

climate scenarios and Table 5-3 for the list of soil process formalisms used in OC-VGEN).  

Runs are performed for a 120 cm deep Luvisol profile. The simulated profile has 

compartments of 5 cm thickness. Split of the initial OC among RothC pools is depth variable 

and estimated by previous SoilGen2.24 simulation done on a millennia time scale simulating 

the formation of the selected Luvisols from the parent material (Table 5-7, Table 5-8 and 

Table 5-9 in the supplementary materials).  

Comparison among the soil process formalisms and land use and tillage practices change 

are presented in terms of percentage of variations, ΔOC, calculated as follows: 

 

 ∆ 𝑂𝐶 = 100 × 
𝑂𝐶𝐴𝑙𝑡 − 𝑂𝐶𝑅𝑒𝑓

𝑂𝐶𝑅𝑒𝑓
 (5-10) 
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where OCRef  stands for OC stock in mineral horizons simulated using the default setting of 

the process formalism in OC-VGEN and OCAlt, the OC stock simulated by model versions built 

based on alternative formalisms (Table 5-3). Permanent above ground OC layer 

(ectorganic) when existing (pasture) is not considered in the soil OC stock calculation, as 

this layer is not considered to be in the soil profile. 

 

5.3 Results and discussion 

 

5.3.1 Impact of simulated soil climate on OC decomposition rate modifying factors: 

contribution of the OC-VGEN model 

In most of the OC models considering deep OC, the moisture and temperature 

decomposition modifying factors are assumed to be uniform over depth and equal to that 

of the soil surface. For example, in RothPC (Jenkinson and Coleman, 2008) the mean air 

temperature and the remnant of difference between the mean evapotranspiration and 

precipitation are used in the rate modifying factors at all depths. In OC-VGEN the explicit 

simulation of the water flow and of temperature in the soil profile produces a depth 

dependent moisture deficit and temperature rate modifying factors. As shown in Figure 

5-3a (black lines) the average moisture deficit and temperature rate modifying factors 

simulated by OC-VGEN over 72 years for the pasture vary along depth. The temperature 

rate modifying factor strongly increases from the soil surface down to 150 mm and 

decreases below that depth. The moisture deficit rate modifying factor for pasture varies 

less with mainly a slight increase at depth below 300 mm. For agriculture, the moisture 

deficit rate modifying factor is almost constant in depth while the temperature rate 

modifying factor exhibits almost the same depth variation than for the pasture (Figure 5-3a 

– grey lines). These depth variations result, for the pasture, in an almost two fold increase 

of the simulated OC stock of the upper soil compartment and in a decrease of that stock from 

50 to 450 mm depth (Figure 5-3b).  

The OC-VGEN model partially overcomes the simplification of models such as RothPC which 

assumes constant temperature and moisture deficit for all depths (Knorr et al., 2006). A 

further step would be to estimate the moisture deficit rate modifying factor directly from 

the water content. This would however require an important effort of calibration on large 

data bases and was therefore out of the scope of this paper. 
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Figure 5-3: a) Average OC decomposition rate modifying factors over 72 years for both pasture and 
agriculture as calculated by OC-VGEN model. rWt(z) stands for the moisture deficit rate modifying 
factors and rT(z) for the temperature rate modifying factors as expressed in Equation 5-7, for pasture 
(in black) and cropped land (in grey). b) OC stock predicted for pasture considering depth constant 
(in grey) or variable (in black) temperature and moisture deficit in decomposition rate modifying 
factors. 

 

5.3.2 Impact of formalism of key OC depth distribution processes 

In order to estimate the impact of formalisms of the three selected processes on OC depth 

distribution we compared the 72 years OC stock simulations based on different formalisms 

for each process with each other and to OC stocks measured for Luvisols profiles with 

different land-use and tillage practice histories.   

The rooting depth parameter impacts the whole simulated OC profile (Figure 5-4a). When 

deepening the root profile, the OC stock of the upper 45 cm decreases by 10 to 20 % 

depending on the considered land use, while it increases below 50 cm for a maximum of 20 

to 40 %. The impact is more marked for agriculture than for pasture due to contrasted root 

depth distribution (Figure 5-4a). The change in root distribution does not significantly affect 

the total soil OC stock after 72 years whatever the land use considered (Table 5-5). 

However, since the depth distribution is modified, we assessed the impact of the root depth 

change on the deep OC stock contribution to the total OC stock by calculating the change of 

the OC stock in upper 30 cm to the total stock of the profile. The deepening of the root profile 
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from 50 to 150 cm decreases the contribution of the 0-30 cm of the soil to the total soil OC 

stock from 63 % to 56 % for pasture and from 56 to 47 % for crop after 72 years of 

simulation. Not much difference was simulated between conventional and reduced tillage 

(Table 5-5).  

 

 

Figure 5-4: Differences of simulated OC depth distribution between reference setting and alternative 
soil formalisms and parameters, including: a) rooting depth, b) rooting density function, c) 
above/below ground fresh organic input, d) bioturbation and e) depth dependent decomposition 
rate coefficient, for pasture (solid black line), conventional tillage (solid grey line) and reduced tillage 
(dashed black line). 

 

The effect of root density functions was tested considering a rooting depth of 150 cm for 

all the formalisms. In comparison to default rooting function, the use of Jackson et al. (1996) 

and Zeng (2001) formalisms increases the OC stock for the upper 10 cm for pasture by 10 % 

to 18% respectively and decreases this stock between 10 and 50 cm by 20 %. For the two 

cropped profiles a decrease of 5 to 8% is simulated for the upper 30 cm and an eventual 
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increase with maximum of 17% from 40 to 70 cm. No significant change is recorded among 

formalisms below that depth for the conventional and reduced tillage profiles (Figure 5-4b). 

Nevertheless, the total OC stock of the soil and the proportion of this stock in the upper 

30 cm is not significantly affected by the root distribution formalisms for any of the pasture, 

conventional and reduced tillage profiles (Table 5-5). 

 

Table 5-5: Summary of the OC stock (t ha-1) simulated at the end of the 72 years with different soil 
processes formalisms/parameters in OC-VGEN. 

Soil depth in cm Formalism/parameter 

Land use 

Pasture 
Agriculture 

conventional 
tillage 

10 yr of reduced 
tillage 

0-120 

 Initial stock: 89 
Ref 104 90 91 
RD 98 87 89 
RD_Jackson 101 88 90 
RD_Zeng 102 88 90 
RD_A/B 138 89 93 
OC_DDCoeff 122 110 110 
Bioturb 102 91 92 

0-30 

 Initial stock: 50 
Ref 63 50 52 
RD 56 40 43 
RD_Jackson 63 47 49 
RD_Zeng 61 46 49 
RD_A/B 92 49 55 
OC_DDCoeff 75 62 64 
Bioturb 58 47 50 

 

The change in above/below ground ratio of fresh organic input over 72 years only 

impacts the upper 60 cm: for pasture an increase of the below ground contribution and for 

agriculture, a decrease is simulated. In the case of pasture, increasing the below ground 

contribution, logically increases the upper soil OC stock by 40 to 60 % depending on the 

considered depth (Figure 5-4c). For conventional tillage, reducing of the below ground 

input has no significant effect on the OC stock after 72 years since both above and below 

ground inputs are mixed by tillage, while it exacerbates by 20 % the effect of reducing tillage 

over 10 years since more OC is brought to the soil top and less at depth (Figure 5-4c). As a 

consequence, while the change in ratio does not act on the total OC stock under agriculture, 

it increases the below ground stock by 32 % under pasture (Table 5-5). In addition, the 

increase of the below ground contribution increases the contribution of the 0-30 cm of the 

soil to the total soil OC stock from 60 % to 67 % for pasture but does not act much on 

agriculture after 72 years of simulation (Table 5-5). Since the above ground ratio of fresh 
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organic matter is completely mixed within the tilled compartments when tillage is applied 

in the case of agriculture while it is only slightly mixed through the bioturbation in pasture 

the effect of alteration of above/below ground ratio is more important when tillage is not 

involved. 

The use of conventional diffusive transport of OC as representing of bioturbation 

instead of a vertical mixing of matter (based on SoilGen2.24) decreases by 20 % the OC stock 

of the upper 2 cm and increases it between 50 and 70 cm for pasture after 72 years of 

simulation (Figure 5-4d). For agriculture, it also increases the OC stocks for the same depths 

but to a larger extent (up to 30 %). As a consequence, changing the bioturbation formalism 

does not change the total OC stock whatever the land use considered. Nevertheless, the 

change of bioturbation formalism decreases the contribution of the 0-30 cm of the soil to 

the total soil OC stock by 4 % for all the land uses after 72 years of simulation. 

The introduction of a depth-variable decomposition rate coefficient increases by up to 

25 % the OC stock around 40 cm depth for all the considered land uses (Figure 5-4e) over 

the 72 years of simulation. The exponentially decreasing decomposition rate with depth 

slows down the decomposition and preserves more OC from 20 to 50 cm depth. Thus the 

use of depth dependent decomposition rate coefficients can represent OC stabilization pro-

cesses in the upper 50 cm of the soil over 72 years. Such processes are described in the 

literature as organic matter protection by occlusion in aggregates, sorption of OC on clay 

particles and some pedogenic oxides, and formation of an OC recalcitrant fraction. However 

the quantitative contribution of these processes to OC stocks are still unknown (Mikutta et 

al., 2005; Lützow et al., 2006). Fitting such depth dependent decomposition function to 

measured data is an option for the quantification of those stabilizing processes.  

All in all, the impact of the analysed processes on OC depth distribution, differs among land 

uses. For pasture, the model showed the largest sensitivity over the 50 upper centimetres 

to the ratio of above to below ground fresh organic input to the soil and then to both the 

root density function and to the depth-dependent decomposition rate coefficients. 

Bioturbation, rooting depth are more influential at depths below 50 cm. On the opposite, for 

agriculture, most influence is seen below 50 cm depth for root deepening and bioturbation 

formalism, while both the root density function and to the depth-dependent decomposition 

coefficients act on discrete depth (around 60 and 40 cm respectively). 

Comparing to measurements, increasing the below ground contribution allows a better 

reproduction of the OC stock measurements up to 45 cm in the pasture, while increasing the 

rooting depth would allow a better representation of measurements below this depth 
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(Figure 5-5a). For agriculture, the default, the above/below ground and the depth 

dependent coefficient scenarios do well represent the data for conventional tillage (Figure 

5-5b). For reduced tillage, the introduction of a depth-dependent-decomposition rate 

coefficient improve the representation of the OC stock depth distribution between 20 and 

40 cm (Figure 5-5c). This last observation suggested that the reduction of tillage depth 

activates at least on a medium time duration (10 years) an OC protection mechanism that is 

not seen on a longer time-scale (in the pasture for example). Reduction of air flow and lower 

accessibility of microorganisms can lead to such a decrease in OC mineralization (Paustian 

et al., 1997; West and Post, 2002; González-Sánchez et al., 2012). 

 

Figure 5-5: Simulated OC depth distribution by OC-VGEN model, using 7 soil process formalisms and 
parameters vs measurements for a) the pasture, b) the conventional tillage and c) the reduced tillage 
profiles. Segmented line with error bars depict the measurements and the associated uncertainties. 
For description of formalism scenarios see Table 5-3. 

 

5.3.3 Impact of climate, land use and agricultural practices on OC depth 

distribution: variability among OC-VGEN settings 

In this section, we present the impact of the previous formalisms on the prediction of OC 

stock evolution due to either a 72 years of land use or agricultural practice change or to two 

extreme scenarios of the IPCC (Vuuren et al., 2011) by the year 2100.  
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5.3.3.1 Impact of 72 years of land use and agricultural practice change on soil OC storage 

Agriculture with conventional tillage was supposed at steady state. While simulating 72 

years of this land use on, we observe only small fluctuations of the total soil OC stock that 

can be due to oscillation in January temperature combined with an increase in OC input on 

the last 20 years. This general trend is recorded by all the considered formalisms or 

parameters. The closest from steady state being the depth dependent decomposition rate 

coefficients simulates a gradual increase after 15 years to a maximum of a few percent at 

the end of the 72 years, while for other models the OC stock does not increase (Figure 5-6a). 

While considering deep soil OC stocks, a steady state situation is clearly simulated with 4 of 

the 7 models, while deep roots, depth dependent decomposition rate coefficient and 

diffusive bioturbation simulates an increase of this stock from 5 to 15 % at the end of the 72 

years (Figure 5-6b). Indeed these models transfer more OC at depth than the other one as 

discussed above.  

For reduced tillage, no differences with the conventional tillage is simulated for the total 

soil OC stocks (Figure 5-6c), while when considering only deep OC, all the formalisms 

/parameters, but deep roots, induce a decrease of deep soil OC stocks by 5 to 15 % (Figure 

5-6d). At last, for pasture, the model considering a high below ground input simulates an 

increase of the total OC stock up to 45 %, reaching a plateau (Figure 5-6e). For the other 

models, the OC stocks slightly increase. While considering only the deep soil OC stock (30-

100 cm), the situation is somewhat different, with a stock of soil OC in deep soil increasing 

in most models with a lower increase than the total soil OC stocks for the higher below 

ground input model and a decrease of the deep soil OC stock for the model with the Jackson’s 

root density function (Figure 5-6f).  

Whatever the model considered, pasture increases the total soil OC stock compared to 

agriculture by about 5 % except for the high below ground ratio simulation which provides 

an increase of 45 %. This increase is more marked while considering the upper 30 cm OC 

stock, with an increase ranging from a few percent to 70% depending on the model 

considered. Poeplau et al. (2011) estimated a 100 ± 20% increase in the OC stock of the 

upper 30 cm of the soil after grassland establishment in temperate regions, while Guo and 

Gifford (2002) meta-analysis depicted only a 19% increase. Our modelling approach 

confirms that both the estimations are possible. 
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Figure 5-6: Simulated soil OC stock changes relative to the initial stock, over 72 years considering 7 
soil process formalisms and parameters and for 72 years of a and b) continuous conventional tillage, 
c and d) reduced tillage e and f) pasture- total OC stock and f) pasture. a, c and e depicting the total 
OC stocks and b, d and f below 30 cm OC stocks. For description of formalism scenarios see Table 5-3. 

 

Reduced tillage does not increases the total soil OC stock compared to conventional tillage. 

While considering the upper 30 cm, this increase ranges from 0 to 12 % except for the model 

with deep roots. To our knowledge no study provided results on such a long-term duration. 

Most studies were conducted on 0 to 15 years, duration comparable to the experiment 

considered in this study. For such a duration, no increase of the total OC stock is modelled 

whatever the simulation considered. Stock calculation performed on the measurements 

obtained on the experimental site are in agreement with these simulations. Similar results 
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were reported by two recent meta-analysis on tillage reduction on a 15th of years (Baker et 

al., 2007; Lou et al., 2012). Baker et al. (2007) and Lou et al. (2012) both described a change 

in soil OC stratification (an increase close to soil surface and a decrease below that depth) 

while no significant change was reported when reducing soil disturbance by tillage. Dimassi 

et al. (2014) calculated the difference of OC stocks for a 40-year reduced tillage experiment 

on Luvisols in Paris Basin (Boigneville) and also found no difference according to tillage 

modality. They showed differences in depth distribution that they attributed to differences 

in soil climate due to the tillage management.  

Considering pasture, an increase of the total soil OC was simulated. If considering the goals 

set for OC sequestration to mitigate global warming (4 per mile), an annual increase of 0.2 

to 0.5 ton carbon per hectare of arable lands were suggested and proved to be feasible via 

conversion from agriculture to pasture (Minasny et al., 2017). Our simulations showed a 

soil carbon sequestration of 0.12± 0.16 t ha-1 yr-1. Nevertheless, the uncertainties induced 

by the choice of process formalism/parametrization are of the same range of magnitude 

than that of forcing factors (land use change).  

 

5.3.3.2 Impact of two climate change scenarios by the years 2100 on the soil OC storage 

simulations for three different land use and agricultural practice modalities 

While for agriculture, variabilities among total soil OC stocks simulated either by the 

different soil process formalisms/parameters used in OC-VGEN or by the different chosen 

IPCC scenarios or climatic models are comparable, for pasture, variability in simulated total 

soil OC stocks is more affected by the soil process formalism/parameter (Figure 5-7a to c). 

When considering only the deep soil OC stocks (30-120 cm), variability induced by the 

choice of process formalisms/parameters used is always dominant (Figure 5-7d to f), 

showing that effort on calibrating the deep soil OC transfer processes are still needed. 

Total OC stock over the profile - For cropped profiles, none of the considered 

formalisms/parametrisations does simulate a significant OC storage change for the first 40 

years (Figure 5-7a and b). After this duration, the total soil OC storage increases with the 

exception of OC-VGEN formalisms/parametrisations deepening the root profile (whatever 

the root density function considered). For the pasture, only the increase of belowground 

fresh organic input predict an increase of the total soil OC stocks, the other 

formalisms/parameters predicting a decrease of that stock ranging from 5 to 20 t ha-1 

(Figure 5-7c).  
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Considering the two IPCC scenarios, the pasture stores more OC after 40 years of simulation 

in the RPC8.5 than in the RPC2.5 for four of the seven OC-VGEN formalisms 

/parametrisations (above to below ground fresh organic input ratio, depth dependent 

decomposition rate coefficient, diffusive bioturbation and reference setting). For the other 

OC-VGEN formalisms/parametrisations not much difference between the two IPCC 

scenarios is observed. For agriculture, differences are less marked, if existing, between the 

IPCC scenarios. 

At last, as already mentioned above, whatever the OC-VGEN formalism/parametrisation 

and the IPCC scenario considered, pasture stores more OC in soil than agriculture. No 

significant difference is observed between conventional and reduced tillage in terms of 

simulated OC stocks. 

Deep OC stock (30-120cm) - For pasture, when considering diffusive bioturbation high 

below ground fresh organic input and depth dependent decomposition rate coefficients, the 

simulated deep soil OC stock increases over the coming century. While deepening the roots 

and the reference setting simulations do not predict any significant change of deep OC stock 

along the simulated duration, root density function by Jackson et al. (1996) and Zeng (2001) 

predict a continuous decrease of the deep OC stock (Figure 5-7f). For agriculture, deepening 

the roots contributes to the increase of the deep soil OC stocks while the reference setting 

and increase of above/below ground ratio of fresh organic input lead to a decrease. The rest 

of the formalisms do not affect the stocks significantly. The effects of process formalisms 

playing on deep OC stocks were different from those playing on the total stocks. On cropped 

profiles, the variations of deep OC stocks were larger than that of total OC stocks (Figure 

5-7d and e). 
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Figure 5-7: Projection of the total soil OC stock over the coming century considering 6 climatic 
scenarios and 7 soil process formalisms/parameters by OC-VGEN model, for a and d) the 
conventional tillage, b and e) the reduced tillage and c and f) the pasture modalities over 0- 120 cm 
(a, b and c) and 30-120 cm (d, e and f). Blue lines representing the RCP2.6 scenarios and red lines 
representing the RCP8.5 scenarios for all the three ESMs. For description of formalism scenarios see 
Table 5-3. 
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Other studies projecting OC stocks over the 21st century (Smith et al., 2005; Álvaro-Fuentes 

et al., 2012; Mondini et al., 2012; Lugato et al., 2014; Wiesmeier et al., 2016) only consider 

the upper 30 cm of the soil (Table 5-6). When no increase in NPP is considered, the projected 

OC stocks decrease by 2 to 20 % for grassland and by 11 to 54 % for cropland depending on 

the study considered. On the opposite, when an increase in NPP is considered (generally of 

15 to 20 % and thus comparable to our scenario), an increase in C stock is generally 

observed for both land uses with the exception of the study of Wiesmeier et al. (2016) for 

both land uses and of Smith et al. (2005) for crop. In this study, by introducing new soil 

processes and the uncertainty related to their knowledge, we demonstrated that both an 

increase and a decrease in OC stock are possible when considering an NPP increase. 

Table 5-6: Impact of climate change on OC stocks of the upper 30 cm of European soils as reported 
in the literature and in this study. The temperature increase of between 1.5 to 6 °C (3.2 in average) 
is considered. 

 

 

 

Land use NPP change (%) 
Predicted OC 
change (%) 

Location Reference 

Grass land 
 

No change 
 

-11 to -16 
Southern 
Germany 

Wiesmeier et al. (2016) 

-2 to -6 
Southern 
Ireland 

Xu et al. (2010) 

-6 Italy Monidni et al. (2012) 

-20 Europe Smith et al, (2005) 

+20 -3 to -8 
Southern 
Germany 

Wiesmeier et al. (2016) 

+15 +25 Italy Monidni et al. (2012) 

+20 +25 Europe Smith et al. (2005) 

+15 -30 to +15 North France This study 

Cropland 

No change 
 

-11 to -16 
Southern 
Germany 

Wiesmeier et al. (2016) 

-12 
Northeast 
Spain 

Alvaro-Fuentes et al. 
(2012) 

-11 Italy Monidni et al. (2012) 

-54 Europe Smith et al. (2005) 

+20 -3 to -8 
Southern 
Germany 

Wiesmeier et al. (2016) 

+40 +30 
Northeast 
Spain 

Alvaro-Fuentes et al. 
(2012) 

+15 +63 Italy Monidni et al. (2012) 

+20 -39 Europe Smith et al. (2005) 

+15 -15 to +50 North France This study 
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5.4 Conclusion 

 

In this work, we demonstrated that the OC-VGEN model includes processes that 

are crucial at a decadal to a century time scale for modelling soil OC stock evolution: 1) it 

overcomes the simplification of OC decomposition rate modifying factors by considering 

explicit transfer of water and temperature; 2) it allows testing of different formalisms 

existing in the literature for soil processes. 

We showed among the different tested formalisms or parametrisation for key OC dynamic 

processes, namely root depth distribution, bioturbation and OC decomposition rate 

coefficients, that the sensitivity of the simulated OC depth distribution to the tested 

formalisms/parameters depends on the land use considered. For pasture, the highest 

sensitivity was recorded for the ratio of above to below ground fresh organic input to the 

soil, while for agriculture, rooting depth and bioturbation formalisms were more crucial. 

While considering three land uses, we also showed that reduced tillage was best simulated 

while considering depth-dependent decomposition rate coefficients. We conclude that the 

reduction of tillage depth activates at least on a medium time duration (10 years) an OC 

protection mechanism that is not seen on a longer time-scale (in the pasture for example) 

and that could result from reduction of air flow and lower accessibility of microorganisms 

induced by the relative compaction following the installation of reduced tillage practices. 

We thus demonstrated that this empirical depth variable decomposition rate coefficients 

could be used to identify soil mechanisms acting on OC dynamics that are still poorly known. 

When projecting OC stock evolution due either to a land use/agricultural practice or climate 

change, we showed that the use of different soil processes formalisms/parameters has a 

larger impact on OC stock prediction than that of land use or tillage change over 72 years or 

that of the IPCC scenarios tested for 2100. When considering a given OC-VGEN setting, the 

pasture and the RCP8.5 scenarios generally produced larger OC stocks than agriculture and 

RCP2.6 scenarios respectively. For deep soil OC, the situation was more complex, 

demonstrating the need of further calibration of the soil processes responsible for the 

building of that stock, notably combining modelling and isotopic tracing approaches. 

We propose here a first modelling approach for OC stock estimation considering most soil 

processes and their internal feedbacks. Our study demonstrated that, due to a limited 

knowledge, considering soil processes adds a lot of uncertainties on the soil OC stock 

projections, notably for the deep soil OC, and thus more effort should be done in evaluating 
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the most reasonable combination of formalisms for soil processes and their 

parametrization. To do so, this work should be extended to different soil types under 

different climates in which the hierarchy of the processes could be different, thus allowing 

better conclusions on the formalisms to be chosen for the different soil processes. Future 

research should especially focus on the above to below ground fresh organic input ratio, on 

rooting depth distribution and on depth-dependent OC decomposition rate coefficients, 

since OC-VGEN is the most sensitive to these formalisms/parameters. 
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Supplementary material  

 

Table 5-7: Split of the initial OC among RothC pools, estimated based on the simulation done by the 
SoilGen model for cropland with conventional tillage.  

  

Depth DPM RPM BIO HUM INERT 

0-5cm 0.901295 40.5192 2.308916 48.55278 7.717803 

5-10cm 0.572713 39.67107 2.187504 49.64809 7.920616 

10-15cm 0.561898 39.6209 2.177373 49.70779 7.93204 

15-20cm 0.5528 39.58375 2.169963 49.75281 7.940677 

20-25cm 0.544748 39.55281 2.163861 49.79068 7.947905 

25-30cm 0.538679 39.52659 2.158724 49.8221 7.953912 

30-35cm 0.326255 38.13351 1.96409 51.31933 8.25681 

35-40cm 0.198672 26.04476 1.489831 48.67655 23.59018 

40-45cm 0.190502 25.13732 1.627754 38.74178 34.30264 

45-50cm 0.083959 14.77685 0.495612 17.93461 66.70897 

50-55cm 0.071738 12.88696 0.435821 15.7659 70.83958 

55-60cm 0.060944 11.15635 0.379376 13.71867 74.68467 

60-65cm 0.051487 9.589751 0.327407 11.83574 78.19561 

65-70cm 0.043283 8.190372 0.280112 10.12225 81.36399 

70-75cm 0.036222 6.953802 0.237933 8.594952 84.17709 

75-80cm 0.030191 5.872605 0.200867 7.25344 86.6429 

80-85cm 0.025071 4.934127 0.169834 6.130229 88.74074 

85-90cm 0.020768 4.131011 0.141955 5.122056 90.58421 

90-95cm 0.017163 3.446256 0.118249 4.265098 92.15323 

95-100cm 0.014155 2.866167 0.098258 3.542642 93.47878 

100-105cm 0.011655 2.377505 0.081462 2.935977 94.5934 

105-110cm 0 0 0 0 100 

110-115cm 0 0 0 0 100 

115-120cm 0 0 0 0 100 
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Table 5-8: Split of the initial OC among RothC pools, estimated based on the simulation done by 
SoilGen model for cropland with reduced tillage.  

  

Depth DPM  RPM BIO HUM INERT 

0-5cm 1.013918 49.34412 3.020568 41.43867 5.182732 

5-10cm 0.311379 43.25194 2.296271 47.86372 6.276687 

10-15cm 0.234559 40.30412 2.023656 50.63793 6.799736 

15-20cm 0.15189 32.63774 1.509323 57.51299 8.188058 

20-25cm 0.12097 30.47319 1.386635 59.38588 8.633325 

25-30cm 0.152556 29.11697 1.502861 54.23109 14.99652 

30-35cm 0.131366 26.79427 1.386365 54.206 17.48201 

35-40cm 0.126872 25.78767 1.363242 50.15144 22.57078 

40-45cm 0.127569 23.99377 1.455758 39.46014 34.96277 

45-50cm 0.083959 14.77685 0.495612 17.93461 66.70897 

50-55cm 0.071738 12.88696 0.435821 15.7659 70.83958 

55-60cm 0.060944 11.15635 0.379376 13.71867 74.68467 

60-65cm 0.051487 9.589751 0.327407 11.83574 78.19561 

65-70cm 0.043283 8.190372 0.280112 10.12225 81.36399 

70-75cm 0.036222 6.953802 0.237933 8.594952 84.17709 

75-80cm 0.030191 5.872605 0.200867 7.25344 86.6429 

80-85cm 0.025071 4.934127 0.169834 6.130229 88.74074 

85-90cm 0.020768 4.131011 0.141955 5.122056 90.58421 

90-95cm 0.017163 3.446256 0.118249 4.265098 92.15323 

95-100cm 0.014155 2.866167 0.098258 3.542642 93.47878 

100-105cm 0.011655 2.377505 0.081462 2.935977 94.5934 

105-110cm 0 0 0 0 100 

110-115cm 0 0 0 0 100 

115-120cm 0 0 0 0 100 
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Table 5-9: Split of the initial OC among RothC pools, estimated based on the simulation done by 
SoilGen model for pasture.  

  

Depth DPM  RPM BIO HUM INERT 

0-5cm 0.206083 32.90994 1.660844 57.6546 7.568537 

5-10cm 0.198468 34.02985 1.380906 54.03078 10.35999 

10-15cm 0.172487 30.88882 1.244046 56.41558 11.27907 

15-20cm 0.146548 27.94073 1.132753 58.69646 12.08351 

20-25cm 0.12281 25.02196 1.030778 60.89474 12.92972 

25-30cm 0.119928 27.04211 1.083894 54.21771 17.53636 

30-35cm 0.099946 24.92145 1.005289 53.98449 19.98882 

35-40cm 0.084778 23.65448 0.960605 51.26377 24.03636 

40-45cm 0.064032 22.40286 0.995893 45.24388 31.29334 

45-50cm 0.104875 20.24779 0.777911 32.14633 46.72309 

50-55cm 0.071738 12.88696 0.435821 15.7659 70.83958 

55-60cm 0.060944 11.15635 0.379376 13.71867 74.68467 

60-65cm 0.051487 9.589751 0.327407 11.83574 78.19561 

65-70cm 0.043283 8.190372 0.280112 10.12225 81.36399 

70-75cm 0.036222 6.953802 0.237933 8.594952 84.17709 

75-80cm 0.030191 5.872605 0.200867 7.25344 86.6429 

80-85cm 0.025071 4.934127 0.169834 6.130229 88.74074 

85-90cm 0.020768 4.131011 0.141955 5.122056 90.58421 

90-95cm 0.017163 3.446256 0.118249 4.265098 92.15323 

95-100cm 0.014155 2.866167 0.098258 3.542642 93.47878 

100-105cm 0.011655 2.377505 0.081462 2.935977 94.5934 

105-110cm 0 0 0 0 100 

110-115cm 0 0 0 0 100 

115-120cm 0 0 0 0 100 

 



 

- 120 - 

 

  



 

 

 Considering soil volume 

change in mechanistic soil 

evolution modelling  

 

 

 

 

 

Based on: Keyvanshokouhi, S., Cornu, S., Lafolie, F., Finke, P. Considering soil volume change in 

mechanistic soil evolution modelling. To be submitted 

 



 

 

 

  



Chapter 6. Abstract 

- 123 - 

Abstract 

 

Most mechanistic, multi-process models of soil evolution are based on an 

assumption of constant soil volume over time. Nevertheless, the consequences of such 

simplification on model outputs are not negligible as soil formation is bound with strains of 

different origins which contribute to considerable changes of soil volume and associated 

bulk density at different depths and time scales.  

In this paper we present a first approach of soil volume change in a mechanistic model of 

short to medium time scale (10 to 70 years) soil evolution. This model takes into account 

the feedbacks among processes that act on soil evolution including transfer of water, heat 

and gas while considering the effects of climate change as well as human activities on soil, 

e. g. land use change and tillage practices and was developed in a soil modelling platform. 

By using a bulk density pedotransfer function based on organic carbon content to estimate 

soil volume change in soil, we could model the evolution of soil volume under different 

scenarios of land use or tillage practices from long-term experiment sites on Luvisols in 

north of France. The use of the chosen pedotransfer function allowed representing volume 

changes induced by change in mixing intensities associated to change in tillage and/or in 

bioturbation. Soil dilation was predicted over the top soil when the tillage practices were 

reduced and compaction of soil layers below the tillage depth. Conversion from agriculture 

to pasture induced an expansion of soil profile over the top 15 cm. These simulated volume 

changes were in agreement with changes recorded in the literature along experiments and 

with those obtained by the Brimhall’s mass balance approach for the same sites. 

 

Keywords 

Bulk density pedotransfer function, mechanistic soil modelling, soil climate, soil organic 

carbon, pedogenesis, land use 
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6.1 Introduction 

 

Today with the increase in population, human activities are imposing severe 

changes to the environment including the soil (Richter et al., 2001). As demonstrated by 

Sombroek (1990), Montagne et al. (2008), and Cornu et al. (2012) these changes are mostly 

irreversible and happening at short time scales from a few tens of years to a century. 

Erosion, pollution, acidification, salinization, loss of organic carbon, sealing and compaction 

are major threats rising from these changes (EU, 2006). As a goal to preserve the soil and 

protect it against these threats, it is necessary to predict the consequences of human 

activities and global change on soil evolution (Schaetzl and Anderson, 2005). This means 

that there is an urgent need in forecasting soil properties and evolution on a ten to hundred-

year time scale. This can be achieved using soil evolution modelling for projecting soil 

development over the coming century. As demonstrated by Keyvanshokouhi et al. (2016), 

1D pedogenetic models such as SoilGen, have a great potential to be used for projection 

means due to their wide range of process coverage and sensitivity to the environmental 

forcing factors. However, most of these modelling efforts are still limited in their projective 

quality due to missing processes and simplifying assumptions. The most common 

simplification done by mechanistic, multi-process models is the assumption of constant soil 

volume over time. Nevertheless, the consequences of such simplification on model outputs 

are not negligible (Keyvanshokouhi et al., 2016; Vereecken et al., 2016; Sollins and Gregg, 

2017). 

Soil formation is bound with strains of different origins which contribute to changes of soil 

volume and associated bulk density at different depths and time scales (Brimhall and 

Dietrich, 1987; Chadwick et al., 1990; Brimhall et al., 1991). Compaction or dilation of soil 

layers due to shrinkage and swelling of soil component (e.g. water or clay) caused by 

wetting-drying or freezing-thawing cycles, rock weathering (notably carbonates 

dissolution), mixing processes such as bioturbation and tillage and compaction by 

machinery and field traffic (Ouwerkerk and Soane, 1994; Richter et al., 2001) change the 

volume of soil horizons and their associated bulk density. Mass balance approaches were 

commonly used to estimate the volume change during pedogenesis (Brimhall and Dietrich, 

1987; Chadwick et al., 1990; Brimhall et al., 1991; Salvador-Blanes et al., 2007; Tonneijck et 

al., 2016) or more recent soil evolution due to agricultural practices (Montagne et al., 2008; 

Montagne et al., 2013). 

  



Chapter 6. Introduction 

- 126 - 

The range of volume change varies depending on the time scale and the processes involved. 

Brimhall and Dietrich (1987) estimated a soil column collapse of 60 % due to chemical 

weathering as well as a 70 % dilation in the organic rich layers over the course of podzols 

formation. Tonneijck et al. (2016) demonstrated a 300 to 400 % soil dilation over the course 

of 4800 years of volcanic soil formation. While in shorter time scales, Montagne and Cornu 

(2010) calculated a 5 % soil compaction along the drain line over 16 years of drainage and 

Hamza and Anderson (2005) reported a 15 to 39 % compaction due to field traffic in 

cropped lands.  

However, most of the soil mechanistic models assume a constant volume when simulating 

soil evolution (Vereecken et al., 2016; Sollins and Gregg, 2017). In a one dimensional model, 

volume change implies a change in the soil compartment thickness that is a change over 

time of the coordinates of the nodes on which the transfer equations (water, gas, heat, and 

solutes) are being solved. This necessitates a rule to dictate volume change and for all the 

transfer equations to manage the changes induced by the definition of new set of nodes on 

which the state variables are being calculated. Difficulties rise due to the numerical 

challenges induced by nonlinearity of those equations and the lack of volume change rules 

induced by the different soil processes. 

To overcome the lack of knowledge on mechanisms of processes contributing to volume 

change, Tonneijck et al. (2016) calculated volume change through bulk density change by 

using a pedotransfer function in a dynamic OC model. This model however does not 

consider water transfer, which is essential when dealing with soil evolution under climate 

change (Samouëlian and Cornu, 2008).  

In this paper, we propose to introduce volume change by a bulk density pedotransfer 

function in a pedogenetic organic carbon (OC) depth distribution model, OC-VGEN, which 

was developed recently (Chapter 3) in a soil modelling platform, VSoil (Lafolie et al., 2014). 

This model takes into account the feedbacks among processes that act on soil evolution 

including transfer of water, heat and gas while considering the effects of climate change as 

well as human activities on soil, e. g. land use change and tillage practices.  

We estimated the effect of volume change on a short to medium time scale soil evolution 

under different land uses (Crop and pasture) and tillage practices. Our approach was based 

on long-term experiments previously well characterised by Jagercikova et al. (2016), and 

partially modelled by Keyvanshokouhi et al. (2016).  
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6.2 Material and method 

 

6.2.1 OC-VGEN model 

6.2.1.1 Model structure  

OC-VGEN is a one dimensional, OC depth distribution model, developed inside the VSoil 

modelling platform. It uses Richard’s equation to simulate the flow of water and advection-

diffusion equations to model flow of heat and gas. OC dynamics is modelled based on RothC 

(Coleman et al., 1997). OC enters the soil via the process of plant development, while root 

distribution is simulated using an exponential function and a forcing function estimates the 

amount of water taken up by roots (both based on SoilGen2 model, Finke (2012)). 

Bioturbation and tillage are two processes that mix the soil components according to the 

defined intensities and depths (SoilGen2 model, Finke (2012)). While each process acts on 

series of soil properties, a balancing process is responsible for taking into account the 

changes applied to each soil property at defined time steps and provide the updated values 

for the rest of the model (Table 6-1; for further details see Chapter 4). To simulate soil 

properties at different depths, the soil profile is divided into a user defined distribution of 

nodes and the equations are solved at all the nodes simultaneously at each time step. The 

VSoil modelling platform permits the space between the nodes to vary from millimetres to 

centimetres over time while the nodes do not need to be equally distributed over the profile. 

 

6.2.1.2 Soil volume and bulk density functionalities in the model 

In the OC-VGEN model, volume is considered as constant through time and is used in 

calculation of bulk density according to Equation 6-1 . 

 𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑐𝑙𝑎𝑦𝑚𝑎𝑠𝑠 + 𝑠𝑖𝑙𝑡𝑚𝑎𝑠𝑠 + 𝑠𝑎𝑛𝑑𝑚𝑎𝑠𝑠 + 𝑂𝑚𝑚𝑎𝑠𝑠

𝑉𝑜𝑙𝑢𝑚𝑒
 (6-1) 

 

in which, 

 𝑉𝑜𝑙𝑢𝑚𝑒 = 𝐴𝑟𝑒𝑎 ∗ 𝑧 (6-2) 

 

Since it is a one dimensional model, Area is always equal to 1 m2 and z is assumed to be 

constant over time.  
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Bulk density is then used in the estimation of the thermal and hydraulic properties and to 

convert calculated soil particle and OC stocks into mass percentages. This results in 

feedback effects between solid balance module and water and heat transfer modules. In 

addition the distribution of water and heat in the profile directly affects the decomposition 

of OC and thus contribute to OC dynamics in the model (Figure 6-1). 

 

Table 6-1: Soil processes included in OC-VGEN model and their corresponding modules and sources. 

Process Module Source Reference 

Bioturbation 

Vertical and horizontal mixing-

defined depth and mixing 

intensities 

SoilGen1 
Finke and Hutson 

(2008) 

Gas transport and 

balance 
Advection-diffusion equations PASTIS Lafolie (1991) 

Heat transport and 

balance 
Advection-diffusion equations PASTIS Lafolie (1991) 

Organic matter 

dynamics 

Exponential decay according to 

soil moisture deficit, 

temperature and soil cover 

RothC-26.3 Coleman et al. (1997) 

Plant development 

Exponential rooting depth 

distribution with time-

dependent maximum rooting 

depth 

SoilGen1 
Finke and Hutson 

(2008) 

Root water uptake Forcing function LEACHC Hutson (2003) 

Soil hydraulic 

properties 

VanGenuchten parameters 

transformed into Campbell 

equations 

SoilGen2 

Finke (2012); after 

Sommer and Stöckle 

(2010) 

Solid mineral balance 
Balancing all the changes applies 

to solid part of the soil 
OC-VGEN 

Keyvanshokouhi et al. 

(2018) 

Tillage practices 

Vertical and horizontal mixing-

defined depth and mixing 

intensities 

SoilGen1 
Finke and Hutson 

(2008) 

Water flow and 

balance 
Richard’s equation PASTIS Lafolie (1991) 
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Figure 6-1: Feedback mechanisms between soil bulk density and other processes in the OC-VGEN 
model. 

 

6.2.2 Estimation of the bulk density by pedotransfer functions 

Due to the importance of bulk density (ρ) in soil modelling and the lack of documentation 

of bulk density data in soil databases (Tranter et al., 2007; Hollis et al., 2012), empirical 

relations between ρ and more accessible soil properties have been developed. Commonly, 

multiple regression methods are used to derive ρb from several soil characteristics including 

OC content (Alexander, 1980; Manrique and Jones, 1991; Hollis et al., 2012), soil particle 

distribution (Bernoux et al., 1998; Kaur et al., 2002) and depth (Calhoun et al., 2001; 

Heuscher et al., 2005). Since these functions are usually developed over small datasets and 

specific land covers (Hollis et al., 2012), they must be used with caution when applied to 

data sets other than the one they were developed on. Efforts were put on developing more 

general equations that can be applied for various soil types and soil horizons (De Vos et al., 

2005; Hollis et al., 2012). These studies showed that accuracy of these pedotransfer 

functions was best when data sets are stratified, i.e. for (sub)domains of the independent 

parameters. For implementation in mechanistic models, the use of stratified PTFs is hardly 

feasible due to difficulties in considering boundary effects between the strata. While using 

non-stratified PTFs on large datasets, the use of simple functions is recommended (De Vos 
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et al., 2005; Hollis et al., 2012). Therefore, we have selected three simple PTF functions 

(Table 6-2), developed on large data sets and extensively studied, i.e. those proposed by 

Alexandre (1980), Manrique and Jones (1991), using the same function with different 

parametrization and Tranter et al. (2007). While both Alexandre (1980) and Manrique and 

Jones (1991) only use OC (in %) as a proxy for bulk density, the former PTF was developed 

on a wide range of soil types, and the selected parametrization used for the latter was 

developed specially for Alfisols (corresponding to Luvisols in WRB). Tranter et al. (2007) 

used sand percentage and soil depth in addition to OC (in %) and was parametrized on 

Australian soils. 

 

Table 6-2: Selected pedotransfer functions. 

Reference Equation 
Alexandre (1980) and Manrique 
and Jones (1991) 

 𝜌 = 𝑎 − 𝑏(𝑂𝐶%)0.5 (6-3) 

   for  Alexandre (1980):                          a=1.66, b=0.308  
           Manrique and Jones (1991):        a=1.676, b=0.273  

Tranter et al. (2007) (function) and 
Hollis et al. (2012) (constants) 
 
 

 

 
ρ =  

100

(
𝑂𝑀%
𝜌𝑂𝑀

) + (
100 − 𝑂𝑀%

ρ𝑚
)

 
(6-4) 

 with,  𝜌𝑚 = 𝑎 + 𝑏 (𝑠𝑎𝑛𝑑%) + (𝑐 − 𝑠𝑎𝑛𝑑)2𝑑 + 𝑒 log(𝑑𝑒𝑝𝑡ℎ) 
 a=1.2818, b=0.0032, c=0.0049, d= -0.000017, e=0.01689 

 

6.2.3 Implementing the volume change in OC-VGEN model 

A volume change process was added to the VSoil platform and a module associated to this 

process was developed, implementing a pedotransfer function for estimations of the bulk 

densities (Equation 6-5). This module was then added to the OC-VGEN model, while it is 

activated on a yearly basis. Equation 6-1 is then used to calculate the volume change, 

expressed as change in soil compartment thickness (Equation 6-6, Equation 6-7).  

 𝐵𝑢𝑙𝑘𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑃𝑇𝐹 =  𝑓( 𝑂𝐶%, 𝑠𝑎𝑛𝑑%, 𝑑𝑒𝑝𝑡ℎ, . . ) (6-5) 

   

 𝑑𝑧𝑛𝑒𝑤 =
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑃𝑇𝐹 
 (6-6) 

 

 ∆(𝑑𝑧) = 𝑑𝑧𝑛𝑒𝑤 − 𝑑𝑧𝑜𝑙𝑑  (6-7) 

 

In which dz represents the soil compartment thickness, and total mass is defined as: 
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 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 = 𝑐𝑙𝑎𝑦𝑚𝑎𝑠𝑠 + 𝑠𝑎𝑛𝑑𝑚𝑎𝑠𝑠 + 𝑠𝑖𝑙𝑡𝑚𝑎𝑠𝑠 + 1.7 ∗ 𝑂𝐶𝑚𝑎𝑠𝑠 (6-8) 

 

Changing soil compartment thickness implies the change of the coordinates of nodes on 

which the model solves transfer equations (water, gas, heat, solutes). The new set of nodes 

is created in the module implementing the volume change equation.  The platform provides 

the routines to define the new nodes and calculates automatically all the other 

characteristics of the grid needed by the modules.  Changing the grid requires the addition 

of an internal function in all the modules to do the calculations needed to update the module 

outputs on the new grid before carrying on the calculations. In our case, the mass is 

conserved inside each compartment and only the thickness is either increased or decreased. 

Compartments that grow beyond a thickness threshold (2 times the initial thickness in this 

work), will divide into two equally thick layers. The opposite situation with compartments 

becoming too thin is not likely to occur and thus not considered. Consequently the variables, 

X, in unit of mass (* mass-1) are not affected by the change in volume, while those in unit of 

volume (*volume-1) are modified each time the grid is redefined. The new values are 

calculated as: 

 𝑋𝑛𝑒𝑤 ∗ 𝑑𝑧𝑛𝑒𝑤 = 𝑋𝑜𝑙𝑑 ∗ 𝑑𝑧𝑜𝑙𝑑  (6-9) 

 

6.2.4 Study site 

Six Luvisol profiles developed on loess deposits in the Paris Basin at Mons and Boigneville 

are selected for this study. They are part of long-term experiments consisting in different 

land uses (pasture and crop) and reduced tillage practices (including conventional, reduced 

and no till). 

All the profiles of the two sites were cropped 260 years before present as shown on Cassini’s 

maps (1750). In Mons, since 72 years before the sampling date, one of the profiles was 

converted to pasture while the other two experienced differentiated tillage (conventional 

tillage and reduced tillage) over the last 10 years. In Boigneville, since 42 years before the 

sampling date, one of the profiles experienced agriculture with no tillage, the other one 

reduced tillage and one continues with conventional tillage (Figure 6-2). 

All the six profiles were already extensively characterized by Jagercikova et al. (2014; 2015; 

2016). 

 



Chapter 6. Material and method 

- 132 - 

 

 

Figure 6-2: History of the Luvisol profiles in Paris Basin, a) Mons and b) Boigneville: RT: reduced 
tillage, CT: conventional tillage and NT: no tillage. 

 

6.2.5 Scenarios and data treatment 

To study the effect of considering volume change in simulations of the evolution of soil 

properties, we ran OC-VGEN both with and without the volume change module for tillage 

reduction scenario or conversion to pasture of a cropped site. In all cases a profile with 

continuous conventional tillage was considered as a reference and the initial conditions 

were constructed according to the measured soil properties of this profile.  

To study the effect of volume change on the model outputs, first the changes of soil thickness 

in response to land use and management change are analysed. The simulated soil thickness 

change is compared to the strain calculations done using Brimhall’s mass balance approach 

(Brimhall et al., 1991) on the two study sites. In this approach, the strain is estimated over 

the pedogenesis duration of the Luvisol profiles (15000 years), the differences of strains 

between profiles with different land uses (agriculture and pasture) or tillage practices 

(conventional tillage and reduced/no tillage) is considered as an indicator of the strain due 

to the land use or tillage practices change. Calculations of strain () are done based on 

Equation 6-10 proposed by Brimhall et al. (1991). 

 

 𝜀𝑖,𝑤 =
𝜌𝑟𝑒𝑓 𝐶𝑖,𝑟𝑒𝑓

𝜌𝑤  𝐶𝑖,𝑤
− 1 (6-10) 

 

where  represent the bulk density, Ci, the concentration of an immobile element, the 

subscript ref, refers to the parent material and w, refers to the present soil. Here the sand 

a) b) 
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concentrations, mainly consisting of quartz, was selected as an immobile element, as loess 

has (after decalcification) a high mass percentage (almost 80 %) of quartz grains. 

At last, the impact of soil thickness changes on different soil characteristics (bulk density, 

soil climate and OC) is estimated by comparing the differential of the considered soil 

characteristic, X, with respect to conventional tillage, obtained with constant or with 

changing volume in the simulation (Equation 6-11 and 6-12 respectively). 

 

 ∆𝑋𝐴𝑙𝑡−𝑣𝑜𝑙_𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 100 ×
(𝑋𝐴𝑙𝑡−𝑣𝑜𝑙_𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 − 𝑋𝐶𝑇−𝑣𝑜𝑙_𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡)

𝑋𝐶𝑇−𝑣𝑜𝑙_𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
 (6-11) 

 

 ∆𝑋𝐴𝑙𝑡− 𝑣𝑜𝑙_𝑐ℎ𝑎𝑛𝑔𝑒 = 100 ×
(𝑋𝐴𝑙𝑡−𝑣𝑜𝑙_𝑐ℎ𝑎𝑛𝑔𝑒  − 𝑋𝐶𝑇−𝑣𝑜𝑙_𝑐ℎ𝑎𝑛𝑔𝑒 )

𝑋𝐶𝑇−𝑣𝑜𝑙_𝑐ℎ𝑎𝑛𝑔𝑒 
 (6-12) 

 

In which, X, is representing the considered soil characteristics, CT, relates to conventional 

tillage and Alt, represents the alternating land use (cropped land to pasture) or tillage 

practices (conventional tillage (CT) to reduced tillage (RT) and no tillage (NT)). 

 

6.3 Results and discussion 

 

6.3.1 Selection of a PTF function for simulations of bulk density 

The three selected PTFs are tested on the 6 profiles of the two study sites. Bulk densities 

estimated by those PTFs are compared to the measured values to determine the accuracy 

of each function on our data set (Figure 6-3). 

Because the difference between the Alexandre (1980) and Manrique and Jones (1991) PTFs 

is rather small, the average differences between measured and simulated bulk densities 

were less than 5 % and close to 6 % respectively (Figure 6-3). The Tranter et al. (2007) PTF 

produces a 15 % underestimation of bulk densities at all depths for all the considered 

profiles. This last PTF was thus not further considered. For the two first ones, large 

overestimation of bulk densities below 1 meter depth was observed (Figure 6-3). At those 

points, the organic carbon is very low (<1 %) and other processes such as carbonate 
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dissolution maybe responsible for a large porosity and thus the relatively lower bulk density 

measured. In tilled profiles, high bulk densities measured below the tillage depth were also 

not reproduced by any of the Alexandre (1980) and Manrique and Jones (1991) PTFs; those 

bulk density values (Figure 6-3) may correspond to compaction due to traffic on the soil 

(Hamza and Anderson, 2005). While excluding these values the PTFs were able to predict 

the bulk density value with a 2 % overestimation for Manrique and Jones (1991) and a 2 % 

underestimation for Alexandre (1980) and a r2 of 0.99 (Figure 6-3). Both functions were 

thus equivalent in term of accuracy for the considered dataset and we chose to implement 

the Alexandre (1980) function in the model for calculations of bulk density due to the larger 

data set it was developed on. This approach allows mimicking the change in bulk density 

and thus volume change due to tillage reduction or conversion to pasture since these two 

changes are strongly reflected in the soil OC content that thus acts as a proxy for tillage and 

bioturbation intensity. Other processes acting on soil volume and associated bulk density 

as weathering at depth or compaction by field traffic are not simulated by this PTF as 

discussed above. These processes are anyway not included in the current version of the OC-

VGEN model. We will thus focus our analysis of the soil volume change on the 50 upper 

centimetres of the soil where both tillage and bioturbation are acting. 

This approach is a first version of a variable-volume OC-VGEN model. Due to the modularity 

of the VSoil platform supporting OC-VGEN, this function can easily be substituted by another 

when more knowledge linking volume change in soil to individual soil processes will 

become available.  
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Figure 6-3: Bulk densities estimated by PTFs versus measured bulk densities at equal depth intervals 
for the 6 profiles of Mons and Boigneville. Circles: Alexandre (1980), squares: Marnique and Jones 
(1991), and triangles: Tranter et al. (2007). Empty shapes correspond to bulk densities below 1 
meter and grey shapes correspond to bulk densities measured below the tillage layer. Linear 
regressions in solid grey for Alexandre (1980), dashed grey for Manrique and Jones (1991) and 
dotted grey for Tranter (2007) PTFs. 

 

6.3.2 Impact of the introduction of the bulk density PTF on the soil volume in 

simulations of soil evolution under different land uses and tillage practices 

The simulated bulk densities of cropped profiles with reduced tillage and no tillage as 

well as pasture are compared to the simulated bulk densities under permanent 

conventional tillage, both for the models assuming a constant volume and with volume 

change.   

Simulations with the constant volume model show no significant difference in bulk densities 

when either the tillage practices or the land use is changed (Figure 6-4a to d) (showed in 

Keyvanshokouhi et al. (2016), too). In this model, only changes in mass of soil (clay, sand, 

silt and OC; Equation 6-1) affect the bulk density. In the considered version of the model, 

the only processes modifying the mass are the mixing by bioturbation and tillage in 

agricultural soils. Since the chosen initial situation is a soil ploughed over 30 to 35 cm, clay, 

sand and silt are evenly distributed over that depth and reduction of tillage does not change 

their vertical repartition and thus their mass. In the case of bioturbation, mixing occurs over 
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the top 40 cm under agriculture and over the top 50 cm under pasture. Under tillage 

reduction the intensity of the mixing by bioturbation is assumed to increase (Sauzet et al., 

2014). Since the mixing proportion by bioturbation is lower than 1 % below 35 cm, the 

impact of bioturbation on the considered time scale remained limited and no visible change 

on clay, sand and silt is simulated.  In Chapter 5 of this thesis we showed that tillage 

reduction and bioturbation significantly changed the OC-depth-distribution, due to changes 

in input and mixing processes.  Nevertheless, the OC mass is only a small percentage of the 

total mass, thus these changes only slightly affect the bulk density calculations when only 

mass change are considered (constant volume).  

However, estimating bulk density by the Alexander’s (1980) PTF in OC-VGEN induces i) a 5 

to 15 % decrease of bulk density for the upper 5 to 10 cm, and a 4 % increase of bulk density 

between 10 and 25/30 cm while reducing tillage for 10 years in Mons (Figure 6-4a) and for 

42 years in Boigneville (Figure 6-4b and c); ii) a decrease in soil bulk density for the surface 

down to 15 cm with a maximum of 10 % in the case of a conversion to pasture, for 72 years 

in Mons (Figure 6-4d). These changes directly reflect the changes of volume.  

Reduction of tillage induces a volume expansion of the upper soil compartments that 

remained tilled. These are the upper two compartments (originally 10 cm) in Mons and only 

the upper one in Boigneville (originally 5 cm) (Figure 6-5a to c – right side). This expansion 

is progressive through time and reaches a value of 1 cm in both sites after 10 years of tillage 

reduction in Mons but only after 16 to 20 years in the case of Boigneville (Figure 6-5a to c – 

left side). After this date, no further expansion is recorded over the remaining 21 to 25 years 

of simulation. The 25 % expansion simulated for the top soil is in good agreement with the 

10 to 20 % positive strain calculations obtained for tillage reduction in Boigneville and 

Mons respectively (Figure 6-6a and b).  
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Figure 6-4: Differences of bulk densities with respect to conventional tillage after a) 10 years of 
reduced tillage in Mons, b) 42 years of reduced tillage in Boigneville, c) 42 years of no tillage in 
Boigneville and d) 72 years of pasture in Mons, simulated by: the constant volume model (dashed 
black lines), the volume change model (solid black lines) and measured (black circles with horizontal 
bars representing measurement uncertainties). 

 

Soil compartment thickness - Between 10 and 30 cm depths in Mons and 5 and 25 cm 

depths in Boigneville, a progressive soil compaction is simulated that reaches 26 mm after 

10 years of tillage reduction in Mons (Figure 6-5a) and almost 1 cm in Boigneville (Figure 
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6-5b and c). The 5 % compaction simulated at those depths was also recorded by the mass 

balance calculations, However mass balance calculations were larger and reached 10 to 

15 % in Mons and Boigneville respectively (Figure 6-6.a and b). 

After 25 to 30 years of tillage reduction or no tillage, an additional expansion progressively 

appears from 25 to 35 cm (on the border of old ploughing depth) that reaches 16 mm for 

reduced tillage and 23 mm for no tillage after 42 years of simulation (Figure 6-5b and c). In 

the model, reduction of tillage first affects the redistribution of fresh OC input over depth: 

decreasing the depth and intensity of mixing through tillage limits the downward 

movement of added OC and thus produces larger concentrations over the top soil. The 

expansion of 25 to 35 cm may correspond to the cumulative effect of bioturbation when 

tillage is reduced. 

Conversion to pasture in Mons induces a progressive expansion of the upper 15 cm that 

reaches its maximum after 30 years with an overall expansion of 1.7 cm. (Figure 6-5d). The 

mass balance approach recorded a 27 % expansion at the soil surface which is eventually 

decreasing down to 15 cm depth. This is in fair agreement with the average 10 % expansion 

simulated by the volume changing model for those depths. This expansion is due to a larger 

OC input when considering pasture both at the surface and at depth due to differences, in 

the model, in root distribution as well as a more intense mixing by bioturbation, as 

discussed in Chapter 5 of this thesis. 

Comparing the relative differences simulated for bulk densities to those measured (Figure 

6-4) shows that the volume changing model reasonably simulates the volume change over 

depth in the case of 72 years of land use change from crop to pasture (Figure 6-4d). 

However, the simulated decrease of the top soil bulk density under tillage reduction was 

not visible in measurements and in the case of no tillage profile it was limited to 3 % (Figure 

6-4b and c). The simulated increase of bulk densities from 10 to 25/30 cm, when tillage is 

reduced, was observed in measurements but to a larger extent (15 % instead of the 

simulated 4 %). Dimassi et al. (2014) measured a significant change of soil bulk density due 

to changes of tillage practices on the same site. Similar to what was simulated by the volume 

change model, they reported higher bulk densities under reduced and no tillage in 

comparison to conventional tillage at 5 to 20 cm depth, while no significant change was 

measured for the top 5 cm.  Xu and Mermoud (2001) also measured a 10 % decrease in bulk 

densities for the reduced tillage over the top 10 cm and an additional increase of 2 % from 

10 to 40 cm in the case of no tillage in comparison to conventional tillage. 
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Figure 6-5: Evolution of soil compartment thickness over time and along the top 50 cm depth. The 
changes of each compartment thickness are depicted in the plots. The initial compartment thickness 
is 5 cm at all depths. a) Mons-10 years of reduced tillage (RT), b) Boigneville-42 years of reduced 
tillage (RT), c) Boigneville-42 years of no tillage (NT) and d) Mons-72 years of pasture. 
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The volume change model reasonably reproduces the effect of tillage reduction on bulk 

density in terms of depths; however it overestimates the amplitude of the change on the top 

soil and underestimates that on the subsoil. This can be due to the absence, in this model, of 

compacting forces by machinery and associated creation of traffic pan below the tillage 

depth, as well as the inability of the selected PTF to represent those processes as mentioned 

in section 6.3.1.  

 

 

Figure 6-6: The strain differences with respect to conventional tillage profile in a) Mons and b) 
Boigneville calculated according to Brimhall’s mass balance approach (Brimhall et al., 1991). Squares 
are for reduced tillage profile and circles for pasture and no tillage profile in Mons and Boigneville 
respectively. 

 

6.3.3 Impact of the introduction of volume change on soil characteristics simulated 

under different land uses and tillage reduction practices 

As mentioned before, internal feedbacks exist between volume and associated bulk density 

and water dynamics and temperature regime in OC-VGEN model. These parameters in turns 

act on OC dynamics. Thus, the impact of the volume change on those soil characteristics is 

analysed in the following. 
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6.3.3.1 Impact of volume change on water and temperature simulations 

Water – In OC-VGEN soil bulk density is used to calculate the soil hydraulic properties 

through Van Genuchten’s parameters (Sommer and Stöckle, 2010). The associated porosity 

is then used to calculate the content of water at different soil depths.  

While constant volume is considered, tillage reduction does not induce any change in water 

dynamics (water content and drainage; Figure 6-7a to c and Table 6-3). The volume 

changing model, however, simulates 1) a 5 to 10 % increase in soil water content for the top 

5 to 10 cm when reducing tillage for 10 years and 42 years respectively; 2) a small 3 % 

decrease of water content from 10 to 25 cm (Figure 6-7a to c). No significant difference in 

drainage is observed for a tillage reduction of 10 years however extending after 42 years a 

2 to 4 % decrease in drainage is simulated by the volume changing model. 

Changes in water dynamics were measured in other studies under similar conditions (Xu 

and Mermoud, 2001; Lampurlanes and Cantero-Martinez, 2003; Gregorich et al., 2009; 

Kargas et al., 2012; Blanco-Moure et al., 2013; Kargas et al., 2016), and specifically in a study 

by Dimassi et al. (2014) for the same site (Boigneville). Dimassi et al. (2014) reported an 

increase in top soil water content under reduced tillage during the wet years similar to what 

was simulated by the volume changing model. Other authors also reported an improved 

water storage in response to changes of bulk density when soil disturbances are reduced 

(Xu and Mermoud, 2001; Lampurlanes and Cantero-Martinez, 2003; Gregorich et al., 2009; 

Kargas et al., 2012; Blanco-Moure et al., 2013; Kargas et al., 2016). 

The small reduction in drainage, in case of reduced tillage, indicates that the change in soil 

volume mainly affects the distribution of water inside the soil profile and the infiltration 

rate. 

Table 6-3: Cumulative drainage and average water content simulated by the constant and changing 
volume models respectively, for the 6 studied profiles in Mons (M) and Boigneville (B) under 10 to 
42 years of conventional tillage (CT), reduced tillage (RT), no tillage (NT) or 72 years of pasture. 

Land 
use 

Tillage 
practice 

Cumulative drainage (mm) 
Mean yearly 
precipitation 

Mean yearly  
evapotranspiration 

Constant 
volume 

Changing 
volume  

Crop 
land 

B_CT 7483 7024 
650 560 B_RT 7429 6826 

B_NT 7447 6765 
M_CT 1735 1536 

690 640 
M_RT 1739 1543 

      
Pasture M_NT 7431 6249 670 590 
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For the 72 years of conversion to pasture, both models simulate higher water contents in 

the top 40 cm than under cropped land. Conversely a decrease of the water content is 

simulated from 40 to 50 cm depth. However, the model considering volume change predicts 

larger changes, specifically at the soil surface (Figure 6-7d). The differences observed 

between pasture and crop can be induced by differences in rooting profile simulation and 

thus different water uptake via the plant roots. While the rooting profile depth is modified 

in both models, in case of volume changing model, a supplementary change in bulk density, 

and the associated porosity, induces a larger water content in the top soil. Larger water 

contents under pasture in comparison to cropped lands, due to a stable soil structure, higher 

porosity and fraction of the large capillary pores, were measured in other studies (Kodešová 

et al., 2011; Horel et al., 2015). 

Temperature – In OC-VGEN, the convective transport of heat is induced by water flow, thus 

the thermal conductivity is a function of soil hydraulic properties and water content. Soil 

bulk density and associated porosity are then used to calculate soil heat capacity and 

conductivity. Additionally, the soil cover fraction limits the heat flux at the upper boundary. 

This fraction is a function of the land use. Tillage reduction does not impact the simulated 

temperatures in both sites regardless of the model used. A small change of about 2 % is 

simulated over the top 15 cm for the 42 years of no tillage (Figure 6-8a) but in opposite 

direction depending on the model considered: where the constant volume model predicts a 

decrease in soil surface temperature, the volume changing model predicts an increase. In 

pasture, both models predict an increase of temperature for the upper 15 cm compared to 

crop land (Figure 6-8b), but the predicted increase is larger in the constant volume model 

simulations down to 15 cm. Finally, the constant volume model simulates a 15 % 

temperature decrease from 20 to 50 cm depth.  
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Figure 6-7: Differences in water content, with respect to conventional tillage profile, simulated using 
constant volume model (dashed lines) and the changing volume model (solid lines) for a) 10 years of 
reduced tillage in Mons, b) 42 years of reduced tillage in Boigneville, c) 42 years of no tillage in 
Boigneville and d) 72 years of pasture in Mons. 

 

Comparison between the temperatures of cropped land and pasture were rarely done and 

the measurements on soil temperature change under tillage reduction are rather 

controversial. While Gauer et al. (1982) and Ojeniyi (1986) did not record a general trend 

of change in soil temperature due to tillage practices, Malhi and O’Sullivan (1990) and 

Munoz-Romero et al. (2015) measured higher soil temperatures under conventional tillage 

compared to no tillage. At last, Wall and Stobbe (1984) recorded higher temperatures under 

no tillage after planting and higher temperatures under conventional tillage during the 

growing season. None of these observations confirmed our simulations. However, all of 
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them emphasized the close relation between soil moisture and temperature and the 

difficulty of interpreting the temperature variation observations.  

 

Figure 6-8: Differences in temperature, simulated using constant volume model (dashed lines) and 
the changing volume model (solid lines), for a) 42 years of no tillage and b) 72 years of pasture. No 
changes were observed in the case of tillage reduction in both sites (data not shown). 

 

6.3.3.2 Impact of volume change on OC depth distribution 
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Simulated OC % depth distributions by the two models show that the introduction of 

volume change on a century scale does not change much the OC % depth distribution. 

However, in the case of tillage reduction, the volume change model simulates a 10 % larger 

OC content for the remaining tilled depth (0-10 cm and 0-5 cm for Mons and Boigneville 
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of volume change modelling. 
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Figure 6-9: Difference in organic carbon content (%), simulated using constant volume model 
(dashed lines) and the changing volume model (solid lines), and measurements (black circles with 
error bars), for a) 10 years of reduced tillage in Mons (RT), b) 42 years of reduce tillage in Boigneville 
(RT), c) 42 years of no tillage in Boigneville (NT), and c) 72 years of pasture in Mons.  

 

For 42 years of no-tillage or 72 years of pasture, the volume changing model simulates a 

5 % smaller OC % from 25 to 35 cm and 20 to 50 cm depth for no-tillage and pasture 

respectively (Figure 6-9c and d). In the case of pasture, the decrease of about 5 % OC at 

depth while considering the volume changing model is due to the feedback effect on the 

RothC module of the water content and temperature increase (about 3 and 15 % 

respectively) due to the change of volume. 
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Nevertheless, the inclusion of volume change in simulations of OC depth distribution did not 

improve the simulated OC % toward data. Since temperature as well as soil moisture are 

strongly influencing the OC turnover rates (RothC module), a correct simulation of both is 

necessary. In this respect, variable volume simulations seem to offer more perspectives 

than constant volume simulations. 
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6.4 Conclusion and perspective 

 

This study is a first attempt on considering of soil volume change in a mechanistic 

model of soil evolution on a short to medium time scale (10 to 70 years). By using bulk 

density pedotransfer function based on OC content to estimate soil volume change in soil, 

we could model the evolution of soil volume under different scenarios of land use or tillage 

practices. The use of the chosen pedotransfer function allowed representing volume 

changes induced by change in mixing intensities associated to change in tillage and/or in 

bioturbation. Soil dilation was predicted over the top soil when the tillage practices were 

reduced and compaction of soil layers below the tillage depth. Conversion from 

conventional tillage to pasture induced an expansion of soil profile over the top 15 cm. 

These simulated volume changes were in agreement with changes recorded in the literature 

along experiments and with those obtained by the Brimhall’s mass balance approach for the 

same sites. The proposed modelling approach seems thus realistic at least for the 

considered site. Testing the proposed model on more soil types, land uses or soil 

managements would provide a better evaluation of the range of the model application.  

Removing the constant volume assumption increased the sensitivity of the model to 

changes of land use and tillage practices and improved estimations of soil bulk density over 

the top 50 cm. The feedback mechanisms between soil bulk density and soil climate, allowed 

to reflect the observed effects of volume change in the fields on soil water dynamics and 

temperature regimes. The inclusion of volume change did not improve the OC simulations 

relative to data in this study.  

The model could however only be used over the upper 50 cm of the soil since the chosen 

pedotransfer function did not account properly for change at depth where volume change 

were due to the weathering processes. Thus development of pedotransfer functions that 

can account for more volume changing processes such as soil compaction (e.g. Kay and 

VandenBygaart (2002)), and weathering would be of great interest to further develop this 

model. This would also necessitate the introduction of other pedogenetic processes such as 

chemical weathering and clay translocation to allow simulation of pedogenesis over longer 

time scale and better simulate deep soil horizons. 
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7.1 On the need of pedogenetic models to simulate, at the century 

scale, the evolution of key soil characteristics: example of soil OC 

 

The evolution of key soil characteristics such as organic carbon (OC) are often 

simulated by models focusing on that specific soil characteristic and the sole soil processes 

acting on it. As discussed in the introduction, these models do not consider the feedback 

mechanisms among soil processes and the co-evolution of the different soil characteristics. 

Concerning organic carbon for example, no model existed that dealt explicitly with soil 

formation and evolution (Sollins and Gregg, 2017) while interaction of OC with clay and soil 

type has been clearly demonstrated (Mathieu et al., 2015).  

In this work, we overcame this limitation by proposing a pedogenetic model, OC-VGEN, to 

simulate the evolution of OC stocks in a short to medium time scale (ten to hundred years) 

accounting for major processes acting on soil, namely water, heat and gas transfer, OC 

dynamic, plant development, bioturbation and tillage practices. We used this 1D model to 

simulate the OC depth distribution and demonstrated that, at the century time scale, the 

impact of feedbacks between soil inherent properties (e.g. soil moisture and temperature) 

and OC dynamics are not negligible and have to be considered. We also showed that land 

uses and agricultural practices impact the internal feedbacks among soil moisture and 

temperature thus indirectly OC dynamics on top of their direct influence on the organic 

matter input, root distribution, etc. Additionally we found that, when projecting soil 

evolution, the lack of knowledge on process definition decreases the precision of projection 

trajectories to a larger extent than the uncertainties on climate or land use projection 

scenarios. 

Thus considering these feedbacks when estimating soil response to forcing factors such as 

climate, land use and agricultural practices is an absolute necessity while further research 

is required to introduce those processes and feedbacks in pedogenetic models. 
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7.2 Advantages in using modelling platforms and difficulties in 

developing a complex model 

 

As stated by the International Soil Modelling Consortium (ISMC), “The 

development of a modelling platform may constitute an efficient and rapid way, not only to 

address emerging challenges, such as predicting soil functions and soil evolution under 

global change, but also to share our vision on soil functioning at different scales and to 

strengthen collaboration among soil scientists, soil modellers, and the Earth-system 

research community” (Vereecken et al., 2016). 

In this study, we implemented, in the VSoil modelling platform developed by INRA (Lafolie 

et al., 2014), a combination of processes acting on soil evolution at a century time scale and 

built up the OC-VGEN model, one of the first complex models introduced in this platform. 

Since we added a great number of processes and modules, this study has contributed to 

notable increase of the VSoil platform processes and module inventory while pushing the 

limits of its application by testing a wide range of its features for the first time. 

While doing this, the following aspects of the platform were identified as beneficial:  

1- the VSoil inventory of validated processes and their numerical expressions (modules) 

included the core processes of our designed model, namely transfer of water, heat and gas. 

We took advantage of this by reusing these processes and the associated modules. This 

feature facilitated our coding work enormously for these processes are rather complicate 

and long to code. (Chapter 4);  

2- the conceptual possibility to visualise the design (skeleton) of our OC-VGEN model, 

processes and feedbacks, without any consideration of module formalism or numerical 

resolution, allowed discussing the architecture of the model between the platform 

modellers and the non-modellers of the project, notably for the conception of the mass 

balance module (see below). This skeleton approach also allows to have a complete view of 

the structure of the model in one shot, while it took me longer to figure out the structure of 

the conventional models from which the non-existing processes needed to be extracted 

(Chapter 4); 

3-the modularity provided by the platform and the possibility of defining various numerical 

expressions (modules) for each process provided us the opportunity to easily test the 

impact of choice of process formalism on the OC depth distribution (Chapter 5); 
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4- the possibility to customize an uneven grid node distribution, for the soil profile 

discretization, with the possibility to update the node spacing, i.e. the soil compartment 

thickness, at any desired step of the simulation allowed the easy development of a process 

responsible for soil volume change (Chapter 6). This option is rare in most classical models; 

5- regarding the technical aspects, the possibility to export and import all the model entities 

via simple emailing services, allowed me to easily exchange with platform IT support team 

as well as its scientific director (François Lafolie) to resolve technical and scientific 

questions. The options to perform model runs on distant clusters with the compiling option 

on both Windows and Linux operating systems further allowed me to run numerous long 

runs on a remote Linux systems simultaneously, which provide a shorter run time (4 to 10 

times) in comparison to Windows, while testing and debugging individual modules on my 

Windows personal computer; 

6- for future developments, the transparency on the definition of all the entities (processes, 

modules, models, inputs/outputs, parameters, units, etc.) implemented on the platform will 

facilitate the development of models using the implemented modules, while extracting 

individual processes from an integrated model, was difficult due to the lack of detailed 

model documentation and the strong interconnections inside the model. It was notably 

rather difficult to identify all the inputs/outputs parameters and the associated units for 

those processes. These information are clearly stated in the case of the platform. 

On the other hand, through this study we had to face a certain number of difficulties linked 

to the development of such a large, complex model: 

1-due to the platform modular environment, an explicit mass balance module that does not 

generally exist in conventional models, had to be implemented since a single variable can 

only be modified by one process in the platform. This is obviously not the case in 

conventional models but end up being an advantage as it allowed following the impact of 

single process on OC (Chapter 4); 

2- although individual modules could be created relatively easily and successfully, different 

issues raised when connecting these modules to each other to create the model. At this 

stage, we were facing different types of problems. Some related to the platform technical 

issues, and others to coding errors in the connections between the modules. However, as a 

non- modeller, it was not easy to identify the root of the problem from the error message 

provided by the platform:  
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 Platform technical issues-the platform was still under development at the start of 

this project and this project was among the first building a complex model, with long 

run times, producing large amount of data, for which the platform was not prepared 

at the beginning. However during this project all of these technical issues were 

resolved. 

 Coding problems- were either related to a missing link between the modules (e.g. 

missing input or parameter) which blocked the automatic connection to form or 

arithmetic errors (e.g. division by zero) when the connection between the two 

modules were built. Identifying the source of the problem was time consuming, the 

modularity offered by the platform may however have simplify it.  

3- finally, testing the modules of a complex model, despite being feasible on the platform, 

was a difficult task. Indeed, since in a coupled model each module is connected to a series of 

upstream modules providing the inputs and downstream modules receiving the outputs, 

the functionality of at least the upstream modules had to be guaranteed to test a selected 

module, which was not always the case. Thus we tested the individual module by creating a 

testing environment providing simplified inputs which was a rather long and labouring 

work. 

 

7.3 Soil evolution modelling: How far have we come? 

 

In the introduction, we mentioned a certain number of features that should 

characterise a soil evolution model (Figure 7-1). In this study, we took a step forward in 

most of the mentioned features, while comparing to other modelling efforts. We notably 

addressed a few challenges rarely addressed before.  

 In our modelling approach, we provide a wide range of processes accounting for 

important feedback mechanisms influencing the dynamics of OC, missing from most 

of the modelling efforts focusing on OC (Sollins and Gregg, 2017). 

 Model flexibility, while being repeatedly noted as a very important feature for soil 

modelling (Campbell and Paustian, 2015; Vereecken et al., 2016) hasn’t been 

specifically addressed by any model yet (Figure 7-1). In this study we proposed a 

fully modular soil evolution model for the first time. 
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 In this study we proposed a first, semi-mechanistic approach to account for soil 

volume change in a short to medium time scale soil evolution modelling.  

 

 

Figure 7-1: State of a selected group of soil evolution and OC dynamic models, including the newly 
developed OC-VGEN model with respect to important features of soil evolution modelling. Models 
demonstrated here are representative of modelling categories commonly used to model soil 
formations and evolution as well as OC dynamics in the literature (detailed in introduction section) 

 

 Although in comparison to some other soil evolution models (e.g. SoilGen2.24 and 

MILESD), OC-VGEN does not provide the widest range of process coverage, our 

modelling approach represents the most balanced existing (Figure 7-1), for the 

criteria considered as the post important in term of soil evolution projection under 

climatic and human strengths. In addition some of the processes (e.g. chemical 

weathering, clay translocation), despite not fully operational yet, are implemented 

and under testing and the model should soon have the same functionalities as 

SoilGen2.24 (Finke, 2012), model considered as having the largest process coverage 

so far (Minasny et al., 2015). 
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 At last, the model at its current version only accounts for vertical soil processes at 

the profile scale. Being completely modular, it could be coupled with 2D models to 

account for lateral processes as well. 

Saying that, this modelling effort can be set as a corner stone for the future of soil evolution 

modelling. 

 

7.4 Reconstruct the past to predict future: advantages and 

limitations 

 

As a general rule after development, each model needs to be validated toward 

experiments, to check the plausibility of results. In the case of models used for projection 

scenarios, the models have to be validated on present soils, as we cannot afford to wait for 

the future to occur to validate them thus, in the realm of long to medium time scale soil 

evolution modelling, the process of validation becomes a challenge. A way to overcome this 

difficulty is to use a retrospective approach to validate the model as we did here by 

simulating either present soils from their parent material (millennium time scale) (Chapter 

3) or present soils using soil sequences of 10 to 100 years old (Chapter 5), in which the 

initial condition is a soil already developed. This approach nevertheless requires the 

reconstruction of both the initial condition (parent material or initial soil) and boundary 

conditions (land use, climate). When working on a decadal or century scale the latter can be 

easily reconstructed based on continuous historical and Meteo France records, this is not 

possible anymore at the millennia scale. Both climate and land use histories have then to be 

reconstructed base on fragmentary information or based on models and include some 

uncertainties. Impact of these uncertainties on the model results must be inferred as 

stressed by Vereecken et al. (2016). 

We demonstrated here, while simulating soil evolution from parent material, encompassing 

thousands of years (Chapter 3 - Keyvanshokouhi et al. (2016)), that:  

I. this model is sensitive to all the tested boundary (climate, land use, tillage history) 

and initial (parent material characteristics) conditions for all the considered soil 

characteristics;  
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II. uncertainties on climate reconstruction and agriculture duration and practices were 

proved to have a limited influence on the quality of the model predictions for the 

considered soil characteristics. Therefore we concluded that the existing climate 

reconstructions are of sufficient quality for the purpose of modelling soil evolution 

and that reconstruction of agriculture history does not represent a lock in terms of 

long to medium term soil evolution modelling;  

III. the parent material characteristics, however, were identified as of most importance 

for the accuracy of the model prediction. Thus much effort should be put on the 

estimation of the initial soil conditions that can be either the parent material or the 

beginning of development of soil sequences.  

While using long-term experiments on soil sequences, the initial soil was reconstructed 

based on one of the present soil considered as being at steady state (agriculture with 

conventional tillag) (Chapter 5). This implied hypothesis in term of OC pool distribution for 

the initial soil as these pools cannot be measured. The impact of this hypothesis on the 

modelling results despite not having been tested in the frame of this work might not be 

negligible.  

Nevertheless, long-term experiments with soil archives that allow complementary analysis 

of missing data, represent ideal systems to test the model projection ability. Such 

experiments, although rare, are being performed for instance, in Rothamsted where the soil 

organic carbon content was followed since 1840s as well as land use and management with 

the associated meteorological data. However, since this project focuses on soil organic 

carbon content, most samplings were done only on top soil layers. In addition, soil bulk 

density is most often missing from the database. These are two main limitation for the use 

of such an experiment for soil modelling purpose. More recently, a systematic record of the 

French soil quality, the RMQS (Réseau de Mesures de la Qualité des Sols), was developed in 

France with decadal analysis of most soil characteristics (pedological and chemical) and 

sample storage. Here again, only two layers (0-30 and 30-50 cm) are considered, limiting 

the interest of such an experimental setup for soil evolution modelling purposes. 
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7.5 Future steps 

 

To put our feet a step further, there is still a need of 1) increasing the quality and 

coverage of soil processes, 2) of extending our options for model calibration and validation; 

and 3) finally of extending the modelling domain from 1D to 3D to be able to answer the 

questions regarding the future of the soils under global change. In that respect, here we 

identified and prioritised the future steps of development for the OC-VGEN model.  

 

7.5.1 Increasing the model soil process coverage 

In its current version, we demonstrated that OC-VGEN can be of a sufficient process 

coverage to simulate the soil OC dynamics at the century scale. However, for projecting 

concern, with unknown NPP induced by climate change, we had to use outputs of a global 

vegetation model (ORCHIDEE), since the plant in OC-VGEN consist more in an input files 

and forcing functions than in a plant module. In this model, soil characteristics are 

considered as constant through time.  Thus the feedback mechanisms between plant and 

soil, as the effect of soil climate on plant growth, is not considered at all. These feedbacks 

become crucial when considering climate change and the projection scenarios.  

To simulate the effect of plant development on soil evolution OC-VGEN requires in its 

present state, the depth distribution of roots over time and depth, the monthly biomass 

production, the plant uptake of water (and major elements) that are described as a forcing 

functions and are independent from climate and soil. A first step to improve the soil-plant 

system would be thus to connect OM-production to climate. There exist simple models in 

literature such as Miami (Lieth, 1975), which predicts NPP from the air temperature and 

precipitation. Implementing this model to OC-VGEN can be a simple remedy to account for 

the effect of climate on NPP. A more realistic approach would be to build up the connection 

between plant and climate via soil, notably the effect on root development. For that we could 

use the plant development module of global vegetation models like LPJ (Sitch et al., 2003) 

or ORCHIDEE (Krinner et al., 2002). Implementing such a module in a model like OC-VGEN 

that accounts for soil evolution would be of great value. The modular environment of OC-

VGEN is well suitable for such development. It would, nevertheless, require the addition of 

a module accounting for the dynamics of nutrients such as nitrogen and phosphorous to the 

model that is required for such a plant module. 
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While the current version, OC-VGEN was designed to simulate soil evolution in short to 

medium time scale, extending its temporal scale to thousands of years, requires the 

incorporation of new processes as chemical and physical weathering as well as the transfer 

of soil particles. These processes have already been implemented in the VSoil platform and 

are now in a testing phase. This would bring OC-VGEN to the level of process coverage of 

SoilGen2.24, which was demonstrated to be able to simulate the formation of general 

features of 15 soil types, of the World Reference Base (for more details see Opolot et al. 

(2015)), including Luvisols. 

Nevertheless, we demonstrated that SoilGen was not able to completely simulate the clay 

accumulation in the Luvisol Bt-horizon due to the lack of secondary mineral formation 

process (Keyvanshokouhi et al., 2016). Such a process should be added as third priority and 

could be based on the process of chemical weathering (primary and secondary) of WITCH 

model (Godderis et al., 2006). The improvement of SoilGen2.24 weathering module with the 

addition of formation of secondary minerals have been studied by Opolot (2016).  

However, all the above-mentioned soil types can be modelled providing that they are 

developed on soft parent materials, since no rock fragmentation process is included in the 

model. Integrating such a process would be a fourth development priority for OC-VGEN. 

Yet, important soil types such as Podzols, Planosols and Albeluvisols cannot be simulated in 

the absence of redox process description that should thus be added. In addition, description 

of soil heterogeneities as soil tongues visible in Albeluvisols and Podzols cannot be simulate 

with a 1D model. These features are notably due to preferential flow that cannot be 

described by the Richard’s equation for water flow that is included in OC-VGEN as in most 

pedogenetic models so far and can only account for diffusive water flow. VSoil contain a 

module for preferential water flow based on dispersive waves (Di Pietro et al., 2003). 

Addition of this process could thus be relatively easily tested and would extend the 

application of model drastically. 

7.5.2 Calibrating the model 

As mentioned above, most of the available data for model validation and calibration rely on 

present soil characteristics. However, for nonlinear models such as OC-VGEN, relying only 

on the final state for calibration does not allow to test if the model is representing tipping 

points or any other form of non-linearity correctly (Minasny et al., 2015) and may thus 

present a risk. To overcome this difficulty, for calibration of certain processes, use of 

radionuclides as tracers of soil clay translocation and organic carbon have been introduced. 
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Radionuclides, namely 137Cs, 10Be, 210Pb and stable isotopes such as 13C and 12C have been 

widely used to trace the effect of processes such as erosion/deposition and clay 

translocation as well as fate of different carbon pools in soils. Jagercikova et al. (2016) 

successfully used 137Cs, meteoric 10Be and non-supported 210Pb to model clay translocation 

and bioturbation rates during the process of soil formation of Luvisols. A limit of her work 

was considering all the radionucleids as irreversibly adsorbed on clay in soil that made the 

model applicable for soil poor in OC, with neutral to basil pH and large clay amount. To 

extent this application range and thus the use of these elements as tracers for model 

calibration purpose, solute transfer of these elements should be added. Those radionuclides 

could be introduced in OC-VGEN by adding of a source module, a solid-liquid partition 

module, a decay module.  

Additionally stable carbon isotopes could be used to calibrate the OC pools, especially for 

deep soil layers which were showed to require further investigation and calibration. The 

size of the pools notably is an input data of the model. While starting from a developed soil 

like in chapter 5 and 6, assumptions have to be made on the OC partitioning among the 

RothC pools with depth. This partitioning may strongly influence the model output on a 

century time scale even if not tested in this work. The use of 12C and 13C isotopes provide 

information on the origin and rate of OC turnover at different soil depths (Accoe et al., 2002; 

Powers and Schlesinger, 2002; Garten and Hanson, 2006; Braakhekke et al., 2014; Balesdent 

et al., submitted). For a model like OC-VGEN this later can help to have a better estimation 

of OC split among the RothC pools: (decomposable plant material, resistant plant material, 

humus, biomass and inert organic matter) and pool specific decomposition rate coefficients, 

both were shown in Chapter 5 of this study to have strong effect on OC dynamics. 

7.5.3 Toward a 3D modelling approach 

Erosion, one of the most important soil threats (EU, 2006; McBratney et al., 2014), is still 

disconnected in modelling approaches from the soil evolution (Minasny et al., 2015), while 

soil erodibility is a function of OC and clay content (Renard et al., 1991) which evolves 

through time on a century scale. There exist soil landscape models (2D) dedicated to the 

description of erosion processes, although most often the process description is functional 

or empirical (Minasny et al., 2015). Thus, to include soil evolution when modelling erosion 

in models like OC-VGEN can be coupled with 2D erosion models. VSoil offers a 3D option 

that could facilitate such an integration. 
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8.1 Chapitre 1 : Introduction 

 

Le sol est une ressource naturelle essentielle qui évolue dans le temps. Cette 

évolution est influencée par un grand nombre de facteurs naturels et anthropiques et leurs 

interactions. Pour préserver le sol et le protéger, il est nécessaire d’être en mesure de 

prévoir les conséquences des activités humaines et du changement global sur l'évolution 

des sols notamment en modélisant leur évolution. Pour ce faire, il est nécessaire de disposer 

de modèles qui 1) incluent une large gamme de processus tant physiques, chimiques que 

biologiques; 2) considèrent les mécanismes de rétroaction entre les facteurs pédologiques 

et le sol; 3) proposent a une description explicite de l'écoulement de l'eau; 4) et prennent 

en compte des activités humaines (usage des terres, pratiques agricoles). Cependant, 

l'évolution des principales caractéristiques du sol, comme le carbone organique (Corg), est 

souvent simulée par des modèles axés sur la caractéristique considérée et donc uniquement 

sur les processus pédologiques qui agissent sur elle. 

L'état de l'art de la modélisation des processus pédologiques a fait l’objet de plusieurs 

synthèses bibliographiques (Hoosbeek and Bryant, 1992 ; Minasny et al., 2008 ; Samouëlian 

and Cornu, 2008 ; Stockmann et al., 2011 ; Samouëlian et al., 2012 ; Vereecken et al., 2016). 

En général, les modèles d'évolution du sol sont de deux types : fonctionnels ou mécanistes. 

Les modèles factoriels ou de bilan de masse (Brimhall and Dietrich, 1987 ; Brimhall et al., 

1991 ;  Phillips, 1993 ; McBratney et al., 2003) sont des exemples de modèles fonctionnels. 

Ces modèles se concentrent uniquement sur la partie solide du sol et reposent sur une 

hypothèse de matériau parental homogène (Samouëlian and Cornu, 2008). En revanche, les 

approches mécanistes intègrent des mécanismes fondamentaux des processus impliqués et 

peuvent être catégorisées en fonction de la diversité de leur champ d'application et de leur 

échelle spatiale (Figure 1-1).  

Néanmoins, comme l'affirment Samouëlian et Cornu (2008), lorsque l'on considère 

l'évolution des sols à l'échelle du siècle ou plus, il faut prendre en compte les interactions 

entre les divers processus pédologiques et la coévolution des différentes caractéristiques 

des sols. Les approches de modélisation des sols qui prennent en compte ces interactions 

sont relativement rares jusqu'à présent. Parmi ces derniers, SoilGen2.24 (Finke, 2012) 

présente la plus grande couverture de processus (Minasny et al., 2015). Ce modèle (1) 

simule la coévolution des principales propriétés du sol (la teneur en Corg, la teneur en 

argile, la densité apparente et le pH); (2) prend en compte les facteurs climatiques, 

l'utilisation des terres et les pratiques agricoles. Comme tous les modèles complexes et 
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multiprocessus existants, il présente un certain nombre de limites : 1) l’absence de certains 

processus clés tels que la formation de minéraux secondaires par exemple, 2) des 

représentations très simplifiées de certains processus tels que le développement des 

plantes et 3) des hypothèses simplificatrices telles que le fonctionnement du modèle à 

volume constant (Opolot et al., 2015 ; Keyvanshokouhi et al., 2016). 

En outre, comme l'affirment Campbell et Paustian (2015) et Vereecken et al. (2016), à moins 

d’avoir un modèle modulaire, développé dans un cadre transparent, il est difficilement 

envisageable de travailler au développement de tels modèles avec une vaste communauté 

de développeurs, ce que nécessiterait à terme des modélisations de ce type. L'utilisation de 

plateformes de modélisation est ainsi considérée comme une étape incontournable de 

l'amélioration des modèles complexes de type SoilGen. Récemment mise au point, la 

plateforme de modélisation VSoil (Lafolie et al., 2014), dont le caractéristique principale est 

la modularité, est un exemple de ces environnements de modélisation. 

A partir de l'analyse ci-dessus, les questions suivantes ont été posées et les objectifs associés 

à aborder définis: 

i) Est-ce que le modèle SoilGen2.24 permet d’établir des projections de l'évolution 

des sols induite par le changement climatique, l’usage des terres et certaines 

pratiques agricoles? Pour ce faire, nous avons effectué une analyse de 

sensibilité, du modèle SoilGen2.24, au changement climatique et aux pratiques 

agricoles, ainsi qu'aux incertitudes portant sur les conditions initiales et les 

conditions aux limites, à l'échelle du millénaire (Chapitre 3). 

ii) Pouvons-nous prédire la distribution en profondeur du carbone organique dans 

des sols soumis à différents usages et pratiques à l'échelle du siècle? De telles 

prédictions nécessitent de prendre en compte les interactions et les rétroactions 

entre les processus du sol. Pour ce faire, nous avons proposé de: 

a) construire un modèle pédogénétique basé sur le modèle SoilGen2.24 

dans la plateforme de modélisation VSoil (Chapitre 4); 

b) tester l'impact sur la distribution verticale de Corg 1) de différentes 

représentations numériques de la distribution verticale des racines, des 

coefficients de décomposition et de la bioturbation; 2) des facteurs de 

forçage tels que l’usage du sol, les pratiques agricoles et le climat 

(Chapitre 5). 
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iii) Comment surmonter l'une des limites les plus importantes de la modélisation 

de l'évolution des sols: l'hypothèse du volume constant? Nous avons proposé 

d'introduire, dans le modèle OC-VGEN, un module de changement de volume en 

utilisant une fonction pédotransfert d’estimation de la densité apparente 

(Chapitre 6). 

Dans tous les cas, les approches de modélisation ont été testées sur des expérimentations 

long-terme menées sur des Luvisols ayant subis différents usages (prairie versus 

agriculture) et différents historiques de travail du sol (réduction du travail du sol). Ces deux 

changements ont été choisis parce qu'ils représentent des évolutions probables à l’échelle 

du siècle à venir (Paustian et al., 1997 ; Jobbágy and Jackson, 2000; Post and Kwon, 2000 ; 

Lal, 2004). 

 

8.2 Chapitre 2 : Le modèle SoilGen, la plateforme VSoil et les sites 

d'étude 

 

8.2.1 Principe du modèle SoilGen 

SoilGen2.24 (Finke, 2012) est un modèle 1D de formation pédologique qui simule 

l'évolution des caractéristiques des sols à l’échelle du millénaire. Il a été développé à partir 

du modèle couplé chimie-transfert LEACHC (Hutson, 2003) et du modèle de dynamique du 

carbone RothC26.3 (Coleman et al., 1997). A cette combinaison ont été ajoutés d'autres 

modules décrivant les principaux processus de formation du sol : érosion et dépôt, 

fertilisation, travail du sol, irrigation et usage des sols avec quatre types de végétation 

possibles (deux types de forêts, prairie et grande culture). Les pas de temps des différents 

processus considérés vont de la seconde (transfert d'eau) à l'année (labour).   

Les données d'entrée de SoilGen2.24 portent sur les conditions initiales - caractéristiques 

initiales des matériaux constitutifs du sol (texture, densité apparente, teneur en Corg, CaCO3 

notamment) - et les conditions aux limites - séries chronologiques du climat, de la 

végétation, des pratiques agricoles notamment. Parmi les caractéristiques simulées du sol 

figurent la teneur en particules, la teneur en Corg et la densité apparente. 

Une description plus détaillée du modèle, comprenant notamment les équations des 

processus modélisés et la liste complète des données d'entrée, est disponible dans  Finke et 
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Hutson (2008) et Finke (2012) et le manuel d’utilisation du modèle SoilGen2.24 (Finke, 

2014). 

 

8.2.2 La plateforme VSoil 

VSoil (Lafolie et al., 2014) est une plateforme de modélisation qui permet de concevoir, 

développer et mettre en œuvre des modélisations des processus biogéochimiques et 

physiques des sols. La plateforme permet d’établir une claire différence entre la 

connaissance scientifique des processus et leur représentation mathématique par des 

modules. Cette distinction permet aux pédologues n'ayant pas d'expertise spécifique en 

codage de construire des modèles à l'intérieur de la plateforme. La plateforme permet ainsi 

de décrire des processus de toute nature (physique, chimique, biologique...) qui se déroulent 

dans le sol ou à ses limites (atmosphère et nappe phréatique), elle établit les connexions 

entre les processus en fonction de leurs variables d’entrée et de sortie et crée un squelette 

conceptuel du futur modèle. Plusieurs expressions numériques et codes informatiques 

(modules) présentant différents niveaux de complexité (de complètement empirique à 

mécaniste), différentes techniques numériques de résolution des équations, ou différents 

langages de programmation (FORTRAN ou C++) peuvent être proposés pour représenter 

chacun des processus.  

Concrètement, lorsque l'utilisateur sélectionne un ensemble de processus et attribue un 

module à chacun de ces processus, la plateforme vérifie les connexions entre les modules et 

ordonne leur exécution en fonction des variables d'entrée/sortie pour générer un modèle. 

Toutes les entités à l'intérieur de la plateforme, y compris les variables d’entrée et de sortie, 

les paramètres, les processus et les modules sont répertoriés et visibles pour tous les 

utilisateurs. La plateforme est compatible à la fois avec les systèmes d'exploitation Windows 

et Linux et peut être utilisée à distance sur n'importe quel équipement informatique 

comprenant les logiciels G++, gfortran et R. 

 

8.2.3 Les sites d'étude 

Trois anthroposéquences de Luvisols développés sur Lœss ont été sélectionnées pour cette 

étude. Ces séquences de Luvisol avaient déjà été largement caractérisées par Jagercikova et 

al. (2014, 2015, 2016). Ils sont situés dans le Bassin Parisien plus précisément à Mons, 

Feucherolles et Boigneville (Table 2-1 et Figure 2-2). Il s’agit de sites d’expérimentation 



Chapter 8. Chapitre 2 : Le modèle SoilGen, la plateforme VSoil et les sites d'étude 

- 167 - 

longue durée sur différentes usages des sols (forêts, pâturages et cultures) et pratiques 

agricoles (intrants de fumier, travail du sol).  

 

8.2.4 Démarche de recherche 

Pour estimer la capacité de SoilGen à simuler l'évolution des sols sous l'effet du changement 

climatique, de l'utilisation des terres et des pratiques agricoles (Chapitre), une analyse de 

sensibilité sur une échelle de temps millénaire (15000 ans, âge des dépôts de Lœss) (Table 

2-2) a été réalisée pour les sites de Mons et de Feucherolles.  

Ensuite, les processus agissant sur la distribution verticale de Corg dans le sol, décris par le 

modèle SoilGen, ont été intégrés dans la plateforme VSoil pour construire un modèle 

pédogénétique de distribution verticale de Corg : OC-VGEN (Chapitre). Les simulations 

obtenues par OC-VGEN pour 72 ans de prairie sur les Luvisols de Mons sont comparés à 

celles obtenues par le modèle SoilGen2.24 dont OC-VGEN est issu (Figure 2-2) afin de 

valider ce denier (Table 2-2). L'impact de différents formalismes pour les principaux 

mécanismes agissant sur la distribution verticale de Corg a ensuite été testé en utilisant OC-

VGEN (Chapitre) pour des simulations du site de Mons (Figure 2-2) sur les 72 dernières 

années et des projections de l'impact du changement climatique dans les 90 années à venir 

(d'ici 2100) (Table 2-2). Les projections climatiques utilisées sont issues de trois modèles 

globaux (HadGEM, IPSL-CM5A et MIROC-ESM-CH), tandis que la projection de la production 

primaire a été estimée par le modèle global de végétation ORCHIDEE, forcé par les 

projections climatiques issues des trois modèles globaux sélectionnés. 

Enfin, un processus de changement du volume du sol a été incorporé dans le modèle OC-

VGEN (Chapitre 6) et testé sur les sites de Mons et de Boigneville pour 72 ans de prairie et 

10 et 42 ans de réduction du travail du sol pour Mons et Boigneville respectivement (Figure 

2-2 et Table 2-2).  

Dans toutes les simulations, les reconstructions climatiques passées sont basées sur la grille 

SAFRAN pour les 60 dernières années et, avant 1960, sur les anomalies climatiques 

reconstruites par Davis et al. (2003) à partir de l'analyse de données polliniques (pas de 

temps centenaire). Les conditions initiales, i.e. les caractéristiques des matériaux parentaux 

lœssiques, ont été reconstituées à partir des caractéristiques mesurées dans les horizon-C 

des sols de ces deux sites (Figure 2-2).  
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8.3 Chapitre 3 : Evaluation de la capacité de SoilGen2.24 à projeter 

l'évolution des sols induite par des changements globaux 

 

Pour protéger les sols contre les menaces qui pèsent sur eux, il est nécessaire de 

prévoir sur une période de dix à cent ans les conséquences des activités humaines et du 

changement climatique sur leur évolution. La modélisation mécaniste de l'évolution des sols 

est un outil de choix.  

Dans ce chapitre, nous avons analysé la capacité du modèle SoilGen (Finke, 2012) à fournir 

des projections de certaines caractéristiques clés des sols pour les fonctions 

écosystémiques des sols : distributions verticales de la fraction inférieure à 2 µm, la teneur 

en carbone organique (OC), la densité apparente et le pH. Nous avons réalisé une analyse de 

sensibilité fonctionnelle du modèle dans laquelle nous avons fait varier les conditions 

initiales (propriétés des matériaux parentaux) et les conditions aux limites (coévolution des 

précipitations et de la température; type et quantité de fertilisants et du travail du sol, durée 

de la mise en agriculture). Les différents scénarios simulés consistent, pour les deux 

anthroposséquences sur Luvisols, en un scénario par défaut, six variantes de conditions 

initiales et 12 variantes pour les conditions aux limites. Les variantes simulées 

correspondent aux gammes d’incertitudes sur les reconstitutions des propriétés des 

matériaux parentaux initiaux ou à celles des conditions aux limites.  

Dans ce travail, nous démontrons la sensibilité du modèle au climat et aux pratiques 

agricoles pour toutes les propriétés du sol considérées. Nous concluons également que les 

résultats des simulations du modèle ne sont pas affectés de façon significative par les 

incertitudes sur les conditions aux limites pour des simulations longues, mais sont très 

affectés par les incertitudes sur des conditions initiales, i.e. les propriétés des matériaux 

parentaux (Figure 3-6 et Figure 3-8). Les résultats de simulation du carbone organique sont 

très corrects, bien que des améliorations puissent être obtenues après étalonnage ou grâce 

à l’incorporation d’un module de croissance dynamique de la végétation dans SoilGen. Par 

contre, les résultats de simulation de la densité apparente sont médiocres en raison d'une 

hypothèse de volume constant dans le modèle, qui est difficilement modifiable. Les 

évolutions verticales simulées de la fraction inférieure à 2 µm sont raisonnables, mais un 

processus de néoformation d'argile doit être ajouté de façon à obtenir la forme du ventre de 

l'horizon Bt (Figure 3-9). Ainsi, le modèle est capable de produire des projections de 
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l’évolution des sols, sous le contrainte des changements globaux, une fois étalonné pour le 

carbone organique en agriculture. 

 

8.4 Chapitre 4 : Construction d’un modèle pédogénétique de 

distribution verticale de Corg: OC-VGEN 

 

Parmi les processus pédologiques inclus dans le modèle SoilGen (Finke, 2012) 

nous en avons identifié onze nécessaires à la constitution du noyau d'un modèle 

pédologique de simulation de la distribution verticale de Corg (voir  Table 4-1). Certains de 

ces processus existaient déjà dans la plateforme VSoil avec un module associé. Ainsi, tandis 

que les processus inexistants ont été créés et associés à des modules implémentés avec un 

formalisme identique à celui utilisé dans Soilgen2.24, les modules préexistants ont été 

utilisés (Table 4-1). Ces derniers (en italique souligné dans le Table 4-1), bien que basés sur 

la même équation et la même solution numérique dans les deux modèles, différent de ceux 

de SoilGen dans leur gestion des conditions aux limites. Ainsi, dans le module de transport 

d'eau, alors que la condition à la limite supérieure est la même pour les deux modèles, la 

condition à la limite inférieure est choisie parmi deux possibilités (flux nul ou drainage 

libre) par le modèle en fonction du déficit ou du surplus d'eau et peut donc différer dans le 

temps pour les deux modèles. Pour ce qui est du flux de chaleur et de la distribution de la 

température, les conditions à la limite supérieure sont égales à la température de l'air pour 

les deux modèles, tandis que les conditions à la limite inférieure diffèrent. Dans SoilGen, un 

réservoir de chaleur très profond est considéré, tandis que dans PASTIS (Garnier et al., 

2003), le profil est prolongé jusqu’à 4 mètres avec une température prédéfinie à cette 

profondeur. Il n’existe aucune différence entre les modules de gaz des deux modèles.  

De plus, la discrétisation du profil de sol (grille) diffère entre les deux modèles. SoilGen2.24 

fonctionne avec des compartiments de taille fixe assignant un nœud au milieu de chaque 

compartiment de sol. Un premier et un dernier nœud sont définis au-delà et en deçà du 

profil du sol pour les conditions aux limites (Figure 4-2). Les équations de transport sont 

résolues simultanément à tous ces nœuds. Dans VSoil, les nœuds sont localisés à la surface 

et à la base de chacun des compartiments du sol, leur distance ne doit pas nécessairement 

être uniforme et peut varier de quelques millimètres à quelques centimètres. A des fins de 

comparaison avec le modèle SoilGen, les compartiments d’OC-VGEN ont été définis de 

manière à ce que chaque nœud soit situé au milieu du compartiment. De ce fait, le premier 
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et le dernier compartiments ont la moitié de l'épaisseur des autres (Figure 4-2). Dans OC-

VGEN, le premier et le dernier nœuds sont aussi utilisés pour les conditions aux limites. 

Étant donné que les sorties des deux modèles sont produites à des profondeurs différentes 

(au niveau des nœuds), les résultats sont interpolés linéairement de façon à produire des 

valeurs à des profondeurs identiques à des fins de comparaison entre les deux modèles. 

L'objectif initial de cette étude était de construire un modèle complet d'évolution des sols, 

incluant tous les principaux processus de formation du sol. Bien que les différents modules 

aient tous été entièrement implémentés, la connexion entre eux, en particulier en ce qui 

concerne la géochimie et le module d'altération chimique, est encore en cours de test et n'est 

pas encore entièrement fonctionnelle.  

 

8.5 Chapitre 5 : Déterminisme de la distribution verticale de Corg: 

processus pédologiques et facteurs de forçage 

 

L'estimation de la réponse du carbone organique du sol au changement climatique 

est cruciale parce que la séquestration du Corg est considérée comme une solution possible 

pour atténuer le changement climatique, en stockant le CO2 atmosphérique sous forme de 

carbone organique du sol à longue durée de vie (COP21). Le changement d’usage des terres 

(transformation des terres cultivées en pâturages) et les pratiques agricoles de 

conservation (diminution du travail du sol) sont considérés comme des stratégies 

potentielles de séquestration du carbone dans le sol. Néanmoins, la relation entre la 

distribution verticale de Corg et les changements d’usage et de pratiques de travail du sol 

est encore mal comprise. 

Dans ce chapitre, nous avons utilisé un modèle de distribution verticale de Corg, OC-VGEN, 

pour tester l'impact 1) de différentes représentations numériques de la distribution 

verticale des racines (Jackson et al., 1996 ; Zeng, 2001) des coefficients de décomposition 

de Corg (Koven et al., 2013) et de la bioturbation (Jagercikova et al., 2014); 2) des facteurs 

de forçage tels que l’usage des sols, les pratiques agricoles et le climat sur la distribution 

verticale de Corg à l'échelle du siècle. À une échelle de temps allant de dix à cent ans, le 

modèle a permis de surmonter la simplification des taux de décomposition de Corg en 

prenant compte de façon explicite les variations temporelles et verticales de transfert d'eau 

et de température. 
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Lors de simulations d’expérimentations long-terme sur des Luvisols qui ont subi différents 

usages (pairies et cultures) et pratiques de travail du sol (conventionnelles et réduites) ainsi 

que de scénarios de projection du climat et d’usage du sol à l'horizon 2100, nous avons 

montré que, parmi les différents formalismes ou paramétrisations testés pour les processus 

dynamiques clés du Corg, 1) la sensibilité de la distribution verticale de Corg aux 

formalismes/paramètres testés dépend de l’usage des terres considéré (Figure 5-6); 2) 

l'utilisation de formalismes/paramètres différents pour les processus pédologiques a un 

impact plus important sur la prévision des stocks de Corg que l’usage des terres, la réduction 

du travail du sol sur 72 ans, ou les scénarios du GIEC testés pour 2100 (Figure 5-7). Pour 

une configuration du modèle OC-VGEN donnée, les scénarios de prairie et du climat RCP8.5 

(émissions de gaz à effet de serre en continue) produisent généralement des stocks de Corg 

plus importants que les scénarios d'agriculture ou de climat RCP2.6 (émissions de gaz à effet 

de serre en baisse après 2020). 

 

8.6 Chapitre 6 : Prise en compte du changement du volume du sol 

dans la modélisation mécanique de l'évolution des sols  

 

La plupart des modèles mécanistes et multiprocessus de l'évolution du sol sont 

fondés sur l'hypothèse d'un volume de sol constant dans le temps (Vereecken et al., 2016 ;  

Sollins and Gregg, 2017). Néanmoins, les conséquences d'une telle simplification sur les 

sorties des modèles n'est pas négligeable, car la formation du sol est liée à des contraintes 

d'origines différentes qui contribuent à modifier considérablement le volume du sol et sa 

densité apparente et ce, à différentes profondeurs et à différentes échelles de temps.  

Dans ce chapitre, nous proposons une première approche de prise en compte de la variation 

du volume du sol dans un modèle mécaniste d'évolution à court et moyen terme (10 à 70 

ans). Ce modèle, qui prend en compte les rétroactions existantes entre les processus qui 

agissent sur l'évolution des sols, notamment les transferts d'eau, de chaleur et de gaz, et 

ainsi les effets du changement climatique et des activités humaines (changement d’usage et 

pratiques de travail du sol), a été développé au sein d'une plateforme de modélisation. En 

utilisant des fonctions de pédotransferts (Alexander, 1980 ; Manrique and Jones, 1991 : 

Tranter et al., 2007) basées sur la teneur en OC pour estimer la densité apparente du sol, 

nous avons pu modéliser l'évolution du volume du sol pour différents scénarios d’usage ou 
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de travail du sol de sites expérimentaux de longue durée, sur des Luvisols du nord de la 

France. 

L'utilisation de la fonction de pédotransfert choisie (Alexander, 1980) permet de 

représenter les changements de volume induits par le changement de travail du sol et/ou 

la bioturbation. Des dilatations des horizons de surface sont prédites lors de la réduction du 

travail du sol ainsi que des compactages à la base des horizons de labours (Figure 6-5). La 

conversion en prairie quant à elle entraîne, d’après les simulations réalisées, une expansion 

du profil du sol sur les 15 cm supérieurs. Ces changements de volume simulés sont 

cohérents avec ceux enregistrés dans la littérature au cours d’expérimentations longue-

durées (Dimassi et al., 2014) et avec ceux obtenus par bilan de masse de type Brimhall et al. 

(1991) pour les mêmes sites (Figure 6-6). 

 

8.7 Chapitre 7 : Conclusion et perspectives 

 

8.7.1 Modélisation de l'évolution des sols: où en sommes-nous? 

Dans l'introduction, nous avons mentionné un certain nombre de caractéristiques 

nécessaires pour un modèle d'évolution des sols (Figure 7-1). Dans cette étude, nous avons 

fait un pas en avant sur la plupart des caractéristiques mentionnées par rapport à des 

modélisations antérieures. Nous avons notamment relevé quelques défis rarement abordés 

auparavant.  

1- La modélisation développée dans ce travail contient un large éventail de processus 

qui agissent sur la dynamique du Corg et leurs rétroactions, mécanismes qui font 

pour partie défaut dans la plupart des modélisations axées sur la dynamique du Corg 

(Sollins and Gregg, 2017). 

2- La flexibilité du modèle : bien que cette caractéristique ait été mentionnée à maintes 

reprises comme très importante pour la modélisation des sols (Campbell and 

Paustian, 2015 ; Vereecken et al., 2016), elle n’avait encore jamais été 

spécifiquement abordée dans aucun modèle (Figure 7-1). Dans cette étude, nous 

avons proposé pour la première fois un modèle d'évolution des sols entièrement 

modulaire. 
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3- Nous avons aussi proposé une première approche semi-mécaniste de simulation de 

la variation du volume du sol pour une modélisation de l'évolution du sol à court et 

moyen terme.  

4- En comparaison avec d'autres modèles d'évolution du sol (par exemple SoilGen2.24 

et MILESD), OC-VGEN n'offre pas la plus large gamme de couverture de processus 

pédologiques. Cependant,  le modèle proposé est le plus équilibré des modèles 

existants (Figure 7-1) pour ce qui est des critères considérés comme les plus 

importants en terme de projection d'évolution du sol sous contraintes climatiques 

et anthropiques. De plus, certains processus (altération chimique, lessivage des 

argiles), bien qu'ils ne soient pas encore entièrement opérationnels, ont été 

implémentés sur la plateforme et sont en cours de test. Le modèle devrait ainsi 

bientôt présenter les mêmes fonctionnalités que SoilGen, modèle considéré comme 

ayant la plus grande couverture en processus à ce jour (Minasny et al., 2015). 

5-  Enfin, le modèle dans sa version actuelle ne tient compte que des processus 

verticaux ayant lieu à l'échelle du profil. Néanmoins, du fait de sa modularité, il peut 

être couplé avec des modèles 2D, d’érosion notamment, pour tenir compte 

également des processus latéraux. 

Ainsi les efforts de modélisation présentés dans ce travail pourront à l’avenir servir de 

pierre angulaire à la modélisation de l'évolution des sols. 

 

8.7.2 Prochaines étapes 

8.7.2.1 Extension de l'application du modèle 

Dans sa version actuelle, comme nous l’avons démontré, OC-VGEN présente l’ensemble des 

processus permettant de simuler la dynamique du Corg des sols à l'échelle du siècle. 

Cependant, la plante dans OC-VGEN consiste plus en un fichier d'entrée et en des fonctions 

de forçage que en un module à proprement parlé. Ainsi, les mécanismes de rétroaction entre 

la plante et le sol, comme ceux de l'effet du climat du sol sur la croissance de la plante 

notamment, ne sont pas du tout pris en compte. Ces rétroactions deviennent cruciales 

lorsque l'on souhaite simuler des scénarios de changement climatique.  

Ainsi, pour aller plus loin, une première étape consisterait à relier la production primaire 

au climat. Il existe à ce titre des modèles simples dans la littérature comme celui de Miami 

(Lieth, 1975) qui permet de prédire la production primaire sur la base de la température de 
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l'air et des précipitations. La mise en œuvre de ce modèle dans OC-VGEN pourrait être une 

solution simple pour rendre compte de l'effet du climat sur la production primaire. 

Cependant, une approche plus réaliste consisterait à établir un lien entre les plantes et le 

climat par l'intermédiaire du sol, ce qui nécessiterait néanmoins la prise en compte des 

cycles des éléments nutritifs tels que l'azote et le phosphore non encore implémentés dans 

le modèle. A titre d’exemple, les modules plantes des modèles globaux  de végétation comme 

LPJ (Sitch et al., 2003) ou ORCHIDEE (Krinner et al., 2002) pourraient être utilisés. 

L'environnement modulaire du modèle OC-VGEN convient parfaitement à ce type de 

développement.  

L'extension de l'échelle temporelle du modèle OC-VGEN d'un siècle à des milliers d'années 

nécessiterait l'intégration de nouveaux processus comme l'altération chimique et physique 

ainsi que le transfert de particules dans le sol. Ces processus ont déjà été implémentés dans 

la plateforme VSoil et sont en phase de test. Cela permettrait à OC-VGEN d'atteindre le 

niveau de couverture en processus pédologiques de SoilGen2.24. Ce dernier est capable de 

simuler la formation d’environ 15 des 29 types de sols de la classification internationale 

(Opolot et al., 2015). Néanmoins, SoilGen n'est pas en mesure de simuler complètement 

l'accumulation d'argile dans l’horizon Bt en raison de l'absence d’un processus de formation 

des minéraux secondaires ; le développement de sols sur des roches dures car aucun 

processus de fragmentation des roches n'est inclus dans le modèle ; le développement de 

types de sol importants comme les podzols, et les Albeluvisols du fait de l'absence de 

description des processus d’oxydo-réduction et de flux d’eau préférentiels. L'intégration de 

ces processus constituerait une priorité de développement pour OC-VGEN. 

 

8.7.2.2 Calibration du modèle 

Comme nous l'avons mentionné plus haut, la plupart des données disponibles pour la 

calibration et la validation des modèles reposent sur les caractéristiques actuelles des sols. 

Cependant, pour des modèles non linéaires tels que OC-VGEN, le fait de se baser uniquement 

sur un état final du sol pour le calibrer ne permet pas de vérifier si le modèle représente 

correctement les points de basculement ou toute autre forme de non-linéarité (Minasny et 

al., 2015) et peut donc présenter un risque. Pour surmonter cette difficulté, l'utilisation 

d’isotopes comme traceurs permet d’accéder à la dynamique de certains processus et ainsi 

d’améliorer la calibration du modèle. Les radionucléides, à savoir le 137Cs, le 10Be 

atmosphérique, le 210Pb radiogénique et les isotopes stables du carbone ont été largement 

utilisés pour étudier la dynamique de processus d'érosion/de dépôt, le lessivage des argiles 
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ou la dynamique du carbone dans les sols (Accoe et al., 2002 ; Powers and Schlesinger, 

2002 ; Garten and Hanson, 2006 ; Braakhekke et al., 2014 ; Jagercikova et al., 2016 ; 

Balesdent et al., submitted). Ces radionucléides pourraient être introduits dans le modèle 

OC-VGEN afin de les utiliser pour la calibration  des processus de bioturbation, de lessivage 

des argiles notamment. Les isotopes de carbone stables pourraient eux être utilisés pour 

calibrer les différents compartiments organiques du sol, en particulier pour les horizons 

profonds pour lesquels trop peu d’information sont encore disponibles. 

 

8.7.2.3 Vers un modèle 3D 

L'érosion est l'une des menaces les plus importantes pour les sols (EU, 2006 ; McBratney et 

al., 2014). Sa modélisation est encore déconnectée de celle de l'évolution des sols (Minasny 

et al., 2015), alors que l’érodibilité des sols est fonction de leur teneur en Corg et en argile 

(Renard et al., 1991), caractéristiques qui comme nous l’avons vu évoluent dans le temps. 

Ainsi, un couplage d’OC-VGEN avec des modèles d'érosion 2D pourrait être envisagé pour 

pallier cette limitation. L’environnement d’OC-VGEN, la plateforme VSoil, permet de tels 

développements. 
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