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Summary 

 

Soil organic carbon (SOC) is the main component in global carbon cycling and has important functions 

in many ecosystem services, such as climate regulation and soil fertility. The ability of soils to retain 

organic carbon is crucial as the soil stores three times more carbon than the atmosphere. Volcanic 

soils are amongst the soils that have a large ability to retain a substantial amount of organic carbon. 

The ability of these soils to store SOC is due to their unique physical and chemical properties. In these 

soils, the large amounts of non-crystalline and poorly crystalline materials formed by weathering are 

considered to be responsible for organic carbon stabilization. Meanwhile, the amount and stability of 

SOC are also influenced by other factors, such as vegetation and climate. In Indonesia, volcanic soils 

are susceptible to land use conversion, mainly from forest to agricultural land, due to their favourable 

soil properties for agricultural production. This land use conversion may likely affect the SOC content 

in these soils, but the knowledge of the relations between land use, geochemical properties, and SOC 

is still limited. In addition, on-going climate change likely also determines the fate of SOC in the future. 

Therefore, this research aims to improve our understanding of the effect of land use on SOC through 

its relation to current geochemical properties and to explore future SOC under different climate 

scenarios. The research was conducted in volcanic soils near Mt. Tangkuban Perahu and Mt. 

Burangrang, Java, Indonesia. The study covered six sites with expected different ages based on 

lithology maps and land use (tropical primary forest, secondary pine forest, and agricultural land. 

 

As a first step, in chapter 2, we evaluated the effect of land use on geochemical properties on forest 

and agricultural sites in Java Indonesia. Analytical data showed that most study sites have similar 

parent materials indicated by a comparable weathering stage, total element levels, and mineralogy. 

The site with the primary forest was however found to have a different parent material and thus was 

excluded from the comparison of soil properties. A difference in soil properties was found between 

both land-uses with a higher pH, exchangeable base contents, and base saturation in the agricultural 

soils than in the pine forest. These results highlight the existence of phenoforms (management-related 

sub-soil type) within the general genoforms (genetic soil types), which were expressed in terms of soil 

classification by the modifier dystric (pine forest soil) and eutric (agricultural soil). Besides those 

properties, a higher content of short-range order aluminium (indicated by NH4-oxalate extractable Al, 

Alo) was also found under agricultural soils and it positively correlated to SOC content. We conclude 

that land use affects soil properties, and postulate that enhanced Alo formation under agricultural 

land-use would partly contribute to the relatively high SOC stock in these soils also after conversion 

from forest land-use. 

 

In chapter 3, the effect of land use on the stability and quality of SOC was evaluated by a modified soil 

fractionation method by Zimmermann et al. (2007). This method separated the soils into fractions 

corresponding to different physical and chemical stabilization mechanisms. Our results showed that 

most of the SOC was present in the silt-clay fraction. Interestingly, there was a threefold larger amount 

of SOC in strong ultrasonication resistant sand-sized aggregates under agricultural vs. forest land use. 

Positive correlations existed between SOC content in this stable aggregate fraction and some soil 

properties, such as the contents of Alo and amorphous materials. These results suggest that Alo plays 
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an essential role in the aggregation of soil particles and alongside in aggregate-occlusion of SOC. In 

addition, the role of Alo on silt clay associated SOC was also observed, particularly at subsoil. Thus, the 

positive role of Alo on SOC as postulated in Chapter 2 was supported. Furthermore, we also examined 

the degradability of native and exogenous SOC of topsoil (0 – 20 cm) in an incubation experiment. We 

applied a single 13C-isotope labelled substrate to the topsoils to investigate the effects of geochemical 

properties or soil aggregation on the decomposition of fresh organic matter. The results showed no 

differential effects on the mineralization of fresh organic matter (ryegrass) between forest and 

agricultural land use. However, the effect of geochemical properties, texture, and structure on the 

stability of native SOC was observed, as indicated by the negative correlation between SOC in sand-

aggregate fractions and mineralization of native SOC. Thus, we could conclude the roles of Alo on soil 

aggregation and organo-mineral association apparently play important role in stabilizing SOC in at 

these tropical Andosols. 

 

In Chapter 4, the research was extended to model SOC using a process-based genesis model, the 

SoilGen model. First, the soil model was calibrated for essential soil processes in volcanic soils, such 

as clay migration, weathering of primary minerals, and SOC pool decay rate, to maximize the reliability 

of the model output. The calibration ran for over ± 8 – 10 kyrs, being the approximate age of the soils. 

The results showed that the clay migration calibration was in reasonable agreement with the range of 

literature values. In contrast, the optimum parameter values derived from calibration of weathering 

rates were not within the range of reference values. The uncertainty of initial stocks of minerals and 

limited soil process coverage, such as the formation of secondary minerals, possibly caused the 

inaccuracy in the model output in the minerals’ calibration. Accurate initial minerals content and the 

process of secondary minerals formation need to be included to improve the model output. 

Furthermore, the calibration of SOC pools was analysed in more detail. In this calibration, we 

compared four-pool (without inert organic matter) vs five-pool models (including inert organic matter) 

and three calibration methods: a site-specific calibration, a generic calibration, and a generic 

calibration modified by a geochemical proxy. The geochemical proxy was identified to represent the 

effects of geochemical composition on the decay rate of SOC. Results showed that the measured SOC 

pools and total SOC were better reproduced with a four-pool model and a site-specific calibration. 

This result illustrates that there is uncertainty on the presence of an inert organic pool over a millennial 

time scale and also the differences in SOC decay rate under different land use. The calibration method 

using a geochemical proxy generally improved the simulated total SOC and HUM pool than calibration 

with a generic rate. Furthermore, the effect of global warming (i.e., climate scenario RCP 8.5) was 

generally more pronounced in agricultural soils than forest soils. This work overall highlighted the 

importance of the calibration method in estimating future SOC and the susceptibility of forest and 

agricultural soils to global warming. 

 

General conclusions and challenges are summarized in chapter 5. Overall, our work investigated the 

relations between land use, geochemical soil properties, and SOC using analytical data and a process-

based genesis model (SoilGen). This research highlights that the difference in geochemical properties 

mediated by land use potentially contributes to the accumulation and stabilization of SOC, and the 

calibration approach on the SOC model affects the accuracy of the result with respect to current and 

future SOC. The largest challenge was related to particle size analyses, whereas the uncertainty of 
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initial data (stocks) and the inaccurate SOC model pool partitioning may contribute to the inaccuracy 

of model output in the modelling study. The laboratory analyses and soil model remain to be improved 

for the precise output as described in this chapter. In the future, it will now be needed to affirm the 

robustness of the found effect of agricultural practice on the formation of non-crystalline materials in 

volcanic soils. Larger sets of sites with comparable parent material and age but differing land use will 

need to be looked included. In this PhD research, the positive effect of soil aggregates on SOC storage 

was suggested. However, from the alikeness in C:N ratios and contents of pedogenic oxides between 

isolated ‘aggregate’ and ‘silt and clay’ fractions, it emerges that soil fractionation methods need to be 

further developed still for Andosols to more efficiently isolate functional SOC pools. Lastly, there is a 

need to integrate the formation of non-crystalline materials in the SoilGen model, along with their 

impacts on SOC stabilization. 
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Samenvatting 

 

Organische koolstof in de bodem (SOC) is de belangrijkste component in de wereldwijde 

koolstofcyclus en heeft belangrijke functies in veel ecosysteemdiensten, zoals klimaatregulering en 

bodemvruchtbaarheid. Het vermogen van bodems om organische koolstof vast te houden is cruciaal, 

aangezien de bodem drie keer meer koolstof opslaat dan de atmosfeer. Vulkanische bodems behoren 

tot de bodems die een groot vermogen hebben om een aanzienlijke hoeveelheid organische koolstof 

vast te houden. Het vermogen van deze bodems om SOC op te slaan is te danken aan hun unieke 

fysische en chemische eigenschappen. In deze bodems worden de grote hoeveelheden niet-kristallijne 

en slecht kristallijne materialen gevormd door verwering verantwoordelijk geacht voor de stabilisatie 

van organische koolstof. Ondertussen worden de hoeveelheid en de stabiliteit van SOC ook beïnvloed 

door andere factoren, zoals vegetatie en klimaat. In Indonesië zijn vulkanische bodems vatbaar voor 

conversie van landgebruik, voornamelijk van bos naar landbouwgrond, vanwege hun gunstige 

bodemeigenschappen voor landbouwproductie. Deze conversie van landgebruik kan waarschijnlijk 

het SOC-gehalte in deze bodems beïnvloeden, maar de kennis van de relaties tussen landgebruik, 

geochemische eigenschappen en SOC is nog beperkt. Bovendien bepaalt de aanhoudende 

klimaatverandering waarschijnlijk ook het lot van SOC in de toekomst. Daarom heeft dit onderzoek 

tot doel ons begrip van het effect van landgebruik op SOC te verbeteren als functie van zijn relatie met 

de huidige geochemische eigenschappen en om toekomstige SOC onder verschillende 

klimaatscenario's te verkennen. Het onderzoek werd uitgevoerd in vulkanische bodems nabij de berg 

Tangkuban Perahu en de berg Burangrang, Java, Indonesië. De studie omvatte zes locaties met 

verwachte verschillende leeftijden op basis van lithologische kaarten en landgebruik (tropisch oerbos, 

secundair dennenbos en landbouwgrond). 

 

Als eerste stap evalueerden we in hoofdstuk 2 het effect van landgebruik op geochemische 

eigenschappen op bos- en landbouwgebieden in Java, Indonesië. Analytische gegevens toonden aan 

dat de meeste onderzoekslocaties vergelijkbaar moedermateriaal hebben, blijkens een vergelijkbaar 

verweringsstadium, totale elementniveaus en mineralogie. De site met het oerbos bleek echter een 

ander moedermateriaal te hebben en werd daarom uitgesloten van de vergelijking van 

bodemeigenschappen. Er werd een verschil in bodemeigenschappen gevonden tussen beide 

landgebruiken met hogere pH, uitwisselbare basegehalten en baseverzadiging in de landbouwbodems 

dan in het dennenbos. Deze resultaten benadrukken het bestaan van fenovormen (beheergerelateerd 

sub-bodemtype) binnen de algemene genovormen (genetische bodemtypen), die werden uitgedrukt 

in termen van bodemclassificatie door de modifier dystric (dennenbosbodem) en eutric 

(landbouwgrond). Naast deze eigenschappen werd ook een hoger gehalte aan aluminium-mineralen 

met korte-afstand kristalschikking (short range order, aangegeven door NH4-oxalaat extraheerbaar 

Al, Alo) gevonden onder landbouwbodems en dit correleerde positief met het SOC-gehalte. We 

concluderen dat landgebruik de bodemeigenschappen beïnvloedt, en postuleren dat verbeterde Alo-

vorming onder agrarisch landgebruik gedeeltelijk zou bijdragen aan de relatief hoge SOC-voorraad in 

deze bodems, ook na conversie van boslandgebruik. 
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In hoofdstuk 3 werd het effect van landgebruik op de stabiliteit en kwaliteit van SOC geëvalueerd met 

een gemodificeerde bodemfractioneringsmethode door Zimmermann et al. (2007). Deze methode 

scheidde de bodems in fracties die overeenkomen met verschillende fysische en chemische 

stabilisatiemechanismen. Onze resultaten toonden aan dat het grootste deel van de SOC aanwezig 

was in de silt-kleifractie. Interessant is dat er een drievoudig grotere hoeveelheid SOC was in sterke 

ultrasone trillingen-resistente aggregaten ter grootte van zand bij gebruik van landbouwgrond versus 

bosgrond. Er waren positieve correlaties tussen het SOC-gehalte in deze stabiele aggregaatfractie en 

sommige bodemeigenschappen, zoals het gehalte aan Alo en amorfe materialen. Deze resultaten 

suggereren dat Alo een essentiële rol speelt bij de aggregatie van bodemdeeltjes en daarnaast bij de 

aggregatie-occlusie van SOC. Daarnaast werd ook de rol van Alo op silt-klei-geassocieerde SOC 

waargenomen, vooral in de ondergrond. De positieve rol van Alo op de SOC, zoals gepostuleerd in 

hoofdstuk 2, werd dus ondersteund. Verder onderzochten we ook de afbreekbaarheid van inheemse 

en toegevoegde SOC in de bovengrond (0 – 20 cm) in een incubatie-experiment. We hebben éénmaal 

een 13C-isotoop gelabeld substraat op de bovengrond aangebracht om de effecten van geochemische 

eigenschappen of bodemaggregatie op de afbraak van vers organisch materiaal te onderzoeken. De 

resultaten lieten geen differentiële effecten zien op de mineralisatie van vers organisch materiaal 

(raaigras) tussen bos- en landbouwgrondgebruik. Het effect van geochemische eigenschappen, 

textuur en structuur op de stabiliteit van inheemse SOC werd echter waargenomen, zoals aangegeven 

door de negatieve correlatie tussen SOC in zand-aggregaatfracties en mineralisatie van native SOC. 

We zouden dus kunnen concluderen dat het effect van Alo op bodemaggregatie en organo-minerale 

associatie blijkbaar een belangrijke rol speelt bij het stabiliseren van SOC in deze tropische Andosols. 

 

In Hoofdstuk 4 werd het onderzoek uitgebreid naar het modelleren van SOC met behulp van een 

proces-gebaseerd bodemvormingsmodel, het SoilGen-model. Eerst werd het bodemmodel 

gekalibreerd voor essentiële bodemprocessen in vulkanische bodems, zoals kleimigratie, verwering 

van primaire mineralen en SOC-poelvervalsnelheid, om de betrouwbaarheid van de modeloutput te 

maximaliseren. De kalibratie weerspiegelde een periode van meer dan ± 8 – 10 kyr, zijnde de geschatte 

leeftijd van de bodems. De resultaten toonden aan dat de kalibratie van de kleimigratie redelijk 

overeenkwam met waarden in de literatuur. Daarentegen lagen de optimale parameterwaarden 

afgeleid van kalibratie van verweringssnelheden niet binnen het bereik van referentiewaarden. De 

onzekerheid van de initiële voorraden van mineralen en de beperkte procesdekking van het 

bodemmodel, met name de vorming van secundaire mineralen, veroorzaakten mogelijk de 

onnauwkeurigheid in de modeloutput bij de kalibratie van de mineralen. Nauwkeurige initiële 

mineraleninhoud en het proces van vorming van secundaire mineralen moeten worden opgenomen 

in de modellering om de modeloutput te verbeteren. Verder werd de kalibratie van SOC-poelen in 

meer detail geanalyseerd. In deze kalibratie vergeleken we modellen met vier poelen (zonder inert 

organisch materiaal) versus modellen met vijf poelen (inclusief inert organisch materiaal) en drie 

kalibratiemethoden: een locatiespecifieke kalibratie, een generieke kalibratie en een generieke 

kalibratie aangepast door een geochemische proxy. De geochemische proxy werd geïdentificeerd om 

de effecten van geochemische samenstelling op de afbraaksnelheid van SOC weer te geven. De 

resultaten toonden aan dat de gemeten SOC-poelen en de totale SOC beter werden gereproduceerd 

met een model met vier poelen en een locatiespecifieke kalibratie. Dit resultaat illustreert dat er 

onzekerheid bestaat over de aanwezigheid van een inerte organische poel over een 
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millenniumtijdschaal en ook over de verschillen in SOC-vervalsnelheid bij verschillend landgebruik. De 

kalibratiemethode met behulp van een geochemische proxy verbeterde over het algemeen de 

gesimuleerde totale SOC en HUM-pool ten opzichte van kalibratie met een generieke snelheid. 

Bovendien was het effect van de opwarming van de aarde (d.w.z. klimaatscenario RCP 8.5) over het 

algemeen meer uitgesproken in landbouwbodems dan in bosbodems. Dit werk benadrukte het belang 

van de kalibratiemethode bij het schatten van toekomstige SOC en de gevoeligheid van bos- en 

landbouwbodems voor het broeikaseffect. 

 

Algemene conclusies en uitdagingen zijn samengevat in hoofdstuk 5. Over het algemeen onderzocht 

ons werk de relaties tussen landgebruik, geochemische bodemeigenschappen en SOC met behulp van 

analytische gegevens en een procesgebaseerd bodemvormingsmodel (SoilGen). Dit onderzoek 

benadrukt dat het verschil in geochemische eigenschappen gemedieerd door landgebruik mogelijk 

bijdraagt aan de accumulatie en stabilisatie van SOC, en de kalibratiebenadering van het SOC-model 

beïnvloedt de nauwkeurigheid van het resultaat met betrekking tot de huidige en toekomstige SOC. 

De grootste uitdaging had betrekking op de analyse van de deeltjesgrootte, terwijl de onzekerheid van 

de initiële gegevens (voorraden) en de onnauwkeurige verdeling van de SOC-modelpoelen kunnen 

bijdragen aan de onnauwkeurigheid van de modeloutput in het modelleringsonderzoek. De 

laboratoriumanalyses en het bodemmodel moeten nog worden verbeterd voor de precieze output 

zoals beschreven in dit hoofdstuk. In de toekomst zal het nu nodig zijn om de robuustheid te 

bevestigen van het gevonden effect van landbouwpraktijken op de vorming van niet-kristallijne 

materialen in vulkanische bodems. Er moet worden gekeken naar grotere aantallen sites met 

vergelijkbaar moedermateriaal en leeftijd, maar met een verschillend landgebruik. In dit 

doctoraatsonderzoek werd een positief effect van bodemaggregaten op SOC-opslag gesuggereerd. 

Echter, uit de gelijkenis in C:N-verhoudingen en gehalten aan pedogene oxiden tussen geïsoleerde 

'aggregaat'- en 'silt- en klei'-fracties, blijkt dat bodemfractioneringsmethoden nog verder moeten 

worden ontwikkeld voor Andosols om functionele SOC-poelen efficiënter te isoleren. Ten slotte is er 

behoefte om de vorming van niet-kristallijne materialen in het SoilGen-model te integreren, samen 

met hun impact op SOC-stabilisatie.
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1.1 Broader framework 

1.1.1 Organic matter in soils 

Soil organic matter (SOM) is the foundation of terrestrial life and a main component of the global 

carbon cycle. Globally, there is approximately 1500 Pg of organic carbon in the top one-meter soil, of 

which one-quarter is in tropical soils (Craswell and Lefroy, 2001). SOM represents the largest 

terrestrial carbon reservoir (Jobbágy and Jackson, 2000) and has effects on many ecosystem services, 

such as on climate regulation (Lal, 2003), and soil fertility (Craswell and Lefroy, 2001). Carbon 

constitutes about 50% of SOM and the content of soil organic carbon (SOC) is mostly used to quantify 

OM in soil or its fractions. SOM is derived from organic materials entering soil, mainly from plant and 

animal debris. The breakdown of these inputs drives biological processes in soils which provide many 

functions, such as providing of nutrients for crops, stimulating soil aggregation, retaining moisture, 

and reducing compaction (Craswell and Lefroy, 2001).  

 

The amount of organic matter (OM) in soil results from a dynamic balance between the  organic inputs 

and the decomposition process (Schimel, 1995). Decomposition is the process of the breakdown of 

dead OM that includes physical, chemical, and biological mechanisms transforming OM into an 

increasingly stable form and releasing CO2, organic trace gases, mineral nutrients, water, and energy 

(Berg and McClaugherty, 2003). This process has been described as the primary key in nutrient and 

carbon cycling and is the major pathway of carbon release and inputs from and to soils. The 

decomposition process is influenced by biotic, abiotic, and anthropogenic factors (Berg and 

McClaugherty, 2003). The biotic factors include the amount and quality of litter input and the presence 

of soil microorganisms, whereas the abiotic factors comprise the geochemical composition, climate, 

and relief aspects. Anthropogenic factors like change of land use, soil tillage, and the addition of 

chemical fertilizer, also greatly affect SOM. Understanding the ecological control on soil organic 

carbon (SOC) is important to assess and forecast the fate of SOC to function optimally in supporting 

ecosystem service. 

 

The heterogeneous OM derived from plant litter input consists of different chemical composition with 

distinct decomposition rates. The order of OM compounds from most stable to least are lignin and 

tannin > starch and waxes > hemicellulose > cellulose > proteins > amino acids > simple sugar 

(Quideau, 2006), with the most stable or recalcitrant organic compounds having a lower 

decomposition rate (Hall et al., 2020). However, studies showed that the stability of SOC does not 

depend primarily on litter biochemistry. The relations between SOC and soil properties overridingly 

determine the stability of SOC (Kleber et al., 2015; Lehmann and Kleber, 2015). Plant litter with high 

rates of mineralisation indicated by rapid decomposition rates and low C:N ratio in fact often display 

faster and more interaction with minerals, e.g. association SOM and clay particles, than plant litters 

with slow decomposition rates because litter with high mineralisation rate synthesise microbial 

products (Kallenbach et al., 2015). Such microbial products and dissolved OM released during 

decomposition of litter can go in association with minerals, through which ‘stable SOM’ is formed that 

persists for a long time (Torn et al., 1997). The stability of SOC related to its subjection to various 

stabilization mechanisms and turnover times can be studied by identifying measurable and functional 
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SOM fractions using physical fractionation, chemical fractionation, or a combination of physical and 

chemical fractionation methods (von Lützow et al., 2007). 

 

In general, two main mechanisms of SOC stability are organo-mineral interaction and occlusion of SOC 

within soil aggregates. Organo-mineral interactions have been acknowledged as a key factor in SOC 

stabilization for the last decades (Lehmann and Kleber, 2015; Schmidt et al., 2011). The smallest 

minerals, i.e. clay particle size, possess a great surface reactivity and large specific surface area and 

are thereby mainly involved in organo-mineral interaction. In general, the clay fraction contains a large 

proportion of total SOC in most soils and thus serves as an indicator of SOC storage over wider range 

of soils (Beare et al., 2014). This particle size includes a different variety of minerals, such as 

phyllosilicates, different forms of metal oxyhydroxides, and poorly crystalline aluminosilicates (Basile-

Doelsch et al., 2015; Kleber et al., 2015; Schneider et al., 2010). These minerals and poorly crystalline 

minerals stabilize SOC via several processes, such as the adsorption of OM on the surface of minerals, 

interactions between iron or aluminium cations (Fe3+, Al3+) and organic ligands which form organo-

mineral complexes, and cationic bridging by di- or trivalent ions (Kleber et al., 2015; Mikutta et al., 

2009; Rowley et al., 2018; Tamrat et al., 2019; Wagai and Mayer, 2007; Wiseman and Püttmann, 

2005). 

 

Physical protection of SOC in aggregates is considered to be another important mechanism for SOC 

stabilization. The protection of OC within stable aggregates limits the accessibility of decomposers, 

e.g. fungi, microbes, or enzymes, due to a reduced diffusion of oxygen into aggregates (Lehmann et 

al., 2007; Totsche et al., 2018). Aggregates can be divided into macro- and micro-aggregates with 

different SOC retention mechanisms. Macroaggregates (usually soil particles > 250 µm) generally 

contain OC from fresh litter substrate and have higher OC content than microaggregates, but the 

turnover time of carbon in macroaggregates is less than microaggregates (Churchman et al., 2020; 

Pronk et al., 2012). On the other hand, the occlusion of OC by adsorption and entrapment in 

microaggregates can become stable OC promoting long-term SOC sequestration (Chenu and Plante, 

2006; Witzgall et al., 2021). Some cementing agents that influence the stability of aggregates are 

oxides, hydroxides, and oxyhydroxides of iron, aluminium, manganese, carbonates, and 

aluminosilicates (Totsche et al., 2018). 

 

1.1.2 Volcanic soils and interaction with soil organic carbon  

Andosols (IUSS, 2015) or Andisols (Soil Survey Staff, 2014) are a soil type typically formed from the 

weathering of volcanic materials. These soils cover 0.84% of terrestrial land and usually stores more 

SOC than non-volcanic soils under comparable conditions (Dahlgren et al., 2004; Eswaran et al., 1993). 

Accumulation and stabilization of SOC in Andosols are mainly attributed to the presence of non-

crystalline materials, such as active aluminium and iron compounds, allophane, imogolite, and 

ferrihydrite. The formation of non-crystalline materials is related to the characteristics of volcanic 

ejecta, e.g. small, glassy, high porosity and permeability, as parent materials (Dahlgren et al., 1999). 

Rapid weathering of the volcanic ejecta releases elements, such as aluminium (Al), silicon (Si), and iron 

(Fe), resulting in over-saturated metastable, non-crystalline materials in soil solution (Ugolini and 
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Dahlgren, 2002). The availability of Al and Si influences the formation of secondary minerals, e.g. 

allophane, (Parfitt, 2009). 

 

The stability of SOC in Andosols can occur through the complexation of SOC by non-crystalline 

materials or metal (Ugolini and Dahlgren, 2002). In the organo-mineral complex, the presence of non-

crystalline materials which have high reactive surface area provides an abundance of charge sites on 

the mineral surface available for organo-mineral interactions (Basile-Doelsch et al., 2007; Bruun et al., 

2010; Lyu et al., 2021; McNally et al., 2017; Mikutta et al., 2006; Nanzyo et al., 1993a; Rasmussen et 

al., 2005; Reichenbach et al., 2021). The sorption mechanism of humic substances by variable charge 

minerals is through ligand exchange reaction (Yuan et al., 2000). In this process, a hydroxyl group is 

attached to Al in the allophane structure and a carboxylate group of humic acid. The presence of 

electrolytes such as NaCl would promote humic acid sorption. On the other hand, the study of volcanic 

soils in New Zealand and Chile showed the important role of Al oxides rather than clay (having 50% of 

allophane) in stabilizing SOC (Matus et al., 2006; Percival et al., 2000). Al in monomers or polymeric 

forms can interact with carboxyl groups of organic matter which may play an important role in 

stabilizing SOC. Al3+ and Fe3+ are likely important cations for bridging the negative charge minerals and 

organic surface (Rasmussen et al., 2005).   

 

The physical protection of SOC within stable soil aggregates is an important mechanism of SOC 

stabilization in Andosols (Tonneijck et al., 2010). In this soil, the formation of stable aggregates is 

related to the presence of non-crystalline materials that plays an essential role as cementing or gluing 

agent (Huygens et al., 2005; Nanzyo et al., 1993a; Rasmussen et al., 2005). The abundance and 

chemistry of small particles (< 0.2 and 0.2 – 2 µm fractions) in Andosols likely act as strong binding 

agents to form both micro- and macroaggregates (Asano et al., 2018; Asano and Wagai, 2014). How 

the organic carbon and non-crystalline materials are assembled to form aggregate structure is still 

poorly understood. Previous studies reported a lack of aggregate hierarchy in Andosols due to a lack 

of size-dependent change in carbon concentration after weak dispersion (Hoyos and Comerford, 2005; 

Huygens et al., 2005). The use of particle size fractionation with ultrasonication to disperse aggregates 

and without wet chemical reagents showed no clear difference or minimum alteration of carbon 

composition in sand- to clay-sized particles (Edwards and Bremner, 1967; Perdrial et al., 2010). These 

results imply that the high stability of aggregates in Andosols may obscure the relations between OM 

and aggregate size. 

 

Other factors also contribute to the accumulation of SOC in Andosols, such as a possible inhibition of 

the microbial activity due to aluminium toxicity, low pH, or change in nutrient availability (Doetterl et 

al., 2015; Tonneijck et al., 2010), and the diverse volcanic materials which release macro- and micro-

nutrients after weathering, e.g. Ca, Na, K, Mg, Zn, Fe, Cu, and Mn (Anda and Sarwani, 2012), sustaining 

the high productivity of ecosystems in Andosols. 
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Figure 1-1 Illustration of stabilization soil organic matter via physical protection within soil aggregates 

and organo-mineral association. 

 

1.1.3 Land use and interactions with SOC 

Land use, climate, topography, and soils all interact, determining the amount and composition of 

carbon inputs to soil. Land use is assumed to be the most dynamic factor influencing the amount of 

SOC (Guo and Gifford, 2002; Post and Kwon, 2000) and vertical distribution of SOC (Jobbágy and 

Jackson, 2000). Land use and its vegetation often correspond to different plant diversity and plant 

litter biochemistry. Plant diversity has been observed to correlate positively with soil microorganisms 

and SOC storage (Lange et al., 2015), whereas litter chemistry affects OM decomposition (Chenu et 

al., 2019; Cyle et al., 2016). Besides vegetation, land management was found to have impacts on 

chemical and physical soil properties, such as pH, bulk density, and moisture content affecting SOC 

storage (Malik et al., 2018; Wiesmeier et al., 2019). 

 

For the last century, the conversion of forest to other land uses has occurred worldwide, affecting SOC 

storage and CO2 emissions into the atmosphere (Guo and Gifford, 2002; Smith et al., 2012). A 

reduction of SOC stocks after the conversion of native forest to plantation and agricultural land was 

reported at 13% and 42%, respectively (Guo and Gifford, 2002), which is consistent with an increase 

in CO2 emissions due to human-induced activities (Cox et al., 2000; Sanderman et al., 2017). The 

reduced SOC in agricultural land is mainly due to the low amount of carbon input (Chenu et al., 2019). 

In addition, tillage practice can promote OM decomposition by mixing and loosening soil. Tillage 

specifically affects the stability and arrangement of soil aggregates, with consequent adverse effects 

on SOM preservation potential (Guo et al., 2020). In Andosols, land management can obviously 

likewise affect the physical structure of soil (Dec et al., 2012; Dörner et al., 2012; Seguel and Horn, 

2005), which may influence the physical protection of SOC. Abera and Wolde-Meskel (2013) found a 

significant decrease in SOC in soil aggregates under intensive cultivation. On the other hand, some 

studies showed little impact on SOC by land use change due to an inherent high structural stability in 
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Andosols (Candan and Broquen, 2009; Hoyos and Comerford, 2005; Linlin et al., 2016). However, it is 

not well resolved to what extent cultivation of volcanic land induces changes in the proportion of 

various SOC pools. Finally, the reduction of SOC can also occur when Andosols lose their andic 

properties due to continuous drying and rewetting (Woignier et al., 2008).  

 

In agricultural systems, the use of multiple crops, e.g. perennial crops and cover crops, or application 

of organic fertilizer in high amount cause a distinctly high SOC stock (Gross and Glaser, 2021; Paustian 

et al., 1997; Poeplau and Don, 2015; Yu et al., 2012). Application of organic fertilizers can influence 

the concentration of exchangeable cations that indirectly affect the SOC stabilization (Kaiser et al., 

2012; Lützow et al., 2006). The availability of polyvalent cations, e.g. Ca and Mg, from organic fertilizer 

or liming can increase SOC stabilization via electrostatic bridging between soil mineral surface and 

SOM (mineral – cations – SOM) (Lützow et al., 2006) and by promoting aggregation (Rowley et al., 

2018). Calcium is reported to be a good predictor of SOC (Rasmussen et al., 2018), likely because it is 

involved in both organo-mineral association as well as aggregate occlusion of OM in that Ca2+ acts as 

polyvalent cation bridge between negatively charged mineral surface and OM and also enhances clay 

flocculation and soil aggregate stability. A high content of calcium was furthermore documented to 

align with greater SOC across land uses, such as forest, agriculture, and pasture (Fornara et al., 2011; 

Kaiser et al., 2012; Morris et al., 2007). On the other hand, radiocarbon dating on bulk SOC showed a 

decrease of recent carbon retention in agricultural sites (Cusack et al., 2013), which is in line with the 

priming effect where an increase of organic carbon input can lead to the decrease of SOC stabilization 

within aggregates (Shahbaz et al., 2017). Combination of organic and mineral fertilizer was also found 

to increase carbon mineralization in aggregates (Yu et al., 2012).  

 

1.1.4 Soil genoforms and phenoforms 

In the last century, the impacts of human activities on soils have accelerated (Richter, 2007). To boost 

crop production, humans apply soil management which has significant effects on soil properties. In 

agricultural systems, humans modify physical and chemical soil properties by loosening soils, and using 

liming, organic and chemical fertilizer (Richter, 2007; Richter et al., 2015). To describe the effect of 

management inducing  changes and persistent differences in soil functions in soils with the same 

pedogenesis, the terms of soil genoforms and phenoforms were proposed (Droogers and Bouma, 

1997). Soil genoforms refer to soil classes as identified by soil classification system, whereas soil 

phenoforms are persistent variants of soil genoforms with different physical and chemical properties 

that considerably affect soil functions (Rossiter and Bouma, 2018). The human factor often has a more 

significant impact on soil properties than other soil-forming factors i.e. parent materials, relief, 

climate, organism, time. Soil genoforms generally alter slowly, but with management, soils may 

change at medium (decadal) time scale. Several studies reported change of the magnitude of soil 

development processes due to human activities. Examples are: (i) differences in clay mineralogy in 

albeluvisols under forest and agriculture (Cornu et al., 2012), (ii) change in the classification of black 

soil as an effect of agriculture (Veenstra and Lee Burras, 2012), (iii) alteration of soil properties after 

deforestation in tropical soil that strongly affect soil functions (Veldkamp et al., 2020), (iv) soil erosion 

that affects land productivity (Holz et al., 2015). A more limited number of studies also showed that 

the change of geochemical composition due to weathering in turn affects SOC stock and mineral-
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related carbon stabilization mechanisms (Doetterl et al., 2015; Reichenbach et al., 2021). However, 

little is known about if and how strongly the effect of land-use on SOC is actually manifested indirectly 

via such accelerated or modified soil formation. 

 

1.1.5 Climate change and its effect on soil carbon 

Climate change refers to the alteration in temperature, precipitation patterns resulting from 

atmospheric greenhouse gas levels. This phenomenon has become a major issue for sustenance of 

ecosystems over the last decades. SOC has been considered as a possible solution to mitigate climate 

change by storing substantial amounts of CO2 from the atmosphere. The response of SOC to climate 

change is critically important since soil contains more organic carbon than vegetation and atmosphere 

(IPCC WGI, 2001). Therefore, a small change in SOC can have a large impact on the global carbon cycle. 

A global climate agreement has been set to reduce global warming by limiting the increase of 

temperature to 1.5°C. Recently, at COP21, the 4 per mille program was introduced to increase global 

SOC stock by 0.4% per year as a compensation of the greenhouse gasses emitted by anthropogenic 

sources (Minasny et al., 2017).  

 

Understanding how future climate change affects soil development and SOC stock should provide 

useful information to improve management needed to maintain or increase SOC stocks. However, the 

effect of climate on SOC stocks is complex. First, a change in climate variables, i.e. temperature and 

precipitation, can affect the balance of net carbon input and loss of carbon over time. Temperature 

largely affects carbon input by controlling plant productivity (Madani et al., 2018; Rustad et al., 2001; 

Yu et al., 2020) and also indirectly affects SOC by changing the microbial decomposer environment 

(Boddy et al., 2008; Conant et al., 2011; von Lützow and Kögel-Knabner, 2009). As the temperature 

rises, the associated higher respiration is assumed to increase more than the photosynthesis, leading 

to the decrease SOC storage (Crowther et al., 2016; Sleutel et al., 2007; Zhao et al., 2021). Meanwhile, 

the precipitation controls the SOC stock as it determines net primary productivity (Niu et al., 2008). 

Secondly, changes in climate influence the mineral weathering, affecting SOC stabilization (Doetterl 

et al., 2015; Meier and Leuschner, 2010). Since a change in temperature or precipitation can affect 

almost any soil process, the result on the stability of SOC derives from multiple co-occurring changes 

in soil properties. A positive relation between SOC and precipitation may for instance be explained by 

increased release of organic acids under increased precipitation, e.g. in forests, increasing the leaching 

of base cations leading to lower pH and higher Al toxicity, which contribute to SOC accumulation 

(Tonneijck et al., 2010). 

 

The response of SOC to climate change can be estimated using mechanistic models. As setting up field 

trials for various climate scenarios is difficult and the cost of field-related work is expensive, the use 

of climate and SOC models to predict SOC can partially address these disadvantages, although the 

models still need real data for the input and validation. Several SOC models have been developed to 

describe soil carbon cycling e.g. RothC-26.3 (Coleman and Jenkinson, 1999), Century (Parton, 1996), 

and are used both at various temporal (e.g. Smith et al., 2006) and spatial scales (e.g. Smith et al., 

1998). Previous studies documented that the estimated effect of climate change on SOC using SOC 

models varied between models and differed between regions, thus it is necessary to assess the impact 
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for particular regions (Gottschalk et al., 2012). In addition, the effect of climate change on SOC also 

varies depending on land management (Minasny et al., 2011; Wiesmeier et al., 2013) and soil 

properties (Hartley et al., 2021). Doetterl et al. (2018) found that temperature and soil minerals, 

through changes in mineral reactivity and nutrient availability, control the composition of microbial 

communities affecting carbon stabilization. The advantage of using geochemical proxy into SOC model 

was reported in previous studies (Finke et al., 2019; Shirato et al., 2004).  

 

1.2 Specific objectives and research questions 

Volcanic soils have the potential to store large amounts of organic carbon. Understanding what drives 

accumulation of SOC in these volcanic soils can help in setting out SOC-storage management for 

climate regulation and other soil functions. The dynamics of SOC in tropical volcanic soils cannot be 

separated from the significant role of soil geochemistry and land use. To obtain a complete picture of 

the interrelations between land use, geochemistry and climate, first, the effect of land use on soil 

geochemistry should be evaluated. Thereafter, the effect of land use on stability of organic matter 

with the mediation of soil geochemistry can be assessed. The interaction of these processes may 

provide information on whether different land uses, including their history and management in 

volcanic soils, can have impact on soil being either a carbon source or a carbon sink. Although many 

studies on the impact of land use on soil geochemistry and SOC have been carried out, the mechanism 

and the impact vary between soils and are still limited for tropical volcanic soils. In addition, some of 

the soil processes such as the effect of soil geochemistry on SOC dynamics, is still rarely present in 

carbon turnover models (Reichenbach et al., 2021), creating substantial uncertainty in estimating SOC. 

Thus, there is a need to have a model that integrates different factors that influence SOC, e.g. soil 

geochemistry, climate, litter input, agricultural practices, to estimate SOC stock. The process-based 

soil genesis model, SoilGen (described in detail in chapter 4), simulates the combined soil-

development processes simultaneously to produce soil properties, including SOC. Furthermore, 

different calibration approaches of SOC models, more specifically the decay rates, have impact on the 

model accuracy of calculated current and future SOC stocks. By improving the SOC calibration 

methods, the future SOC stock under different climate projection scenarios can be better forecasted. 

Overall, this study is about relating geochemistry to land use, applying and testing an integrated 

process model while improving calibration methods on volcanic soils. An understanding on these 

processes can provide scientific contribution to the land management in tropical volcanic soils. 

  

Therefore, the specific objectives addressed in this study include: 

1. To assess the impact of land use change on weathering, soil geochemical properties, and SOC 

storage in volcanic soils in Indonesia (Chapter 2) 

2. To assess the effect of land use, with existing soil development phase, on quality and stability of 

SOC in these soils (Chapter 3) 

3. To calibrate important soil processes on volcanic soils in an integrated soil development model, 

such as clay migration, weathering rates of primary minerals, and decay rates of soil organic carbon 

(Chapter 4) 

4. To assess the impact of different calibration approaches, including the effect of geochemical 

properties, on the accuracy of simulated SOC (Chapter 4)  
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5. To forecast the change of SOC pools under different climate projection scenarios (Chapter 4) 

 

This study is accordingly designed to answer the following research questions:  

1. Is there any effect of land use on soil geochemical properties? Do, in tropical volcanic soils, 

phenoforms (management-related soil sub-types) exist within the more general genoforms 

(genetic soil types)? (Chapter 2) 

2. Does land use through its impact on soil geochemistry indirectly control the distribution of SOC 

across various pools (like mineral-associated OM and physically occluded OM) and how does the 

OM degradability differ in function to land use? (Chapter 3) 

3. How well do simulated soil properties match the measured soil properties (i.e. the content of clay, 

minerals, and SOC in each pool) by calibrating soil model (in SoilGen) parameters? (Chapter 4) 

4. Do different information levels used to calibrate model SOC decomposition rate constants affect 

the prediction of current and future SOC? (Chapter 4) 

5. What is the effect of global warming on SOC stock in tropical volcanic soils under different land 

uses? (Chapter 4) 

 

1.3 Study area 

1.3.1 Geography 

The study area is located in the Mt. Tangkuban Perahu (2084 asl) and Mt. Burangrang (2054 asl) areas 

(Fig. 1-2). The geographical position of Mt. Tangkuban Perahu ranges from longitude 107°29’03” to 

107°47’47” east and latitude 6°54’03” to 6°40’00” south. The study area administratively belongs to 

the Lembang, Cisarua, and Cikalong Wetan Districts, West Bandung Regency, around 30 km north of 

Bandung city, West Java. The area receives an annual precipitation around 2000 – 3000 mm year-1 and 

mean annual temperature is around 19 - 21°C. According to the Köppen climate classification (Köppen, 

1936), the areas has the Am subtype. There are two seasons: The rainy season occurs from October 

to May with the highest rainfall amount in November. The dry season occurs from June to September 

with the lowest amount in August.  

 

1.3.2 Geology of Mt. Tangkuban Perahu and Mt. Burangrang 

Approximately 80% of the active volcanoes in Indonesia archipelago are located in the western part 

mainly on Sumatra and Java (Hall and Smyth, 2008). The Sumatra and Java islands are part of the 

Sunda arc that displays features of subduction zones. This area represents part of the convergent plate 

boundary of the Eurasian plate in the north and the Indian-Australian oceanic plate in the South 

creating an east-west volcanic chain. The Sunda arc has existed in its current configuration for about 

5 Ma with Quaternary volcanoes generally overlying late Miocene-Pliocene volcanic rocks and 

sediments (Soeria-Atmadja and Noeradi, 2005). These Quaternary volcanoes were formed on the 

eroded surface of the uplifted Miocene basement sedimentary rocks (Nasution et al., 2004; Van 

Bemmelen, 1949). On Java Island, at least 28 volcanoes are still active. Various rocks are produced 

from the volcanic activities ranging from tholeiitic to high-alkaline basalts, but mostly the volcanic 

rocks are classified into calc-alkaline basaltic-andesite and andesite volcanic rocks (Handley, 2006). 
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Figure 1-2 Location of study area and sampling sites. 
 

 

Mt. Tangkuban Perahu is an active well-preserved stratovolcano which is located in the Sunda volcanic 

arc (Van Bemmelen, 1949). The formation of Mt. Tangkuban Perahu is related to the volcanic activity 

series in the Mt. Sunda volcanic complex. This mountain was formed in the eastern rim caldera of 

ancient Mt. Sunda which existed in the Pleistocene until a violent Plinian eruption caused its summit 

to collapse. Mt. Burangrang is situated in the southwest of Mt. Tangkuban Perahu and is characterized 

by older volcanic material (Nasution et al., 2004; Silitonga, 1973). There were three main periods of 

activity in the Mt. Sunda volcanic complex, viz. a (i) Pre-Sunda volcano, (ii) Sunda volcano, and (iii) 

Tangkuban Perahu volcano (Nasution et al., 2004). The first series volcanic activities are poorly known 

but possibly predate the Quaternary. In the second series, the ancient Sunda volcano was formed on 

Neogene sedimentary basement rocks, and the third series is characterized by the formation of Mt. 

Tangkuban Perahu. The volcanic successions of the latter are divided into two main formations, old 

and young Tangkuban Perahu. The materials from old Tangkuban were derived from magmatic – 

phreatomagmatic eruptions with ages of 40,750 ± 270 and 22,380 ± 80 yBP, whereas the materials of 
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the young Tangkuban Perahu are generally from phreatic to phreatomagmatic eruptions with ages 

around 9,000 – 9,980 yBP (Nasution et al., 2004). The buried horizons in eastern Mt. Tangkuban 

Perahu showed a radiocarbon dating around 8,700 ± 200 and 14,500 for horizons 2A and 3A, 

respectively (Chartres and Van Reuler, 1985). The maximum age of Andesitic Tuffaceous ash in 

southwest of Mt. Tangkuban Perahu, Mt. Burangrang area, was around 10,000 years (Utami et al., 

2019). Mt. Tangkuban Perahu is still active today, indicating that most of the terrain developed in the 

Late Quaternary (Dam et al., 1996). The main volcanic materials associated with  Tangkuban Perahu 

are andesitic rocks with calc-alkaline lavas, pyroclastic flow deposits and air-fall deposits of basaltic-

andesitic composition (Nasution et al., 2004). Sunardy and Kimura (1998) also found basaltic to dacitic 

materials in volcanic products of Mt. Tangkuban Perahu with SiO2 contents between 51 – 63 wt%. 

 

1.3.3 Land use 

From marine pollen records the occurrence of rainforest in Indonesia has been confirmed to have 

already started at around 17 kyr BP, after the last glacial maximum (LGM). There was an abrupt pollen 

shift from glacial to interglacial conditions suggesting a response of vegetation to climate change. At 

the end of the LGM, montane trees such as Dacrycarpus, Podocarpus dominated, indicating a drier 

and cooler climate (Walker and Flenley, 1979) than at present. The pollen records from Sumatra and 

West Java show a lowering of forest altitudinal zones in the Late Pleistocene compared to the 

Holocene, as indicated by the fact that similar Late Pleistocene vegetation occurred at altitudes of 

1300 to 1500 m, while at present this is found above 1800 m (Stuitjs et al., 1988). This implies a cooler 

climate at moderate elevation during the Late Pleistocene than during the Holocene and also marks 

the beginning of upland vegetation in West Java (Van Der Kaars and Dam, 1997). The increase of 

temperature and rainfall started around 17 kyr BP (Kershaw et al., 2007). Abundant pollen of Altingia, 

Castanopsis, and Quercus characterize the early Holocene in Sumatra and Java, indicating a wet and 

warm climate (Stuitjs et al., 1988). The occurrence of rainforest in Java during the Holocene period 

was also reported in other studies (e.g. Kershaw et al., 2007; Sémah and Sémah, 2012). Rainforest 

possibly reached its maximum surface area in the Early-Middle Holocene (Kershaw et al., 2007). The 

rainforest recession was detected at 2800 BP, and this has been attributed to climate change, whereas 

human effects on vegetation are found only since 1500 BP (Sémah and Sémah, 2012). In general, the 

presence of rainforest within the South China Sea region has seen little overall change in most of the 

area through most of the Quaternary (Kershaw et al., 2007).  

 

Rainforest has overall demonstrated a remarkable resilience in variable climatic conditions. However, 

the past centuries humans exerted major impact on the Holocene rainforest (Lumbanraja et al., 1998). 

Firstly, part of the native rainforest had been converted into secondary forest, often with pine trees, 

particularly with Pinus merkusii, the only pine naturally occurring in Indonesia and the Southern 

hemisphere as a whole. It is also often present on volcanic soils as a pioneer species (Stuitjs et al., 

1988). Pinus merkusii has become one of the important tree species in Indonesia as it produces pulp, 

paper, timber, and non-wood products such as turpentine and resin (Imanuddin et al., 2020). This pine 

species was planted during the era of Dutch government in Sumatra, Java, and Bali as production 

forest (Ferguson, 1954). One of the research centres about pine was located in Lembang, southern 

part of Mt. Tangkuban Perahu. Before pine, the Lembang area was planted with Acacia and mixed 
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broadleaved forest. From around 1960, pine trees are also widely planted for the purpose of 

reforestation with the status of protected forest in 2017 (Perhutani, 2014). 

 

Next to secondary forest there has also been conversion of native forest into agricultural land. In the 

Lembang and Cisarua Districts this has widely occurred around 1990 (Ruswandi et al., 2007), but 

settlements with dry rice fields were already present since 1917 (Topographical Service Batavia, 1941). 

Currently, Lembang is one of the most intensively cultivated areas for horticultural crops in West Java. 

Agricultural lands in the study area were converted from forest or coffee plantation between 1970 – 

1988. Farmers in these areas generally applied horticultural crops with multiple (2 – 4) crops per year, 

such as tomatoes, cabbage, broccoli, cauliflower. Soil tillage is done every crop rotation and 

fertilization is applied using both chemical and organic fertilizers. Lastly a smaller part of the native 

forest has been converted into coffee plantations. In the study area this has not been for massive 

commercial production, but mainly for local use. This form of land-use was not considered in this PhD 

research, while conversions from native forest to secondary pine forest and cropland for vegetable 

production are.  

 

   
Figure 1-3 Typical pine forest (left) and agricultural land use (right) in study area. 
 

1.4 Outline of thesis 

This study has been organised into five chapters. Chapter 1, introduction, consists of three parts. In 

the first part (1.1.), the knowledge of the soil organic matter, interaction between volcanic soils and 

land use on SOC, and the effect of climate change on SOC evaluated using mechanistic models are 

presented. In the second part (1.2) goals of this PhD research and emerging research questions are 

formulated. The third part (1.3.), describes the geology and land use history of the study area, the 

Sunda volcanic complex in Indonesia. Chapters 2 – 4 cover the main research objectives mentioned 

above. The last chapter, chapter 5, gives general conclusions, challenges, and topic for future research. 

Only relatively recently there have been land-use changes from native forest to secondary forest or 

agricultural land. This makes that the evolution of land use can be traced back with confidence, 

offering the opportunity to study land-use change effects on volcanic soil development and SOC.  
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CHAPTER 2  

 

LAND USE IMPACTS ON WEATHERING, SOIL PROPERTIES, 

AND CARBON STORAGE IN WET ANDOSOLS, INDONESIA 
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Abstract 

 

We investigated changes in geochemical soil properties in response to deposition age and land use 

management over 30 – 50 years on tropical volcanic soils. Our purpose was to find out how weathering 

stage and land use interactively affect soil properties and organic carbon, and to check if phenoforms 

(management-related soil subtypes) exist within the genoforms (genetic soil types). Soil samples were 

taken at land uses that have been converted (pine forest and agricultural land) and a natural forest as 

the original land use. The results showed that pine forest and agricultural soils displayed similar 

weathering intensity. Intensive agricultural practices also improved soil chemical properties such as 

pH, exchangeable base cations, and base saturation leading to WRB-qualifier of “eutric” in cultivated 

soils, whereas the averages of bulk density and organic carbon stock were relatively similar between 

forests and agricultural soils. Positive correlations were found between amorphous materials and Alo, 

specific surface area, and micropore volume. Correlations between the content of short-range order 

Al (hydr-) oxides (indicated by Alo) and organic carbon were found in pine forest and agricultural soils, 

particularly in subsoils. Our results clearly indicate the increase of base cations retention due to less 

acidification and an increase of organic carbon stock under agricultural land use, likely due to 

stabilization with non-crystalline materials.  

 

Keywords: land use change, volcanic soils, weathering, geochemical soil properties 
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2.1 Introduction 

Soil weathering is one of the main processes in soil formation (Birkeland, 1999). This process can affect 

physical and chemical soil properties, storage of nutrients, and carbon. Volcanic ash soils generally 

weather following a sequence from primary minerals  to short-range order (SRO) minerals, halloysite, 

and kaolinite (Parfitt et al., 1983). The rates of weathering from primary to secondary minerals depend 

on environmental conditions. Humid climate can enhance desilication and loss of base cations 

(Chadwick et al., 2003). Land use can modify the fate of weatherable minerals by serving as H+ sink 

(Acid Neutralizing Capacity; Van Breemen et al., 1983) and by physical weathering, such as tillage (Wei 

et al., 2006).  

 

Volcanic soils are susceptible to land use change, especially conversion to cultivated land, due to their 

inherent good chemical fertility. In cropland management, soil tillage creates a warmer and dryer soil 

climate and disrupts aggregates, which increases organic matter (OM) turnover (Bandyopadhyay, 

2019) and enhances the chemical weathering (Li et al., 2021). Converting forest area to cropland in 

which tillage is practiced may affect Andosols, and thus deserves attention because of their fertility 

and intense agricultural use. Several studies reported negative effects such as disturbance of the 

geochemical cycle and less organic carbon (OC) storage (Lemenih et al., 2005; Sosnowska, 2012). 

However, manure application under agricultural management can increase soil OC stocks (Maillard 

and Angers, 2014). The conversion to cropland was reported to improve soil chemical properties such 

as the increase of K, Ca, Mg (Asio et al., 1999), but in contrast net acidification may also occur if 

nutrient export by harvesting is not compensated (Van Breemen et al., 1983).  

 

The formation of SRO aluminosilicate materials, iron oxide, and accumulation of OM are the main 

pedogenic processes in allophanic Andosols (Shoji et al., 1993). Interactions between nano-sized SRO 

minerals and soil OM play a significant role in the retention and stabilization of carbon (Basile-Doelsch 

et al., 2015; Kleber et al., 2015; Lehmann and Kleber, 2015; Tamrat et al., 2019). Their presence also 

contributes to unique chemical and physical soil properties in Andosols, such as variable charge, low 

bulk density, high water holding capacity, and formation of stable soil aggregates. There is still no 

decisive information related to how weathering and geochemical properties are driven by land use in 

these soils.  

 

Here, we investigated the change of geochemical soil properties as impacted by land use in Andosols 

from the Sunda volcanic arc region (Mt. Tangkuban Parahu and Mt. Burangrang), West Java, Indonesia. 

In particular, we tested the assumption that phenoforms (management-related soil subtypes) exist 

within the more general genoforms (genetic soil types; Droogers and Bouma, 1997; Rossiter and 

Bouma, 2018) of these specific Andosols. Phenoforms are identified by observing differences in soil 

properties, such as soil structure, bulk density, carbon concentration, nutrient retention, content of 

Fe and Al, soil color, and soil horizons, which sufficiently affect soil function in the medium term 

(Rossiter and Bouma, 2018). By analysing their weathering statuses both geochemically and 

mineralogically, and OC contents, we aim at testing our assumption about age and parent materials, 

relating weathering, land use, and OC status. 
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2.2 Materials and methods 

2.2.1 Environmental setting 

The study areas were situated in the Mount Tangkuban Perahu and Mount Burangrang regions, which 

are part of the Sunda Volcanic Complex (SVC) in West Java, Indonesia (Fig. 1-2). Mt. Tangkuban Perahu 

is an active stratovolcano that was formed in the eastern rim caldera of ancient Mt. Sunda. Over the 

last 10,000 years, the dominant type of Tangkuban Perahu eruption is small scale phreatic. Only in 

1910 there was a magmatic eruption affecting a small area with ejected volcanic ash and scoria rock. 

Mt. Burangrang is also part of the remaining Mt. Sunda, but is situated in the western part of the 

caldera rim and has older volcanic edifices (Silitonga, 1973). Soils in these areas were derived from 

similar parent material (basaltic-andesitic (ash) tuff), which originated from Holocene to Late 

Pleistocene activity (Dam et al., 1996; BBSDLP, 2017). The soil type was classified as Typic hapludands 

based on the soil map scale 1:50,000 (BBSDLP, 2017). The areas have a mean annual precipitation of 

2000 – 3000 mm year-1 and mean annual temperature around 19-21ᵒC.   

 

The study areas were located in deposits of different lithology and age i.e. Qyd (young deposition age), 

Qyt (intermediate deposition age), Qvu (old deposition age) (Silitonga, 1973) (Table 2-1; Fig. 2-1). Soil 

samples taken from Qyd and Qyt were located in Lembang district near Mt. Tangkuban Perahu. The 

radiocarbon dating of buried organic horizon in the Lembang district yielded age 8700 ± 200 and 14500 

± 300 yrs BP for 2A and 3A horizons, respectively (Chartres and Van Reuler, 1985). Soil samples from 

Qvu were located near Mt. Burangrang, in the border of Cisarua district. The maximum age of volcanic 

ash in this area was expected to be 10,000 yrs (Utami et al., 2019). 

 

Most of the areas were under forest before 1900 but have been gradually opened since 20th century 

and subjected to high anthropic pressures. Currently, the primary forest occupies only the upper 

slopes within a distance of around 1 km surrounding the crater of Mt. Tangkuban Perahu. Pine forest 

is a secondary forest planted in 1962 for restoration purposes (Perhutani, 2014). Agricultural practices 

date back 30 – 50 years and involve mainly rotations of horticultural crops. The history of land use and 

management was obtained by collecting data from historical land use maps, queries to government 

institutions, and interviews with landowners (Table 2-1). 

  

2.2.2 Site description and soil sampling 

We sampled an anthropo-chronosequence of volcanic soils in the Mt. Tangkuban Perahu and Mt. 

Burangrang, representing deposition age and land use histories as known from geological and 

historical land use maps. Six sites representing different land use (i.e. primary forest, pine forest, 

agricultural land) and lithology (i.e. Qyd, Qyt, Qvu) were selected. In Qyd, land use encompasses 

primary forest (NF-y) and agricultural fields (AG-y). The site of Qyt consists of pine forest (PF-i) and 

agricultural site (AG-i), whereas Qvu covers pine forest (PF-o) and agricultural site (AG-o). All the 

sampling sites were situated on slopes near ± 17˚ and the agricultural sites were under terrace. At 

each site, bulk undisturbed and disturbed core samples were taken at the depths of 0 – 20, 20 – 40, 

and ± 60 – 80 cm. A single composite soil sample was collected for each depth from different walls of 

soil pit, bringing the total number of replicates per land use (forest vs. agriculture) at n = 3.  
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 Table 2-1 Location of sampling sites, land use, slope, altitude, and age of soils 

Coordinates  Slope 

(˚) 

Elevation 

(m) 

Present vegetation and 

management 

Land use history Parent material 

     Lithologyb) Approximate 

age (yrs)c) 

Primary forest (NF-y)a      

6˚46’15.69”S  

107˚37’21.98”E 

15 

 

1710 Altingia excels, Schima 

wallichii, Astronia 

spectabilis, Castanopsis 

argenta, Quercus spp,  

Natural forest Qyd 

(phase C-young 

eruption) 

Holocene  

max. 

8700±200 

Agricultural land (AG-y)      

6˚48’9.00”S  

107˚35’47.60”E 

15 

 

1313 - Annual crops: 

tomatoes, cabbage, 

broccoli, chilly 

- Three crops 

rotation per year 

- Intensive tillage 

- Fertilizer: (1) mix of 

chicken, cow 

manure and rice 

husk = ±76 

Mg/ha/year (2) 

inorganic fertilizer= 

307 kg N ha-1, 307 

kg P ha-1, 307 kg K 

ha-1    

- 1909-1917: degraded 

forest (shrub) 

(Topographical Service 

Batavia, 1941) 

- Ca. 1940-1950: 

Unmanaged plantation 

(possibly coffee).  

Ca. 1970: Intensive 

cultivation (horticulture) 

Qyd 

(phase C-young 

eruption) 

Holocene 

max. 

8700±200 

Pine forest (PF-i)      

6˚47’54.80”S  

107˚37’21.50”E 

18 

 

1343 - Pinus merkusii  

- No fertilizer 

 

- < 1900: Degraded (Dutch 

colonial era: wood 

production) 

- Ca. 1960: Pine forest 

(production forest, pine 

sap/resin capture, locally 

coffee; agro forestry). 

- Ca. 2007: protected 

forest  

Qyt 

(phase A-old 

eruption) 

Holocene 

max. 

8700±200 

Agricultural land (AG-i)      

6˚48’48.60”S  

107˚38’30.30”E 

16 

 

1163 - Annual crops: 

potatoes, broccoli, 

cabbage 

- Max. three crops 

rotation per year 

- Intensive tillage 

- Fertilizer: (1) mix of 

chicken manure 

and rice husk = ±20 

Mg/ha/year (2) 

inorganic fertilizer 

= 144 kg N ha-1, 

144 kg P ha-1, 144 

kg K ha-1 as NPK 

fertilizer 

- 1909-1917: Bamboo 

forest (Topographical 

Service Batavia, 1941) 

- 1940-ca.1980: 

unmanaged plantation, 

possibly coffee.  

- Ca. 1980: Intensive 

cultivation (horticulture) 

 

Qyt 

(phase A-old 

eruption) 

Holocene 

max. 

8700±200 

Pine forest (PF-o)      

6˚45’38.50”S  

107˚31’3.00”E 

18 

 

1128 - Pinus merkusii 

- No fertilizer 

- < 1900: Degraded (Dutch 

colonial era: wood 

production) 

Qvu Holocene 

10000 
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- Ca. 1960: conversion to 

pine forest. Previously 

and locally, pine trees 

with horticulture for 5 

years, then agroforestry 

of pine trees with 

coffee, but because of 

low production, change 

to protected forest 

locally for tourism. 

 

Agricultural land (AG-o)      

6˚46’26.80”S  

107˚31’20.30”E 

14 

 

1132 - Annual crops: 

chayote, cabbage, 

green bean  

- One or two crops 

rotation per year 

- Fertilizer: (1) mix of 

chicken manure 

and rice husk = ± 

18 Mg/ha/year (2) 

inorganic fertilizer 

= 90 kg N ha-1, 90 

kg P ha-1, 90 kg K 

ha-1 

- 1909-1917: Degraded 

forest (Topographical 

Service Batavia, 1941) 

- 1940-ca.1988: 

Conversion to 

unmanaged coffee 

plantation.  

- Ca.1988: Intensive 

cultivation (horticulture)  

 

Qvu Holocene 

10000 

a) -y: young soil age; -i: intermediate soil age; -o: old soil age 
b) Based on Silitonga (1973). Qyd is defined as brownish sandy tuff from Mt. Dano and Mt. Tangkuban Parahu (eruption “C”; 
Van Bemmelen (1934)), which is very porous and contains very coarse hornblende crystals as well as lahar deposit, lapilli 
layers, and breccia; Qyt is tuffaceous sand with lapilli, bombs, scoriaceous lava, angular fragments of dense andesite-basalt, 
and many pumice fragments, mostly from Mt. Tangkuban Perahu (eruption “A”; Van Bemmelen (1934)) and Mt. Tampomas; 
Qvu is undifferentiated old volcanic product consist of volcanic breccia, lahar deposit and repeated interlayer lava. The 
eruption of phase A has older formation than the eruption of phase C (Arifin, 1994; Van Bemmelen, 1949) 
c) Based on (Chartres and Van Reuler, 1985; Kartadinata et al., 2002; Sunardy and Kimura, 1998; Utami et al., 2019) 

 

2.2.3 Physico-chemical analyses 

Selected physical and chemical soil analyses were used to compare soil characteristics among land use 

and deposition age. All analyses were made on air-dried fine earth (< 2- mm) and the fraction > 2 mm 

was accounted as coarse fragments. Bulk density was measured on undisturbed samples taken at 

field-moist condition using the core method (Blake and Hartge, 1986). Particle size analysis was 

achieved after sonication, dispersion with Na+ resin, and raising the pH until 8 – 9 without any 

pretreatment with H2O2 oxidation of organic matter (Bartoli et al., 1991; Delvaux et al., 1989; Rouiller 

et al., 1972). Sand was measured after separating it using wet sieving from the sonicated soil slurries. 

The silt and clay were determined by the pipet method after full dispersion of the < 50 µm by Na+ 

resin. The pH was measured both in H2O and 1 M KCl with a glass electrode pH meter at 1:5 and 1:2.5 

soil:solution ratios, respectively. The total cation exchange capacity (CECT) and cations present on the 

exchange complex were determined using the compulsive exchange method at pH ± 4.1 – 5.3 (Gillman 

and Sumpter, 1986). Phosphate retention was analyzed following method by Blakemore et al. (1981). 

Total carbon contents were measured on bulk soil < 2 mm samples by the dry combustion method at 

1100 – 1450 ᵒC using LECO 928 series carbon/nitrogen analyzer. Total carbon corresponded to OC due 

to the absence of carbonates.  
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Figure 2-1 Lithology map of Mt. Tangkuban Perahu and Mt. Burangrang areas with sample points. 
Simplify from geology map (Silitonga, 1973). 
 

 

2.2.4 Selective extraction data 

Selective dissolution was used to estimate levels of SRO minerals, and -metal-humus complexes. 

Sodium dithionite-citrate-bicarbonate (DCB) was used to extract free iron (Fed) (Mehra and Jackson, 

1958). Sodium pyrophosphate extracted (Fe, Al)-humus complexes (Alp, Fep) (McKeague, 1967). 

Silicon, aluminum, and iron extractable by dark ammonium oxalate (Alo, Feo, Sio) were used to estimate 

allophanic substances and ferrihydrite. Estimating OC bound onto SRO Fe oxide (OCh) was done by 

extraction OC and Fe (Feh) with hydroxylamine hydrochloride (NH2OH.HCl), after removing aqueous 

OC with deionized water. In the various extracts, Si, Al, and Fe concentrations were determined by 

ICP-OESn. The OC concentration of the NH2OH.HCl extracts was determined with a FORMACSHT/TN-I 

TOC-analyser (Skalar, The Netherlands). The OC stock per measured depth was calculated as follow: 

 

𝑂𝐶 𝑠𝑡𝑜𝑐𝑘 (𝑀𝑔 ℎ𝑎−1) =  𝑆𝐷 × 𝐵𝐷 × 10000 𝑚2 × (
𝑆𝑂𝐶

100
)           (Eq. 2-1)

     

Where SD is soil depth (m), BD is bulk density (Mg m-3), SOC is soil organic carbon (%). 

 

2.2.5 Total elemental analysis and quantification of minerals  

Major elements (Si, Al, Fe, Ti, Ca, Mg, K, Na, Mn, P) were measured by ICP-OES Varian 720-ES after 

dissolving the soil samples following the ISO14869-2 procedure. The weathering indices were derived 
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from computing the molar ratios (SiO2 / (Al2O3+ Fe2O3+ TiO2) (Birkeland, 1999), (K+Ca)/Ti (Harrington 

and Whitney, 1987), the chemical index of alteration (CIA = 100%*Al2O3/(Al2O3+CaO+Na2O+K2O) 

(Nesbitt and Young, 1982), and the total reserve in bases (TRB), which sums up the concentrations of 

alkaline and alkaline-earth cations, thus representing both their non-exchangeable and exchangeable 

pools (Herbillon, 1986). Acid-neutralizing capacity (ANC) was calculated at pH reference 3 following 

Brahy et al. (2000): 

 

ANC = TRB + 6(Al2O3) + 6(Fe2O3tot – Fe2O3d)                (Eq. 2-2) 

 

Where TRB is expressed as 2(CaO) + 2(MgO) + 2(K2O) + 2(Na2O) and 6(Fe2O3tot – Fe2O3d) reflects Fe2O3 

content of Fe-bearing silicates. 

 

Identification and semi-quantification of minerals in the bulk soil (< 2 mm) was done using X-ray 

diffraction (XRD) after removing OC with sodium hypochlorite (Anderson, 1961). The samples were 

pulverized until all grains passed a 500 µm mesh sieve. For each sample, a 2 g sub-sample was mixed 

with 20% zincite as internal standard and further micronized (grain size of 10 µm or less) by wet 

grinding with ethanol using a McCrone Micronizing mill. The obtained slurry was dried to obtain a 

powder for XRD analysis with a Bruker D8 ECO Advance apparatus, equipped with a Cu-anode (40 kV, 

25mA) and an energy-dispersive position sensitive LynxEye XE detector. The incoming beam was 

collimated to a fixed beam length of 17 mm. Phases were identified using the DIFFRAC.EVA suite. The 

spectra were interpreted semi quantitatively using the BGMN Rietveld method with Profex version 

4.0 as user interface (Bergmann et al., 1998; Doebelin and Kleeberg, 2015). The amount of amorphous 

material was estimated from the mismatch between the obtained and the real amount of internal 

standard (20% of zincite). 

 

2.2.6 Soil specific surface area 

The specific surface area (SSA) was assessed on samples (< 2 mm). First, OM was removed with 6% 

H2O2 at 80°C, then dried at 100°C under vacuum, from N2 adsorption-desorption at 77°K using a 

Micromeristics Tristar I following the Brunauer–Emmet–Teller (BET) approach. Furthermore, the SSA 

of micropores was evaluated using t-plot analysis (Mayer and Xing, 2001; Sing et al., 1985). 

 

2.2.7 Statistical analysis 

Statistical data analysis was done using IBM SPSS Statistics for Windows, version 27 (IBM Corp., Armonk, N.Y., 

USA). The data was grouped to identify differences in soil properties based on soil deposition ages 

(Qyd vs. Qyt vs. Qvu) (n = 2) and land use (pine forest (n = 2) vs. agricultural land use (n = 3)). As will 

be explained further on putative deposition ages proved inaccurate, evidenced by very limited 

contrasts in the parent materials of these age classes, and so this factor was omitted from the 

statistical analysis. Means of soil properties between land uses were compared using independent 

sample t-tests across all depths or based on total stocks calculated using bulk densities (i.e. SOC stock). 

Relations between geochemical soil properties were investigated by calculating Pearson correlation 
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coefficients for pine forest and agricultural land use classes separately, across depths or per depth 

increment. 

 

 

2.3 Results 

2.3.1 Soil morphology 

The pedons consist of A, AB, and Bw horizons followed by a lithologic discontinuity (i.e. horizon 2AB) 

indicated by darker soil color than the above soil horizon. Soils are deep (> 150 cm), well drained, and 

non-sticky. Field assessment of texture indicated little clay, but high sand and silt content. Distinct 

features occurred in forest sites which had ectorganic layers, dark black surface soil horizons (i.e. 

horizon Ah), and concentration of boulders at depth 84-118 cm at site NF-y (Appendix 2-1).  

 

2.3.2 Soil physiochemical properties 

Major physical and chemical soil properties are presented in Table 2-2. The bulk density was invariably 

below 0.8 g cm-3 in all soil horizons, which had P-retention > 85%, except in NF-y (A, AB), PF-i (A1), AG-

y and AG-i (Ap1). The pHH2O was acidic ranging from 4.08 – 5.91 and did not follow distinct depth 

gradients. The pHKCl was mostly below 5 and was associated with KCl-extractable aluminum (AlKCl) 

contents which increases with the decrease of pHKCl. Delta pH values (pHH2O – pHKCl) in sites NF-y and 

PF-o were < 0.5, indicating the dominance of variable charge constituents while other sites had delta 

pH ± 0.5 – 1.0 which may denote either a large dominance of variable charge or a mix (Uehara and 

Gillman, 1981). Soil pHH2O and pHKCl were higher in the agricultural soils than in pine forest (p < 0.05), 

as well as primary forest soils, coinciding with higher contents of base cations. Exchangeable Ca was 

the dominant base cation in all soils followed by Mg, K, and Na. Base saturation in agricultural soils (> 

100%) was higher than that under pine forest (< 45%) (p < 0.05) and primary forest (< 5%). Low 

amounts of exchangeable basic cations in forest soils were accompanied with substantial AlKCl levels, 

as expected from pHKCl values below 4.7. In all soils, the CECT was generally low regardless of land use 

(5.6 – 10.7 cmol(+) kg-1) and was higher in topsoil than in subsoil. Using the WRB textural classes (IUSS, 

2015), texture is clay in all soil horizons (clay content = 47 – 71%), except in NF-y, A-AB-Bw (loam), AG-

i, Ap1 (loam) and Ap2 (silty clay loam). The OC concentration was clearly higher in the topsoil (0 – 20 

cm), viz. 23.6 – 54.4 g kg-1, and decreased with depth in all soil profiles. In subsoil, the OC concentration 

at pine forest soils and agricultural soils were lower than that in soils under primary forest. In pine 

forest soils, however, OC concentration was invariably lower than that in agricultural soils. Volcanic 

glass was observed in all soils and ranged between 0.1 – 5.4% by grain count. 
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Table 2-2 Selected physicochemical properties in surface and sub-surface horizon of soils 
Depth pH BD O.C Particle-size  

distribution 
Exchangeable cations  CECT BS P-ret. Oxalate Fed

 Feo 

/Fed 

Feh Alp Alp

/ 

Alo 

OCh
 Allo 

+imoa 

Volc. 

glass 

 H2O KCl   Sand Silt  Clay Ca K Mg Na Al    Alo Feo Sio         
(cm) - - g  

cm-3 
g kg-1 % cmol(+) kg-1 % %  g kg-1  % of 

SOC 

% % 

 Primary forest (NF-y)  

0-20 (A) 4.08 3.86 0.77 37.1 42.8 38.50 18.70 0.22 0.03 0.06 0.05 3.64 10.1 4 68.5 3.51 15.50 0.06 7.70 2.01 13.33 3.43 0.98 33.99 0.04 4.5 

20-40 (AB) 4.39   3.94 0.78 26.0 40.0 40.18 19.81 0.13 0.03 0.05 0.04 2.04 7.48 4 71.3 2.34 25.42 0.04 16.92 1.50 23.93 3.52 1.50 34.05 0.03 2.3 

60-80 (Bw) 4.26 4.00 0.65 28.6 29.2 41.28 29.51 0.13 0.01 0.04 0.03 2.06 7.94 3 85.9 4.83 52.43 0.13 42.58 1.23 51.30 2.81 0.58 62.58 0.09 5.4 

 Agricultural land (AG-y)  

0-20 (Ap1) 5.09 4.36 0.67 29.9 8.2 23.58 68.21 7.67 1.29 1.19 0.72 1.08 7.96 137 83.5 14.35 21.08 0.85 42.51 0.50 22.74 26.30 1.83 15.81 0.61 1.3 

20-40 (Ap2) 4.97 4.39 0.66 13.0 3.1 33.84 63.06 5.67 0.12 0.84 1.13 0.75 5.64 137 85.6 16.52 12.95 1.42 36.56 0.35 13.10 19.71 1.19 21.59 1.01 1.8 

60-80 (Bw) 4.80 4.26 0.64 11.2 5.7 32.87 61.43 4.71 0.21 0.64 0.71 1.24 6.21 101 87.9 22.34 18.13 2.26 57.37 0.32 13.64 12.94 0.58 19.51 1.61 1.7 

 Pine forest (PF-i)  

0-20 (A1) 4.54 3.65 0.64 23.6 8.0 24.73 67.27 1.77 0.08 0.59 0.24 4.79 10.7 25 84.9 8.11 11.89 0.45 33.23 0.36 13.44 41.00 5.06 17.47 0.32 1.9 

20-40 (A2) 4.40 3.69 0.61 13.0 6.1 28.44 71.56 0.49 0.05 0.16 0.25 5.59 10.5 9 85.6 10.36 12.15 0.79 40.72 0.30 14.95 32.23 2.97 21.32 0.56 1.9 

70-90 (Bw) 4.44 3.60 0.69 5.9 6.4 29.25 64.35 0.22 0.08 0.06 0.38 5.17 10.1 7 87.4 13.73 21.11 1.36 46.13 0.46 19.74 13.70 1.00 31.45 0.97 0.9 

 Agricultural land (AG-i)  

0-20 (Ap1) 5.40 4.65 0.66 54.4 25.0 47.77 27.24 6.61 0.62 0.93 0.13 0.59 7.44 111 77.8 31.40 12.28 2.37 31.30 0.39 14.16 7.60 0.24 21.38 1.68 1.1 

20-40 (Ap2) 5.75 5.32 0.47 42.6 12.1 52.29 35.62 9.97 0.95 1.75 0.14 0.04 6.00 219 88.1 33.24 12.08 2.66 35.16 0.34 14.81 5.81 0.17 14.17 1.89 1.6 

50-70 (Bw) 5.91 5.50 0.52 26.9 12.5 40.44 47.07 6.99 0.63 1.46 0.17 0.03 5.44 172 90.7 36.40 11.57 3.01 29.47 0.39 15.79 5.07 0.14 22.05 2.14 0.1 

 Pine forest (PF-o)  

0-20 (A1) 4.73 4.57 0.50 33.3 9.5 35.03 55.48 0.74 0.07 0.15 0.06 1.55 6.98 14 91.0 28.45 17.54 2.19 38.42 0.46 22.89 10.12 0.36 29.41 1.55 0.9 

20-40 (A2) 4.88 4.68 0.56 18.2 10.7 42.88 46.63 0.39 0.03 0.11 0.09 1.48 6.43 10 89.3 27.73 17.19 2.22 41.18 0.42 25.88 9.75 0.35 31.60 1.57 1.6 

60-80 (AB) 4.42 4.38 0.60 15.7 10.8 40.38 48.82 0.35 0.03 0.16 0.12 2.30 7.25 9 88.3 25.92 17.51 1.04 39.10 0.45 35.06 9.39 0.36 26.62 0.74 0.9 

 Agricultural land (AG-o)  

0-20 (Ap1) 5.38 4.52 0.65 47.0 14.5 30.59 54.91 10.45 1.55 1.64 0.14 0.30 9.15 151 86.6 17.07 9.68 1.04 28.14 0.34 14.20 9.00 0.53 15.17 0.74 2.0 

20-40 (Ap2) 5.60 4.68 0.61 28.8 12.7 37.27 50.02 6.97 1.62 1.25 0.18 0.10 7.98 126 84.6 15.59 9.46 1.15 28.28 0.33 14.32 8.56 0.55 18.87 0.81 1.9 

60-80 (Bw) 5.77 4.73 0.62 7.8 4.9 32.29 62.81 5.99 1.79 0.97 0.23 0.07 7.44 121 87.7 9.08 7.96 0.81 31.68 0.25 13.03 10.66 1.17 16.15 0.58 1.3 
aAllophane and imogolite = Sio% x 7.1 (Nanzyo et al., 1993a) 
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2.3.3 Total elemental analysis, degree of weathering, and estimation of acid neutralizing capacity 

The NF-y soil horizons were clearly set apart with the highest SiO2 (435 – 699 g kg-1) and SiO2/R2O3 

molar ratio ranging from 4.7 to 8.6 (Table 2-3). In contrast, this ratio was invariably below 2 in all other 

soils, in which SiO2 content ranged from 177 to 361 g kg-1 (Fig. 2-2). SiO2 content was inversely 

proportional to Al2O3, and Fe2O3 contents. Notable concentrations of Al2O3 and Fe2O3 were measured 

in soil horizons under pine forest and agricultural soil with no significant differences between these 

land uses. All soils generally had low total contents of CaO, MgO, K2O, Na2O, with slightly higher levels 

in NF-y soil horizons. Loss on ignition (LOI) was generally high (12.3 to 43.1%), suggesting that these 

soils contained substantial amounts of amorphous phases, organic matter, and water.  

 

The weathering indices using ratios of SiO2/R2O3, (K+Ca)/Ti, CIA, and TRB demonstrated the distinctly 

lower weathering degree of the NF-y soils compared to other soils (Table 2-3). The NF-y soils had 

higher SiO2/R2O3 (4.7-8.9), (K+Ca)/Ti (0.9 – 1.5), and lower Fed/Fet (0.25 – 0.45), and CIA (66 – 71%). In 

contrast, these weathering indices were low and the CIA was high in other sites indicating more severe 

weathering close to the ferralitic domain (Herbillon, 1986). TRB was higher in NF-y (91 – 106 cmol(+) 

kg-1), AG-i (61 – 118.4 cmol(+) kg-1), and, but in lesser extent, AG-o (43 – 99 cmol(+) kg-1), whereas AG-y, 

PF-i, and PF-o contained TRB ranging from 30 – 60 cmol(+) kg-1. Our data further showed that, apart 

from NF-y and AG-y, TRB was always higher in agricultural soils than in their counterparts under pine 

forest. TRB was negatively correlated with clay (r = -0.84). The percentage of non-exchangeable base 

pool relative to TRB reached more than 95% in both primary and pine forest soils, whereas it ranged 

from 72 – 93% in agricultural soils. 

 

Soil ANC ranged from 574.2 – 1387.1 cmol(+) kg-1. The NF-y soil clearly had the lowest ANC compared 

to other soils (574.2 – 600 cmol(+) kg-1). Apart from NF-y, the ANC was comparable between sites 

regardless deposition age. The mean of ANC was found to be slightly higher in the pine forest (1279.8 

cmol(+)) than agricultural soils (1209.9 cmol(+)). Soil ANC was positively correlated to Al2O3 and Fe2O3, r 

= 0.67 and r = 0.68, respectively. 

 

2.3.4 XRD-mineralogy 

Semi quantitative identification of the mineral phase using XRD revealed the dominance of amorphous 

materials in most soils (Fig. 2-3). Amorphous materials in XRD can be defined as all phases that do not 

produce XRD-peaks (Jones et al., 2000). Their content varied across deposition age and land use. The 

lowest amorphous content was found in NF-y soils, particularly in the topsoil (± 25%). Conversely, 

other soils contained more amorphous materials with the largest content in the AG-i (± 64%). These 

observations were also supported by high LOI values and a high Alo+1/2Feo content. Estimated 

contents of amorphous materials were positively correlated with Alo and Alo+1/2Feo (r ± 0.70, p < 0.1) 

(Fig. 2-4), and negatively with SiO2 (r = -0.53). There was generally no clear depth gradient in 

amorphous material content.  
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Figure 2-2 Geochemical classification (i.e. Total Alkali Silica (TAS) diagram) of total elements of SiO2 

(%) in function to Na2O + K2O (%) in all soils. Analyses recalculated to 100% on a volatile free basis. 
 

 

 
 

Figure 2-3 Relative proportions of mineral constituents as inferred by XRD data at each depth in all 
soils. 
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Figure 2-4 Correlations between the means of XRD-amorphous materials and contents of Alo and 
Alo+1/2Feo. Correlation coefficient is applied for pine forest and agricultural soils. 
 

 

As indicated by a broad 0.7-nm peak, 1:1 clay mineral was present in all samples (Fig. 2-5). The 0.7-nm 

peak was only weakly expressed (< 10%) at NF-y, while in contrast the derived 1:1 clay mineral content 

was 12% to as much as 34 % in other sites. High contents of this mineral were detected in the topsoil 

at AG-y and subsoil at AG-o. Minerals from the quartz group, such as quartz, tridymite, and 

cristobalite/opal were present in notable quantities, especially at NF-y (> 30%; sum of the identified 

minerals). Conversely, the proportion of these minerals ranged only between 7% – 14% at other soils. 

Other minerals, such as hornblende, andesine, magnetite, gibbsite, albite, and rutile were detected in 

minor proportions and were not found in all soils. A notable quantity of gibbsite was found at the AG-

i and PF-o (8 – 15%), whereas it was found in small amount in NF-y (0.1 – 0.3%). These minerals also 

showed no clear trend with depth. Grouping the minerals identified by Q-XRD in either primary 

minerals (Albite, Cristobalite, Trydimite, Quartz, Rutile, Andesine, Alunite and Hornblende) or 

secondary minerals (Gibbsite, 1:1 minerals; Magnetite and Hematite) showed clearly higher amounts 

of primary minerals and lower amounts of secondary minerals in NF-y, compared to the other soils. 

 

2.3.5 Soil specific surface area 

Soil SSA and micropores volume did not differ among soils, except for a contrast between NF-y and 

the other soils (Fig. 2-6). Natural forest nevertheless did exhibit a low SSA (8 – 58 m2 g-1) compared to 

pine forest and agricultural soils (66 – 198 m2 g-1). The largest surface area was detected in the subsoil 

of AG-i (198 m2 g-1), in accordance with high contents of Alo and amorphous materials. Most of the 

subsoil had higher SSA than in topsoil. The volume of micropores was between 0 – 19.4 mm3 g-1 and 

large micropore volume was detected in AG-y, AG-i, and PF-o soils. The CBET constant, which relates to 

the affinity of sorption of N2 gas molecules on solid surfaces, ranged from 75 to 213 indicating high 

energy surface sites or the filling of narrow micropores (Thommes et al., 2015). This high value (> 150) 

was detected in most of the soils, except NF-y and AG-o. SSA and micropores volume were positively 

correlated with Alo (r ≤ 0.80; p ≤ 0.1) (Fig. 2-7). 
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Table 2-3 Geochemical characteristics (oxide content, weathering intensity, acid-neutralizing capacity) 

Site Depth Al2O3 SiO2 TiO2 CaO MgO K2O Na2O Fe2O3 MnO P2O5 LOI Weathering index Percentage 

non-exch. 

base pool to 

TRB 

Acid 

neutralizing 

capacity 

(ANC) 

             SiO2/ 

R2O3 

(K+Ca)/

Ti 

CIA TRB Fed/Fet   

  weight %   % cmol(+) 

kg-1 

 % cmol(+) kg-1 

NF-y 0-20 (A) 6.9 59.6 1.4 1.1 0.7 0.7 0.6 4.6 0.0 0.3 24.1 8.6 1.5 66 106.5 0.24 99.7 580.1 

 20-40 (AB) 6.3 69.9 1.9 0.8 0.9 0.6 0.3 7.1 0.1 0.3 12.3 8.9 0.9 71 95.8 0.25 99.7 574.2 

 60-80 (Bw) 4.8 43.5 1.7 0.8 0.9 0.4 0.3 13.5 0.1 0.3 33.8 4.7 0.9 68 90.9 0.45 99.8 599.9 

AG-y 0-20 (Ap1) 23.3 28.7 1.5 0.3 0.5 0.2 0.1 12.7 0.2 0.4 31.4 1.5 0.2 96 38.9 0.48 72.1 1204.0 

 20-40 (Ap2) 22.9 28.7 1.4 0.2 0.4 0.1 0.1 11.3 0.2 0.4 34.0 1.5 0.2 97 33.2 0.46 76.6 1156.7 

 60-80 (Bw) 22.2 30.3 1.3 0.3 0.6 0.2 0.1 10.4 0.2 0.4 33.5 1.7 0.3 96 45.6 0.79 86.2 1156.7 

PF-i 0-20 (A1) 22.6 36.1 1.4 0.6 0.7 0.2 0.2 11.2 0.2 0.4 25.9 1.9 0.7 93 69.1 0.43 96.1 1076.5 

 20-40 (A2) 23.9 30.8 1.6 0.2 0.5 0.1 0.1 13.1 0.2 0.2 28.3 1.5 0.3 97 38.6 0.44 97.5 1212.2 

 70-90 (Bw) 24.2 26.5 1.7 0.03 0.5 0.1 0.1 14.2 0.2 0.2 32.0 1.3 0.1 99 30.0 0.46 97.5 1242.3 

AG-i 0-20 (Ap1) 21.4 25.1 1.3 1.3 1.2 0.2 0.3 11.7 0.3 1.0 35.4 1.4 1.2 88 118.4 0.39 93.0 1248.5 

 20-40 (Ap2) 22.8 18.8 1.3 0.5 0.7 0.2 0.1 11.4 0.2 0.5 42.9 1.0 0.4 95 61.1 0.44 79.0 1295.4 

 50-70 (Bw) 22.6 19.5 1.2 0.5 1.2 0.2 0.1 11.1 0.2 0.3 43.1 1.1 0.5 94 84.3 0.38 89.0 1213.3 

PF-o 0-20 (A1) 24.8 17.7 1.7 0.1 0.5 0.1 0.1 13.5 0.2 0.4 40.6 0.8 0.1 98 34.7 0.41 97.0 1258.7 

 20-40 (A2) 26.4 19.4 1.8 0.2 0.7 0.1 0.1 14.5 0.3 0.4 35.4 0.9 0.2 98 45.2 0.41 98.6 1282.6 

 60-80 (AB) 25.4 24.4 1.7 0.1 0.5 0.1 0.1 13.7 0.3 0.3 32.8 1.1 0.1 99 31.1 0.41 97.9 1387.1 

AG-o 0-20 (Ap1) 21.3 32.4 1.3 1.1 0.9 0.4 0.3 10.0 0.3 0.8 30.4 1.9 1.1 88 99.1 0.40 86.1 1305.9 

 20-40 (Ap2) 21.6 29.7 1.3 0.6 0.7 0.4 0.2 10.8 0.3 0.5 33.6 1.7 0.7 92 71.1 0.38 85.9 1188.9 

 60-80 (Bw) 24.8 33.0 1.5 0.2 0.5 0.4 0.1 12.0 0.3 0.3 26.9 1.6 0.3 96 42.7 0.38 79.0 1279.7 
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Figure 2-5 Powder diffractogram of soil samples (< 2 mm) at depth 0 – 20 cm in forest (bottom) and 
agriculture (top). Peak d-spacing are indicated in nm. Mineral abbreviations: 1:1: 1:1 clay minerals, 
Hbl: hornblende, Trd: tridymite, Alb: albite, Crs: cristobalite, Gbs: gibbsite, Fsp: feldspar, Qz: quartz, 
Rtl: rutile, Alu: alunite, Mag: magnetite. 
 
 

 
Figure 2-6 Depth evolution soil specific surface area (left) and micropores volume (right) in the 
different soils at each site. 
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Figure 2-7 The means of specific surface area and micropores volume as plotted against Alo content in 
all soils. Correlation coefficient is applied for pine forest and agricultural soils. 
 

 

2.4 Discussion 

2.4.1 Verifying the anthropo-chronosequence and soil weathering stage as affected by deposition 

age 

Though soil sampling was based on geological maps and land use data, we verify here whether our 

analytical results confirm or not that the sequence is an anthropo-chronosequence. Clearly, NF-y is an 

outlier in its mineralogical composition, having higher amounts of primary minerals with notably 

higher amounts of Si-rich minerals, and having lower amounts of amorphous material and 1:1 mineral 

but slightly higher amounts of crystalline Fe-minerals (Fig. 2-3). Based on the weathering indices and 

silica oxide contents (Table 2-3), it is also clear that the NF-y soil is less weathered than all other soils. 

The high amount of SiO2 (± 60%) and less Al2O3 (6%) are characteristic of a more siliceous composition 

of the ash. A significant portion of SiO2 content was possibly derived from volcanic glass and other 

silicate minerals (i.e. tridymite, cristobalite and quartz). The low SSA at NF-y further indicates a limited 

degree of physical weathering, which is known to lift the surface area of minerals (e.g. quartz < 

potassium feldspar < anorthite), probably due to the development of internal porosity (Brantley and 

Mellott, 2000). In addition, the coarser texture (± 29 – 40% sand particle), particularly in the topsoil of 

NF-y also denoted a low weathering intensity. Given the divergent mineralogical composition and total 

elements in NF-y soil, it is likely that this soil was influenced by the small-scale, more dacitic, eruption 

of nearby (1.3 km) Mt. Tangkuban Perahu in 1910 (Surmayadi et al., 2011), and that the parent 

material at this site was rejuvenated by younger ash of more siliceous composition. As a conclusion, 

the NF-y soils is developed from another parent material. This means that NF-y should be kept out of 

the comparison between different land uses because NF-y and the rest of soils are in different parent 

materials. 

 

Apart from the different weathering intensity of NF-y soils, all the weathering indices between sites 

including ratios of SiO2/R2O3, (K+Ca)/Ti, Fed/Fet, CIA, and TRB were similar regardless deposition age 
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(i.e. intermediate and old deposition age). The proportion of various identified minerals in the study 

soils, except NF-y, were also comparable. Solleiro-Rebolledo et al. (2015) suggested that the Andosol 

stage remains stable as long as the parent materials still contain sufficient materials to form allophane. 

Indeed, we found that volcanic glass was not exhausted at any of the soils (Table 2-2). The limited 

contrast in weathering between young, intermediate, and old deposition ages of pine forest and 

agricultural soils may be due to the relatively small deposition age differences: i.e. possibly from the 

Holocene to Late Pleistocene, ± 8000 – 10000 yrs old (Table 2-1). Therefore, instead of anthropo – 

chronosequence, the comparable parent materials, and relatively small age differences between sites 

under pine forest and agricultural land, formed a strong base to study the effect of land use 

(anthropocene) on soil properties.  

 

2.4.2 Effects of land use on weathering and acid-neutralizing capacities  

Agricultural soils were detected to have slightly higher (K+Ca)/Ti ratio, TRB, and lower CIA than pine 

forest soils. Another weathering index, ratio Fed/Fet, which is independent from the total content of 

Si, Al, Ca, Mg, Na, K also showed no significant difference between soils in these land use. These results 

indicated the contribution of cropland management on the total base cations and the similar 

weathering intensity between pine forest and agricultural soils. 

 

The TRB followed a sequence AG-y < PF-o < PF-i < AG-o < AG-i < NF-y indicating that the most and least 

weathered soil was found in AG-y and NF-y, respectively. All soils generally have reached an advanced 

weathering stage since fresh andesitic materials can have TRB values as high as 500 cmol(+) kg-1, with 

some being close to ferralitic domain as computed at ≤ 40 – 60 cmol(+) kg-1 (e.g. PF soil) (Herbillon, 

1986) (Fig. 2-8). High rainfall was possibly one of the reasons of advanced weathering stage, similar to 

the recent study by Vander Linden et al. (2021). Higher weathering degrees of pine forests soils based 

on the low TRB possibly links to the effect of deforestation. Clear-cutting  was observed to increase 

export of base cations from forest soils (Richardson et al., 2017). In addition, the acidic condition in 

pine forest soils (pHH2O 4.4 – 4.7) was evidently reflected in increased ‘acid’ cations and decreased 

‘base’ cation contents. On the other hand, different weathering levels on agricultural soils likely occur 

because not all croplands have been equally managed in term of the intensities of tillage, fertilization, 

and type of crops, thus the cultivation age alone is not the sole determinant of weathering stage. 

 

The ability of soil to neutralize net acidification (ANC) is commonly linked to the release of alkaline 

cations through mineral weathering. Since the major component of ANC is TRB, we expected a high 

ANC in cultivated soils. Interestingly, a slightly higher ANC was detected in pine forest soils than 

agricultural soils. A decrease of ANC is linked to net acidification of soil (Van Breemen et al., 1983) 

which causes a significant leaching of Fe, Al, and Mn (Nawaz et al., 2013). However, our study showed 

no significant correlation between ANC and pH, and higher Al2O3 and Fe2O3 contents in pine forest 

than agricultural soils (p < 0.05). This result was also concomitant with the similar amount of base 

cations in the non-exchangeable pool between those soils. The fact that pine forest soil had more 

Al2O3 and Fe2O3, and similar amount of non-exchangeable base cations suggested that not all minerals 

weathered faster at low pH in these soils. 
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Figure 2-8 Plot of molar ratio SiO2/R2O3 versus TRB at each soil depth (0 – 20, 20 – 40, and ± 60 – 80 

cm) of all soils 
 

2.4.3 Effects of land use on soil properties 

Several soil properties were clearly distinct in cultivated soil compared to forest (i.e. excluding NF-y). 

Agricultural soils had a generally higher pH, exchangeable bases, and base saturation (p < 0.05) than 

the pine forest (Table 2-4). Lime and substantial annual input of manure explain the higher pH and so 

the exchangeable bases and TRB, particularly Ca, of the agricultural soils (Table 2-1). Likewise, the 

higher P levels logically derive from substantial annual inputs of fertilizers and manure. Continuous 

nutrient loss through leaching with insufficient replenishment by weathering likely acidified the forest 

soils with consequent lower base saturation. Conversely, higher SOC stock was detected in agricultural 

soils, although not significantly different, in line with the recent study by Ouédraogo et al. (2020). 

Similar effects of agricultural practices on soil properties were also found by Anda and Dahlgren 

(2020), who recently compared cropland and pine forest soils in the same region. Other properties 

that were expected to be equally sensitive to agricultural practices (i.e. master properties) (Kuzyakov 

and Zamanian, 2019) such as bulk density, surprisingly did not differ between forest and cultivated 

soils. Anda and Dahlgren (2020) did find a somewhat lower bulk density in pine forest (0.4 g cm-3) than 

in agricultural soils (0.5 – 0.8 g cm-3) but regardless both studies show that bulk density is inherently 

very low in these soils, as expected for Andosols, with little further effect of land-use. Shoji and 

Takahashi (2002) also confirmed that a low bulk density remains in Andosols even after long-term 

cultivation. 

 

Other than the land-use effects described above, the content of SRO Al (hydr-) oxides (indicated by 

Alo) in agricultural soil was 14% higher than in pine forest, but with limited replication this difference 

could not be statistically demonstrated. Nevertheless, this outcome is well in line with a study of 

Andosols on the Galápagos by Gerzabek et al. (2019) who likewise documented Alo in cropland topsoils 

to be 9% higher when compared to directly adjacent forest from which the agricultural land was 
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developed. Formation of aluminum oxides as a result of agricultural practices in volcanic soils was 

reported by Hernández et al. (2012) as well. Firstly, long term organic amendments were reported to 

increase amorphous Al and pH (Yu et al., 2017; Zhang et al., 2017). These organic amendments would 

promote the formation of short-range order materials possibly due to production of low molecular 

weight organic acids by roots or the degradation of organic amendments (Yu et al., 2017). Secondly, 

deforestation and soil tillage possibly cause an increase of soil temperature (Shen et al., 2018), 

enhancing chemical weathering (Li et al., 2021).  

 

Our study then showed that within similar soil genoforms, a soil phenoform developed over 

agricultural periods in less than 50 years. These phenoforms are expressed in the soil classification by 

either the WRB-qualifier dystric (forest soils) or eutric (agricultural soils). In the agricultural soils, the 

qualifier aric was assigned, but not in forest soils. At the level of soil variables, the soil phenoforms 

were expressed by a difference in attributes such as pH, exchangeable cations, and base saturation. 

The change of these attributes will possibly affect nutrient cycling. Generally, agriculture practices will 

alter the “master properties” to reach their maximum or minimum with time, but the rate of alteration 

is still under discussion (Kuzyakov and Zamanian, 2019). 

 

Table 2-4 Comparison of mean soil properties across all depth in the pine forest and agricultural soils 
(independent samples t-test) 

Soil properties Unit Pine forest (n = 2) Agriculture (n = 3) p-value 

pHH2O - 4.57 ± 1.15 5.41 ± 1.11 0.048  

Exchangeable Ca cmol(+) kg-1 0.83 ± 0.47 7.23 ± 1.05 0.004  

Exchangeable Mg cmol(+) kg-1 0.21 ± 0.09 1.19 ± 0.26 0.016  

Exchangeable K cmol(+) kg-1 0.55 ± 0.02 0.98 ± 0.60 0.057  

Exchangeable Na cmol(+) kg-1 0.19 ± 0.14 0.40 ± 0.36 0.552  

Exchangeable Al cmol(+) kg-1 3.48 ± 2.40 0.47 ± 0.46 0.069  

CECT cmol(+) kg-1 8.66 ± 1.90 7.03 ± 1.30 0.021  

SOC stocka Mg ha-1 63.21 ± 12.51 105.61 ± 33.56 0.200 

Base saturation % 12.51 ± 1.84 142 ± 22.87 0.005  

Alo g kg-1 19.13 ± 11.63 21.78 ± 10.47 0.301  

Alo+1/2Feo % 2.24 ± 1.25 2.60 ± 1.08 0.257  

P2O5 % 0.30 ± 0.14 0.49 ± 0.09 0.141  

Amorphous materials % 47.57 ± 2.18 55.78 ± 7.28 0.231 
a SOC stock is calculated as the sum of OC stock at depths of 0 – 20, 20 – 40, ± 60 – 80 cm 

 

2.4.4 Soil organic carbon and its association with minerals 

The total OC stocks at 0-20, 20-40, and ± 60-80 cm varied in the order of (Mg ha-1): AG-i (139) > NF-y 

(135) > AG-o (106) > AG-y (72) ~ PF-o (72) > PF-i (54). Pine forest soils thus generally had lower SOC 

stocks than agricultural and primary forest soils, in accordance with other studies (Anda and Dahlgren, 

2020; La Manna et al., 2018). The particularly low SOC stocks in pine forest were unexpected because 

usually the more polyphenol and lipid-rich residues from coniferous species give rise to accumulation 

of OM in soil, owing to their inherent low decomposability (McTiernan et al., 2003). The resulting 

ectorganic layers can in turn further limit accumulation of SOC in the underlying mineral soil because 

then plant litter is not completely incorporated. In any case it is striking that there was apparently no 
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OC depletion after conversion from forest to agricultural land-use as otherwise generally expected  

(Murty et al., 2002; Don et al., 2011). It seems improbable that the inputs of OC via manure and 

vegetable crops residues would have sufficed to explain the absence of a contrast in OC content with 

the pine forest soils. In fact, the OC content at AG-y was substantially lower than at AG-i and AG-o, 

although at the former site huge amounts of organic and NPK fertilizers (76 and 2 Mg ha-1 y-1, 

respectively) are being applied. The SOC content is obviously the resultant of the balancing of both OC 

inputs as well as outputs, of which microbially mediated decomposition is by far most important. 

Various mechanisms simultaneously limit OM decomposition in soil, of which sorption onto reactive 

minerals and metals has been long recognized for volcanic soils. More specifically, direct ligand 

exchange between organic functional groups and hydroxylated surfaces on short-range ordered 

mineral phases and the formation of organo-metal complexes have been shown to be very effective 

carbon retention mechanisms in volcanic soils (Basile-Doelsch et al., 2015, 2005; Kleber et al., 2015; 

Lehmann and Kleber, 2015; Sanderman and Kramer, 2017; Tamrat et al., 2019) 

 

In pine forest and agricultural soils, Alo correlated positively with OC content across the different 

sampled depths (Fig. 2-9). This suggests that, as reported by previous studies (Hernández et al., 2012; 

Ouédraogo et al., 2020), association by non-crystalline materials was likely a significant OC 

stabilization mechanism. Alo content also correlated well with SSA and even a bit stronger with 

micropores volume (Fig. 2-7). Soils with high microporosity generally have high CBET (Mayer and Xing, 

2001; Wagai et al., 2009), thus clearly a substantial share of colloidal surface was provided by 

pedogenic Al. The limited microbial accessibility of OM held in micropores on pedogenic oxides has 

been particularly forwarded to raise long-term stability of mineral-retained OM (Zimmerman et al., 

2004). So, we hypothesize that the larger surface and micropore volume provided by the higher Alo 

under agricultural soil in part explains their elevated OC content compared to pine forest soil. A 

likewise promoted formation of Feo by land-use conversion was not observed and the here estimated 

pedogenic Fe-bound C levels remained comparable between pine forest and cultivated soils. The 

interaction between non-crystalline Al and OC was furthermore probably stronger at depth ± 60 – 80 

cm (R2 = 0.89; p < 0.05) than at 0 – 20 and 20 – 40 cm (R2 = 0.46) (Fig. 2-9). The greater of organo-

mineral interaction in subsoil than topsoil was also found by Poirier et al. (2020). Probably, at the 

lower SOC concentrations found in the subsoils (Fig. 2-9), more reactive mineral surface could be 

occupied by the OM, while high OM levels in topsoil may have overloaded the available reactive 

mineral surface, as also suggested by Gulde et al. (2008). Di et al. (2017) also found that in Chinese 

cropland soils with high manure inputs, the potential to store additional SOC declined, which these 

authors attributed to a lower SOC saturation deficit.  
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Figure 2-9 Relation between SOC and Alo content at all measured depths of pine forest and agricultural 
soils (n per depth = 5). Coefficients of determination at depths of 0 – 20, 20 – 40, and ± 60 – 80 cm are 
indicated in black, red, and blue fonts, respectively. 
 
 

2.5 Conclusions and research perspective 

Apart from one rejuvenated volcanic ash soil, the anthropo-chronosequence in our study had 

comparable ages and parent materials, and thus are suitable to determine the effect of human land 

use. The data presented in this study clearly indicate the increase of base cations retention due to the 

decrease of acidification as natural forest is converted into managed ecosystems. Under agricultural 

practices (30 – 50 years), chemical soil properties such as pH, exchangeable cations, and base 

saturation were changed and can be considered to be an expression of soil phenoforms. Strikingly, we 

found no significant loss of OC stock or change in bulk density under agricultural soils. We hypothesize 

that the higher observed Alo, SSA, and micropores volume under anthropogenic sites (i.e. pine forest 

and agriculture) promoted retention of SOC, particularly in the subsoil. The relation between minerals 

and OC may be better clarified by taking into account (i) the rate of mineral weathering, (ii) the 

capacity of soils to absorb OC relative to the OC-input via agricultural practices, and (iii) the OM 

turnover as function of mineralogical properties. 
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Abstract 

 

Land use is recognized to impact soil geochemistry on the centennial to millennial time scale, with 

implications for the distribution and stability of soil organic carbon (SOC). Volcanic soils in tropical 

areas are subject to faster pedogenesis, with also possibly mediated by land use on much shorter 

centennial or even decadal scale. Very scarce observational evidence exists and so such indirect 

implications of land use on SOC cycling are largely unknown. We here investigated SOC fractions, 

substrate specific mineralization (SOC or added plant residue), and net priming of SOC in function of 

forest or agricultural land use on Indonesian volcanic soils. The results showed that the content of 

oxalate-extracted Al (Alo) and amorphous materials correlated well with OC associated with sand–

sized aggregates, particularly in subsoil. The proportion of SOC in sand-sized 400 J ml-1 ultrasonication 

resistant aggregates was found to be higher in agricultural than pine forest soils, likewise the contrasts 

in Alo suggest that enhanced formation of Al-(hydr)oxides promoted aggregation and physical 

occlusion of OC. This was importantly also consistent with a relatively lesser degradability of SOC in 

the agricultural than pine forest soils, though the net priming of SOC and degradability of added 13C-

labelled ryegrass was not found to depend on land use. We expected that amorphous Al content under 

agricultural land use would mainly have promoted mineral-association of SOC compared to under pine 

forest but found no indications for this. Improved small scale aggregation of tropical Andosols caused 

by conversion to agriculture and high carbon input via organic fertilizer may thus partially counter the 

otherwise expectable decline of SOC stocks following cultivation. Such indirect land use effects on the 

SOC balance appeared relevant for correct interpretation and prediction of the long-term C-balance 

of (agro)ecosystems with soil subject to intense development, like this research in tropical Andosols. 

 

Keywords: land use, amorphous aluminum, soil aggregates, SOC mineralization, Andosols 
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3.1 Introduction  

Storage of SOC in terrestrial ecosystems can improve ecosystem services such as soil health, 

agricultural productivity, and climate change mitigation (Baldock, 2007; Lehmann and Kleber, 2015). 

The storage of SOC is influenced by the interaction of ecological processes with net primary 

productivity and heterotrophic respiration usually being most important terms of the SOC balance. 

Land use determines the net-C input to soil and in doing so often bears an overriding control on the 

SOC balance, compared to other drivers of the carbon cycle at ecosystem level. Forest ecosystems 

usually have relatively high net primary productivity compared to agricultural land use (Smith et al., 

2014). The net result of cultivation then typically leads to a decline in SOC stock and increased human–

induced CO2 emission (Don et al., 2011; Wei et al., 2014). The long-term SOC balance of ecosystems 

also depends on the capacity of soils to stabilize newly entering OC against microbial decomposition, 

resulting from heterotrophic respiration. Physical occlusion of OC at the microaggregate scale as well 

as binding of OC onto reactive mineral surfaces constitute two major mechanisms for stabilization of 

SOC (Matus et al., 2014). Soil characteristics such as content of non-crystalline materials, specific 

surface area, clay content and degree of soil micro-aggregation have all been linked to the capacity of 

soils to accumulate SOC (Hernández et al., 2012; Kleber et al., 2015; Mikutta et al., 2009, 2006; Poirier 

et al., 2020). While soil mineralogy itself is thus a well-recognized controller of SOC stabilization 

(Basile-Doelsch et al., 2005; Hernández et al., 2012; Lyu et al., 2021; Tamrat et al., 2019), surprisingly 

little attention has gone into understanding how land use history, through its impact on soil 

geochemistry might in turn indirectly control stability of SOC and OM entering soil.  

 

The geochemistry of the reactive mineral phase of a soil is the resultant of both the composition of its 

parent material and soil weathering status (Mikutta et al., 2009). Weathering status is crucially driven 

by the time since the onset of weathering, local climate and hydrologic conditions, resilience of 

minerals to weathering and vegetation cover (Doetterl et al., 2015). Land use, through its control on 

vegetation, can impact the weathering process by modifying the pH, influencing soil biological activity 

and nutrient levels, and releasing organic complexing compounds (Cronan, 2018; Van Breemen et al., 

1983). On agricultural lands, fertilizer addition and soil disturbance caused by tillage have also been 

reported to significantly enhance weathering (Churchman and Lowe, 2012; Li et al., 2021; Taylor et 

al., 2016). While an extensive and still growing number of studies considered land use impacts on SOC 

stock, soil OM quality and its degradability (Covaleda et al., 2011; Cusack et al., 2013; Huygens et al., 

2005), just very few of them have considered the potential indirect impact of land use on SOC stability 

through its effect on the geochemical properties. Moreover, the coverage remains limited for several 

soil groups, including tropical Andosols. A recent study on the Gálápagos islands demonstrated that 

even after maximum of fifteen years  conversion of native forest to cultivated land strikingly 

accelerated soil weathering (Gerzabek et al., 2019). In particular, formation of secondary minerals 

should impact SOC retention in volcanic soils as their high capacity to do so is acknowledged to emerge 

from abundantly present poorly crystalline Al and Fe oxides. Indeed, Asano and Wagai (2014) 

concluded the importance of short–range order minerals or organo-Al complexes for SOC stabilization 

in Andosols from correlations with OC stock (Miyazawa et al., 2013), mean residence time (reviewed 

by Parfitt (2009)), and by chemical characterization of organo–mineral associations (Basile-Doelsch et 

al., 2007; Mikutta et al., 2009). Next to a large specific surface area, also microaggregation and 

occlusion therein of intra-microaggregate particulate OM (iPOM) is known to grant a degree of 
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protection against its microbial decay (Six et al., 2000a), particularly in Andosols (Asano et al., 2018; 

Asano and Wagai, 2014). Introduction of tillage and removal of permanent vegetative coverage usually 

adversely affect iPOM-induced physical protection (Besnard et al., 1996). However, differences 

between untilled native vegetation or secondary forest on the one hand and tilled cropland might not 

be significant for volcanic soils (Dörner et al., 2012; Huygens et al., 2005; Linlin et al., 2016) as 

abundant nano sized organo–mineral composites overridingly act as binding agents in 

microaggregates in Andosols (Asano and Wagai, 2015). 

 

In Indonesia, the Sunda volcanic arc region (Mt. Tangkuban Perahu and Mt. Burangrang) in West Java, 

was covered by native forest until only about two centuries back but has since then been largely 

replaced by secondary pine forest or agricultural land use. The co-occurrence of native forest, 

secondary forest and agricultural land forms a useful means to understand how land use would 

influence geochemical properties, and impact SOC storage and stability in this Andosol. A first 

objective was to further investigate how cultivation history in this region would have resulted in 

differential soil aggregation and levels of iPOM, and mineral associated OM vs. free relatively 

unprotected OM. We did so by assessing soil OM fractions for a set of 6 Indonesian volcanic soil 

(Cambisols and Andosols) with native forest, secondary pine forest or agricultural land use. A second 

goal was to infer how OM degradability in the topsoil of these tropical volcanic soils itself differs in 

function of forest vs. agricultural land use. Assessing the indirect effect of land use on SOC 

degradability through its mediation of soil mineralogy is, however, complicated by the fact that quality 

of native SOC itself is also function of land use. We therefore assessed the degradability of a single 

model exogenous OM source (13C-labelled ryegrass residues) to see how land use changes affect 

stability of OC in soil. We hypothesize that the enhanced formation of pedogenic short-range order Al 

under agricultural land use, as we previously confirmed (Anindita et al., 2022b), results in a relative 

stabilization of the exogenous OM as compared to native forest or secondary forest. In doing so we 

take account for the well-known phenomenon that labile OC-inputs can accelerate the decomposition 

of native SOC, a process called positive priming (Chen et al., 2014), or conversely restrain 

decomposition of SOC and induce negative priming (Blagodatskaya et al., 2014; Qiao et al., 2014). By 

using a C-isotope mixing model (Werth and Kuzyakov, 2010), the contribution of two different sources 

of CO2 to total emitted CO2 can be distinguished, and therefore, the carbon mineralization derived 

from exogenous OM (i.e. ryegrass) and native SOC can be estimated. 

 

 

3.2 Materials and methods 

3.2.1 Site description and soil sampling 

Our study covered soils from the Mount Tangkuban Perahu and Mount Burangrang regions that are 

part of the Sunda Volcanic complex in West Java, Indonesia. Six sites were selected to represent the 

dominant land use types in the area, viz. primary forest (NF-y), pine forest (PF-i and PF-o) and 

horticulture (AG-y, AG-i, and AG-o) (Fig. 1-2). The mean annual temperature in the study sites is 19–

21°C and mean annual precipitation ranges around 2000–3000 mm per year. Soils at sites NF-y and 

PF-i are andic Cambisols and at the PF-o, AG-y, AG-i, AG-o sites aluandic Andosols (Anindita et al., 

2022b). All soils contain non-crystalline materials and crystalline minerals, i.e. quartz, cristobalite, 
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tridymite, gibbsite, albite, hornblende, 1:1 clay minerals (Anindita et al., 2022b). The proportion of 

primary minerals is higher in the younger NF-y soil as it is closer (within 1.5 km) to the crater of Mt. 

Tangkuban Perahu and received ash more recently. The pine forest and agricultural sites were 

originally all under the primary forest vegetation. At PF-i and PF-o, secondary forests were planted in 

1962 for restoration purposes, following earlier deforestation. Agricultural land use at AG-y, AG-i, and 

AG-o dates back to just 30–50 years ago with mainly diverse horticultural crop rotations with crops 

potatoes (Solanum tuberosum), cabbage (Brassica oleracea), green bean (Phaseolus vulgaris), 

tomatoes (Solanum lycopersicum), and chayote (Sechium edule). Detailed information about land use 

history, and land management are given in (Anindita et al., 2022b). 

 

At every site, soil samples were taken at 0–20, 20–40, and 60–80 cm depth. At each depth, the bulk 

samples were mixed into composite ones, which were then dried to the air, homogenised and sieved 

(< 2 mm) until further analysis at the Dept. of Environment of Ghent University (Belgium). The pH H2O 

was measured using a glass electrode pH meter in a 1:5 soil solution slurry. The estimated clay content 

was determined using the pipet method after full soil dispersion with Na+–resin (Bartoli et al., 1991), 

after testing several other procedures for soil texture analysis that proved incompatible with the 

investigated set of volcanic soils. The concentrations of total C and N were determined by dry 

combustion at 1100°C using a LECO 928 series CN-analyser. Aluminum extracted by 0.1 M 

pyrophosphate solution (Alp) was taken as measure of complexed Al to OM (McKeague, 1967). Iron 

and aluminum extractable by ammonium oxalate (Alo, Feo) were used as estimates of X-ray amorphous 

Al and Fe. We previously quantified crystalline minerals using X-ray diffraction analysis. The amount 

of amorphous materials undetectable by X-ray diffraction was semi-quantitatively estimated from the 

difference between the obtained and the real amount of internal standard (Zincite 20%) after semi-

quantification of crystalline minerals using BGMN Rietveld and Profex as user interface. Soil specific 

surface area (SSA) was assessed from adsorption-desorption of N2 at 77°C following Brunauer–

Emmett–Teller (BET) approach. Detailed methods and the results of geochemical analyses of the 

samples were documented in (Anindita et al., 2022b) Selected physicochemical soil properties are 

given in Table 3-1. More detailed information of geochemical soil properties can be found in (Anindita 

et al., 2022b). 

 

Table 3-1 Physicochemical soil properties of 6 sampled soil profiles in the Sunda Volcanic complex in 
West Java, Indonesia (partly taken from (Anindita et al., 2022b)) 

Depth pH 

H2O 

BDa OC stocka δ13C C/N  

ratio 

Clay NH4-oxalate 

extractable 

Alpa SSAa Amorphous 

materials 

Land use & estimated annual  

C-inputsb 

       Aloa Feo
a     

(cm) (-) (g cm-3) Mg ha-1 ‰ - % mg g-1 mg g-1 m2 g-1 g kg-1  

Primary forest (NF-y)           

0–20 4.1 0.77 56.9 -27.0 15.1 18.70 3.5 15.5 3.4 9 288 Natural vegetation (estimated 

plant C input: 6.7 – 12.2 Mg ha-1 

yr-1) 

20–40 4.4 0.78 43.1  20.2 19.81 2.3 25.4 3.5 27 254 

60–80 4.3 0.65 37.4  20.0 29.51 4.8 52.4 2.8 69 378 

Agriculture (AG-y)           

0–20 5.1 0.67 40.2 -13.6 18.2 68.21 14.4 21.1 26.3 114 548 Intensive horticulture ± 50 years 

(estimated plant C input = 1.8 

Mg ha-1 yr-1, organic fertilizer C- 

input = 11.5 Mg ha-1 yr-1) 

20–40 4.9 0.66 17.3  11.9 63.06 16.5 13.0 19.7 125 523 

60–80 4.8 0.64 14.4  10.8 61.43 22.3 18.1 12.9 134 547 

Pine forest (PF-i)           

0–20 4.5 0.64 30.4 -24.3 10.8 67.27 8.1 11.9 41.0 91 471 Pine forest 
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20–40 4.4 0.61 15.9  10.2 71.56 10.4 12.2 32.2 117 429 (estimated plant C input: 3.6 – 

9.1 Mg ha-1 yr-1) 70–90 4.4 0.69 8.1  10.0 64.35 13.7 21.1 13.7 124 481 

Agriculture (AG-i)           

0–20 5.4 0.66 71.4 -15.4 14.7 27.24 31.4 12.3 7.6 48 623 Intensive horticulture ± 40 years 

(estimated plant C input = 1.6 

Mg ha-1 yr-1, organic fertilizer C-

input = 6.42 Mg ha-1 yr-1)  

20–40 5.8 0.47 39.6  17.9 35.62 33.2 12.1 5.8 128 645 

50–70 5.9 0.52 28.1  16.9 47.07 36.4 11.6 5.1 185 650 

Pine forest (PF-o)           

0–20 4.7 0.50 33.0 -24.2 12.6 55.48 28.5 17.5 10.1 107 497 Pine forest 

(estimated plant C input: 3.6 – 

9.1 Mg ha-1 yr-1) 

20–40 4.9 0.56 20.4  12.2 46.43 27.7 17.2 9.8 145 506 

60–80 4.4 0.60 18.8  11.9 48.82 25.9 17.5 9.4 127 447 

Agriculture (AG-o)           

0–20 5.4 0.65 61.1 -24.0 10.5 54.91 17.1 9.7 9.0 74 531 Horticulture < 30 years 

(estimated plant C input = 0.98 

Mg ha-1 yr-1, organic fertilizer C-

input = 6.8 Mg ha-1 yr--1) 

20–40 5.6 0.61 35.0  9.8 50.02 15.6 9.5 8.6 91 502 

60–80 5.8 0.62 9.7  8.4 62.81 9.1 8.0 10.7 108 460 

a BD = bulk density; OC = organic carbon; Alo = aluminium extracted by NH4-oxalate; Feo = iron extracted by NH4-oxalate; Alp 

= aluminum extracted by Na-pyrophosphate; SSA = specific surface area 
b C-inputs from vegetation (forest or annual crops) and organic amendments. Forest C-inputs estimated from studies on 
Indonesian pine forest (Bruijnzeel, 1985) and Indonesian tropical primary forest (Guillaume et al., 2018; Hertel et al., 2009). 
Crop C-inputs based on farmer interviews and SSB & UGhent (2008). C-inputs from organic amendments were based on 
farmer interviews and lab-analyses.   
 

3.2.2 Soil organic matter fractionation 

Soils were fractionated using size, density and chemical separation steps according to a modified 

version of a fractionation scheme proposed by Zimmermann et al. (2007) (Fig. A3-1 in Appendix 3). 

This procedure separates SOC into five pools, namely into i) OC contained in soil aggregates and 

associated with sand (S+A), ii) in free particulate organic matter (POM), iii) in water dissolvable OC 

(DOC), iv) in oxidizable OC associated with the silt and clay (s+c – rSOC) fraction, and v) in a chemically 

resistant SOC (rSOC) pool. Briefly, 30 g of equivalent dry soil (< 2 mm) was initially dispersed in water 

by a calibrated ultrasonic probe with an output energy of 22 J ml-1. The resulting slurries were wet-

sieved over a 63 µm sieve and rinsed with deionized water until the rinsing water became clear. In the 

original Zimmermann et al. (2007) method the > 63 µm fraction is further separated into S+A and POM 

based on density differences using sodium polytungstate at 1.8 g cm-3. However, several samples could 

not be well separated into free OM on the one hand and predominantly mineral material of the S+A 

fraction on the other. After pre-tests we instead used a 1.5 g cm-3 sodium polytungstate solution to 

separate free POM from the S+A soil fraction, as per Cerli et al. (2012)’s advise to per soil optimize 

density cut-off for best separation of free and occluded POM. A subsample of the < 63 µm suspension 

(± 10 ml) derived from the wet sieving step was filtered through a 0.45 µm nylon membrane filter. The 

filtrate was analyzed for its dissolved OC concentration using a HT-I Formacs TOC-analyzer (Skalar, The 

Netherlands). The DOC pool was calculated by multiplying this OC concentration with the volume of 

flush water used in the preceding wet sieving step. The < 63 µm suspension was dried at 40°C and 

weighted to constitute the overall silt+clay (s+c) fraction. A chemically inert share of the SOC (rSOC) 

was isolated by subjecting the s+c fraction to oxidation by 6 % NaOCl. To this end, one gram of s+c 

material was weighted inside a 65 ml Nalgene centrifuge tube and 50 ml 6 % NaOCl adjusted to pH 8 

was added and allowed to react for 18 h at 25°C. After centrifugation, remnant NaOCl was discarded 

by decantation. This procedure was repeated three times, the pellet was washed three more times 

with deionized water, transferred to a pre-weighted aluminum cup, dried at 40°C and weighted. The 
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obtained S+A fraction remains composite as it contains s+c associated OC next to occluded POM. In 

addition to the original scheme proposed by Zimmermann et al. (2007) and Poeplau et al. (2013), a 

further fractionation of the S+A into s+c and POM and sand-associated OM was included: A 3 g 

subsample of the obtained S+A fraction was further dispersed by ultrasonication at 400 J ml-1 and then 

separated into two size fractions by passing the obtained slurries over a 63 µm sieve. The obtained < 

63 µm fraction contains s+c OM and the > 63 µm fraction primarily occluded POM and sand-bound 

OM contained in S+A as well as OM contained in > 63 µm aggregates resistant to dispersal at 400 J ml-

1. The S+A and s+c fraction was further on considered as to constitute a single joint OM fraction with 

s+c obtained after the first 22 J ml-1 and 63 µm sieving step. All fractions were analyzed for their carbon 

concentration using a LECO 928 series CN-analyzer.  

 

3.2.3 Soil incubation experiment and isotopic signature measurements 

Soils were incubated in a standardized way to compare degradability of a model plant-C substrate and 

SOC in the topsoil (0 – 20 cm) of the 6 considered sites. Decomposition of either substrate was derived 

by regular measurement of the soil CO2 efflux and inference of its δ13C signature. Soil mesocosms were 

prepared by repacking approximately 150 g of soil (depending on bulk density) into PVC tubes 

(diameter: 6.8 cm, height: 7 cm) to reach a height of 6.2 cm and bulk density as encountered at the 

field sites, around 0.6 g cm-3. Soil moisture content was set to 50 % water–filled pore space by addition 

of deionized water. A 13C-labelled plant-substrate, i.e. pulse-labelled ryegrass (Lolium perenne) with 

δ13C of +54.25 ± 0.3‰ (n = 6), and C and N contents 43.9±0.5% and 4.3 ± 0.3% (n = 3), yielding a C:N 

ratio of 10±0.5, was applied at a dose of 1 g kg-1 (0.44 g C kg-1). The contrast in δ13C with SOC (Table 3-

1) allowed to distinguish emitted CO2 into parts stemming from either native SOC or grass-C 

mineralization. The δ13C of topsoil (expressed as δ13C value (‰) vs. the international Vienna Pee Dee 

Belemnite standard) was measured using a PDZ Europe ANCA-GSL elemental analyser, interfaced with 

a Sercon 20–22 IRMS with SysCon electronics (SetCon, Ceshire, UK).  

 

Soils were incubated at 20°C for 120 days. On days 1, 3, 5, 8, 12, 17, 24, 32, 38, 47, 59, 73, 87, 101, 

111, 120 soil CO2 emission was inferred by measuring CO2 build-up in a cylindrical closed-chamber 

attached consecutively on top of each PVC tube for at least 10 min. The evolution of the headspace 

CO2 concentration and its δ13C was measured every 4 sec by connecting the closed-chamber with a 

cavity ring-down spectrometer (G2201-i CRDS isotopic CO2 analyser, Picarro, USA) in a loop via Teflon 

tubing. Soil CO2 efflux rate in mg C kg-1 h-1 was calculated from the slope of the accumulating CO2 

concentration in function of time using the ideal gas law. The δ13C of emitted CO2 was estimated from 

the y-axis intercept of derived Keeling plots (Keeling, 1958). The fraction of CO2 derived from grass 

was calculated using the following equations introduced by Werth and Kuzyakov (2010): 

 

𝑓𝑔𝑟𝑎𝑠𝑠−𝐶𝑂2 =
𝛿13𝐶𝑡𝑜𝑡𝑎𝑙−𝐶𝑂2− 𝛿13𝐶𝑆𝑂𝐶−𝐶𝑂2

𝛿13𝐶𝑔𝑟𝑎𝑠𝑠−𝐶𝑂2− 𝛿13𝐶𝑆𝑂𝐶−𝐶𝑂2
              (Eq. 3-1) 

 

𝛿13𝐶𝑔𝑟𝑎𝑠𝑠−𝐶𝑂2 = 𝛿13 𝐶𝑔𝑟𝑎𝑠𝑠 −  ɛ𝑔𝑟𝑎𝑠𝑠             (Eq. 3-2) 

 

𝛿13𝐶𝑆𝑂𝐶−𝐶𝑂2 = 𝛿13𝐶𝑆𝑂𝐶 − ɛ𝑆𝑂𝐶               (Eq. 3-3) 
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with ɛSOC (in ‰) the net C-isotopic fractionation resulting from native SOC mineralization and diffusive 

CO2 transport in soil until its efflux into the headspace air. The ɛSOC was obtained from CO2-efflux 

monitoring parallel triplicate sets of control soils without grass added. A third parallel set of soils were 

amended with a very high dose of grass (viz. 6 g kg-1 added grass, i.e. about 4 t C ha-1) to estimate ɛgrass. 

This value was operationally calculated by subtracting δ13Cgrass from the peak CO2 emission δ13C-CO2 

of soil with 6 g kg-1 grass under the assumption that virtually any emitted CO2 was then derived from 

grass mineralization. 

 

Using Eq. 3-1, 3-2 and 3-3 the fraction of emitted CO2 derived from grass-C mineralization was 

calculated per soil and per point in time. The rate of grass-C mineralization (Cgrass-min, in mg C kg-1 h-1) 

for each measurement day was calculated by multiplying the fgrass value with the total CO2 emission. 

The rate of SOC mineralization (CSOC min, in mg C kg-1 h-1) was calculated by subtracting the rate of 

Cgrass-min from the total CO2-C emission rate. Cumulative CO2 emissions derived from native SOC-C and 

grass-C were obtained by consecutively summing up CSOC-CO2 and Cgrass-CO2 respectively per time 

increment between flux measurements. The % of mineralized CSOC was then derived from dividing CSOC-

CO2 by CSOC. 

 

3.2.4 Statistics 

2-way ANOVA was used to compare the distribution of OC over soil fractions and soil properties with 

depth increment and land-use as fixed factors. For individual increments (0 – 20, 20 – 40, and ± 60 – 

80 cm) additional t-tests were used as well to test for differences between pine forest and agricultural 

land use. For the total cumulative carbon mineralization, grass and native C -mineralized, and net 

cumulative priming of native SOC, the comparison was only at depth 0 – 20 cm by t-tests between the 

pine forest and agricultural soil groups. The primary forest was excluded from this comparison due to 

its different parent materials as found in previous study (Anindita et al., 2022b). Pearson correlation 

coefficients were used to investigate relations between soil carbon fraction, carbon mineralization, 

and geochemical properties for pine forest and agricultural soils at each measured depth. Analyses 

were completed in IBM SPSS Statistics 27. 

 

 

3.3 Results 

3.3.1 Organic carbon in soil fractions 

From all soils, a greater part of soil material was found as s+c fraction (± 73%) (Table 3-2). There were 

particularly large proportions of s+c in the PF-i, PF-o, and AG-o soils (> 80%). Conversely, in the AG-i 

at depths of 20 – 40 and ± 60 – 80 cm, the S+A fraction was the largest (64 – 66%). The OC 

concentration of soil fractions decreased in the order: POM > s+c (including rSOC) > S+A > DOC and 

was generally higher at the depth of 0 – 20 than 20 – 40 and ± 60 – 80 cm. The mean OC concentration 

of the S+A fraction was higher under agricultural than pine forest soils (p < 0.05), particularly at depth 

0 – 20 cm of agricultural land use (36.8 ± 10 g C kg-1 fraction). The OC concentration of s+c and s+c – 

rSOC were generally higher in the agricultural compared to the pine forest soils (p < 0.1), but there 

was no significant difference in rSOC fraction between these land uses. On the other hand, in primary 
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forest, the OC concentration in s+c fraction was generally higher than in S+A fraction. The size of the 

DOC fraction was negligibly small (± 0.002 g C kg-1 fraction) in all soils and was further disregarded. The 

mean total SOC content in all fractions was higher in agricultural soils (29.6 ± 15.7 g C kg-1 soil) than 

pine forest (16.3 ± 8.04) (p < 0.05).  

 

Overall, the bulk of SOC across depths was present in the s+c (± 78%) with higher proportion in rSOC 

(± 44%) than in the s+c - rSOC (± 35%) fraction, followed by S+A (± 21%) and POM (± 2%) fractions (Fig. 

3-1). The mean OC content in the S+A fraction were higher in the agricultural (11 ± 10 g C kg-1 soil) 

than pine forest soils (1.5 ± 0.6 g C kg-1 soil, respectively) (but only at p = 0.09). Likewise, its relative 

contribution to SOC was larger in the agricultural soils (31.7 ± 25% of SOC) compared to pine forest 

soils (9 ± 1.5% of SOC) (but only at p = 0.08). In the upper layer of the agricultural soils, a large share 

of the SOC was present in the S+A fraction of AG-i at the depths of 0 – 20 cm (22.3 g C kg-1 soil) and 20 

– 40 cm (30.6 g C kg-1 soil). The s+c followed an opposite trend with a larger SOC proportion under 

pine forest (89 ± 2.1% of SOC) than under agricultural land-use (68 ± 24.4% of SOC) (though only at p 

= 0.08). The mean resistant SOC (rSOC) fraction accounted for approximately a third to half of SOC and 

its proportion was likewise higher under pine forest (52.1 ± 4.6%) than agricultural land use (34.3 ± 

5.8) (p < 0.01). Free POM contributed on average less than 5 % of SOC. The occasional low POM C-

concentrations (Table 3-2) indicate that some mineral matter was left in the isolated POM fraction. 

However, given its very small mass proportion (median 0.1%), this artefact has negligible further 

impact on the overall distribution of SOC across soil fractions. The SOC proportion of free POM (% of 

SOC) was generally higher under pine forest than agricultural land use, but they did not differ 

significantly. For the primary forest, the proportions of SOC at all depths were found to be higher in 

order: rSOC > s+c – rSOC > S+A > POM > DOC fractions. 

 

Table 3-2 Mass proportion, C concentration, and total content of SOC contained in soil fractions 
isolated by a modified version of the Zimmermann et al. (2007) method. 
Depth 

(cm) 

Soil mass 

proportion (%) 

 C concentration (g kg-1 fraction)  Amount of C (g kg-1 soil) 

 POM S+A s+c  POM S+A s+c DOC  POM S+A s+c Total SOC  

in bulk soil 

       s+c - rSOC rSOC     s+c -rSOC rSOC  

Primary forest (NF-y)              

0–20 0.2  37.6  62.2   412.5  4.6  31.1  30.5  1.0   0.9  1.7  19.4  18.9  37.1 

20–40 1.1  31.0  67.9   393.0  2.9  12.9  24.9  0.7   4.4  0.9  8.8  16.9  26.0 

60–80 0.1  27.3  72.6   367.5  12.9  16.0  36.3  0.8   0.5  3.6  11.5  26.3  28.6 

Agriculture (AG-y)              

0–20 0.1  39.6  60.3   206.0  32.2  12.7  17.8  1.5   0.1  12.8  7.7  10.7  29.9 

20–40 0.04  34.8  65.2   63.7  15.5  6.6  9.5  0.3   0.02  5.4  4.3  6.2  13.0 

60-80 0.04  30.5  69.4   15.6  12.2  5.8  7.6  0.4   0.01  3.7  4.0  5.2  11.2 

Pine forest (PF-i)              

0–20 0.1  9.2  90.7   227.0  11.5  12.2  9.8  1.9   0.3  1.1  11.1  8.9  23.6 

20–40 0.1  16.5  83.5   162.0  11.6  5.6  7.1  1.0   0.1  1.9  4.7  6.0  13.0 

70–90 0.0  7.1  92.9   103.6  3.6  2.9  4.1  0.4   0.1  0.3  2.7  3.8  5.9 

Agriculture (AG-i)              

0–20 0.1  45.7  54.2   350.0  48.7  26.7  36.1  0.6   0.2  22.3  14.5  19.6  54.4 

20–40 0.04  66.3  33.7   401.0  46.2  16.1  31.4  1.1   0.04  30.6  5.5  10.6  42.6 

50–70 0.03  64.1  35.8   587.5  26.3  10.4  19.7  0.8   0.1  16.9  3.7  7.1  26.9 

Pine forest (PF-o)              

0–20 0.4  16.3  83.3   188.3  19.0  12.9  17.6  1.7   0.8  3.1  10.8  14.6  33.3 
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20–40 0.2  15.5  84.3   148.7  10.3  7.4  10.4  1.5   0.2  1.6  6.2  8.8  18.2 

60–80 0.1  11.5  88.4   135.6  9.6  3.3  8.0  1.1   0.1  1.1  2.9  7.1  15.7 

Agriculture (AG-o)              

0–20 0.2  9.2  90.6   420.7  29.6  21.7  17.2  1.8   0.8  2.7  19.7  15.6  47.0 

20–40 0.2  8.2  91.6   311.3  19.0  14.4  12.5  1.3   0.5  1.6  13.2  11.5  28.8 

60–80 0.04  4.6  95.4   92.6  7.1  7.0  3.0  1.2   0.1  0.3  6.7  2.8  7.8 

 

 

 
Figure 3-1 The distribution of OC over soil fractions obtained by a modified version of the Zimmerman 
et al. (2007) procedure for 6 sampled soil profiles at each depth of 0 – 20, 20 – 40, ± 60 – 80 cm in the 
Sunda Volcanic complex in West Java, Indonesia. Vertical bars indicate standard deviations for three 
lab-replicates (n = 3) 
 

3.3.2 C:N ratio, amorphous aluminum and iron in the sand-aggregates (S+A) and silt-clay (s+c) 

fractions 

The ratios of C:N at 0 – 20, 20 – 40, and ± 60 – 80 in S+A fraction ranged from 9.5 – 19.6, 9.1 – 19.8, 

and 7.3 – 18, respectively, similar to C:N ratios in s+c fraction, 9.3 – 15.5, 8.1 – 19.8, and 7.5 – 20.1, 

respectively (Table 3-3). Their mean values did not differ. The S+A C:N-ratio was generally higher in 

the agriculture than in the pine forest soils (p = 0.07). The content of Alo at all depths varied between 

1.5 to 56.6 g kg-1 and 3.2 to 46.6 g kg-1 in the S+A and s+c fractions, respectively, whereas Feo ranged 

from 9.6 to 34.3 g kg-1 and 7.6 to 74.2 g kg-1 in the S+A and s+c fractions, respectively. A much lower 

content of Alo in s+c and S+A fractions in NF-y soil compared to all other soils was in line with its 

distinctive total elemental composition previously reported by (Anindita et al., 2022b). The mean Alo 

content in S+A fraction was generally higher under agriculture (28.9 ± 20.8 g kg-1) than pine forest 

(20.9 ± 14.6 g kg-1) (though only at p = 0.09). Meanwhile, the Alo content in s+c fraction was similar 

between agriculture and pine forest soils. The Feo contents in S+A and s+c fraction were generally 

higher under pine forest than agricultural soils, particularly at depth 20 – 40 and ± 60 – 80 cm, with no 

significant difference. For the primary forest, the C:N ratio of S+A fraction was slightly higher than in 
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s+c fraction at 0 – 20 cm, but slightly lower at 20 – 40 and ± 60 – 80 cm depths. The Alo and Feo contents 

in primary forest were higher in the s+c than S+A fractions at all depths. 

 

Table 3-3 Ratio of C:N, oxalate extractable-aluminum (Alo) and iron (Feo) in S+A and s+c fractions 
Depth S+A fraction s+c fraction 

 C:N ratio Alo Feo C:N ratio Alo Feo 

  g kg-1  g kg-1 

Primary forest (NF-y)      

0 – 20 16.5  1.7  17.5  15.5  4.2  26.6  

20 – 40 18.6  1.7  28.1  19.8  3.2  39.3  

60 – 80 15.0  1.5  20.0  20.1  7.6  74.2  

Agriculture (AG-y)      

0 – 20 18.7  19.9  30.1  17.0  18.6  31.9  

20 – 40 12.1  25.7  24.0  11.1  19.3  16.5  

60 – 80 11.0  29.4  22.1  10.6  26.5  20.5  

Pine forest (PF-i)      

0 – 20 9.5  11.0  19.9  9.3  11.1  15.8  

20 – 40 9.1  15.3  21.1  8.9  15.3  20.3  

70 – 90 7.3  10.2  28.5  9.7  16.7  29.8  

Agriculture (AG-i)      

0 – 20 19.6  44.8  11.8  11.7  44.5  13.7  

20 – 40 19.8  53.0  11.0  15.6  45.7  10.2  

50 – 70 18.0  56.6  9.6  16.2  46.6  7.6  

Pine forest (PF-o)      

0 – 20 12.0  34.6  24.9  11.2  37.1  21.6  

20 – 40 10.5  28.5  27.9  10.7  34.9  20.2  

60 – 80 10.6  10.6  26.1  10.0  28.1  21.9  

Agriculture (AG-o)      

0 – 20 12.6  21.7  27.4  9.4  22.0  14.0  

20 – 40 9.5  23.1  34.3  8.1  21.6  15.3  

60 – 80 7.5  16.1  33.5  7.5  14.5  22.7  

 

 

3.3.3 Correlations between SOC fractions and selected chemical properties. 

The proportion of several of the isolated SOC fractions correlated to some of the geochemical soil 

properties (Fig. 3-2). By considering only pine forest and agricultural soils, the SOC proportion of the 

S+A fraction was positively correlated with Alo (in bulk soil as well as in the S+A fraction) and content 

of amorphous materials, particularly at depth of ± 60 – 80 cm (p < 0.05), and C:N ratio of S+A fraction 

at all depths (p < 0.05). These soil properties were also positively correlated with the amount of OC in 

S+A fraction (g C kg-1 soil) and OC concentration in S+A fraction (g C kg-1
 fraction). The SOC proportion 

in s+c fraction was detected to positively correlate with Feo s+c fraction at depth of ± 60 – 80 cm (p < 

0.05), but the amount of OC in s+c fraction (g C kg-1 soil) and OC concentration (g C kg-1 fraction) in s+c 

fraction correlated negatively to Feo s+c fraction at all depths. The proportion of rSOC in s+c fraction 

(i.e. rSOC / s+c x 100) correlated positively to micropores volume at 0 – 20 and 20 – 40 cm, (r = 0.7 and 

r = 0.86, respectively), and to SSA at  20 – 40 cm (r = 0.9) (p < 0.05).   



52 
 

 
 
Figure 3-2 Scatter plots of the SOC proportion of the S+A fraction and the amounts of Alo (in bulk soil 
and sand-aggregate fraction) and amorphous materials. Symbols and Pearson correlation coefficients 
are in black, red, and blue represent correlations at depths of 0 – 20, 20 – 40, and ± 60 – 80 cm, 
respectively. Sites under agriculture and pine forest are indicated by ▲ and ●, respectively (n per 
depth = 5). 
 

 

3.3.4 Carbon mineralization experiment 

3.3.4.1 Gross soil carbon mineralization 

Across all sites, carbon mineralization (C-min) rates were highest for AG-i and AG-o and peaked already 

during the first day of incubation, while for the other soils rates peaked at day 3 or 5 only. After day 

38, the C-min rates stabilized across time. The cumulative total CO2-C emission and derived amount 

of C-mineralized (SOC + ryegrass) generally followed a sequence NF-y < AG-y < AG-i < PF-i < AG-o < PF-

o. Pine forest soils displayed higher cumulative C-min than agricultural soils (p < 0.05). Overall, the 

120-day cumulative C-min was 194–419 mg kg-1 higher in soil with grass added than without (Fig. 3-

3).  

 

3.3.4.2 Grass C-mineralization 

The Cgrass-min rates peaked within 12 days after the start of the incubation, and they dropped 

thereafter to just half to one third of the initial rates. The Cgrass mineralization rate was conspicuously 

high on the first day of incubation in soils AG-i and AG-o, whereas for the other soils mineralization 

peaked on day 5 only. From day 38 onwards, the Cgrass-min rate had become more or less similar in all 

six sites. By the end of the 120-days incubations, 22 – 38% of the added ryegrass had been mineralized 

(Fig. 3-4). The highest cumulative Cgrass-min was found for PF-o (389 mg kg-1), followed by AG-i > AG-o 

≈ PF-i ≈ AG-y > NF-y. There were no significant differences in Cgrass-min between the sets of agricultural 

and pine forest soils.  

 

3.3.4.3 Native SOC mineralization 

Mineralization of SOC (CSOC -min) contributed more to gross soil C mineralization than Cgrass -min did. 

There were large differences in CSOC -min between the 0-20 cm soil layers of the six sites. By the end 

of the incubation, the highest cumulative amount of SOC mineralized was found for PF-o (953 ± 13 mg 

kg-1) while a fourfold lower amount was mineralized in case of NF-y (195 ± 17 mg kg-1). Significantly 
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less SOC was mineralized in the agricultural soils (517 ± 90 mg kg-1) than in the pine forest soils (813 ± 

156 mg kg-1) (p < 0.01). Relatively, 0.5–2.9 % of the SOC had been mineralized within the 120 days 

incubations (Fig. 3-4). A larger % of SOC was mineralized in the pine forest soils (2.9% ± 0.1) than in 

the agricultural soils (1.2% ± 0.3) (p < 0.01). 

 

 
Figure 3-3 Gross cumulative amount of C mineralized in soil with and without 1 g C kg-1 ryegrass added. 
Vertical bars indicate standard deviations of three lab replicates (n = 3) and are presented for the grass 
amended soils only. Sites under forest and agriculture are indicated by ● and ▲, respectively. 
 

 

 
  

Figure 3-4 The percentage of Cgrass (left) and CSOC (right) mineralized during 120 days of incubation in 
soils with 1 g kg-1 grass or no grass added, respectively. Vertical bars indicate standard deviations of 
triplicate lab repetitions. Sites under forest and agriculture are indicated by ● and ▲, respectively. 
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Priming of native SOC mineralization was assessed by comparing CSOC-min between the soils with and 

without 1 g kg-1 grass added (Fig. 3-5). During the first week, grass addition tended to increase the 

CSOC-min rate in most soils, i.e. there was positive priming of native SOC. Along the 120-days 

experiment, however, the direction and magnitude of the net cumulative priming effect varied 

strongly among soils. Little or no net priming of CSOC-min occurred in the NF-y soil, as a result of initial 

positive priming until day 17 but negative priming afterwards. In the pine forest soils likewise periods 

of positive and negative priming alternated, with at the end of the 120-days period an alike limited 

net positive priming of SOC at both PF sites. Priming of SOC was diverse among the three agricultural 

soils. While strong positive priming throughout the 120-days period in the AG-o soil, the opposite was 

true for AG-y and no net priming occurred in case of AG-i. On average, the net 120-days cumulative 

priming of SOC in forest (19.3 mg CO2-C kg-1 day-1) was lower than agricultural (31.2 mg CO2-C kg-1 day-

1) land use, but due to wide variation between replicate sites this difference proved insignificant and 

moreover net priming rates were not significantly different from zero. 

 

 

 
 

Figure 3-5 Net effect of grass addition (1 g kg-1) on cumulative native SOC mineralization. Positive and 
negative figures denote net positive or net negative cumulative priming of SOC mineralization. Dotted 
lines present the temporal evolution of mean net cumulative priming effect for either primary forest, 
pine forest, or agricultural land use, with respectively only upper or lower error bars representing the 
standard deviations on the data. The dash lines represent the net cumulative priming effect at each 
site. 
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3.4 Discussion 

3.4.1 Land use effects on free and aggregate protected OC 

Overall, the mean portion of S+A fraction material (i.e. > 63 µm 400 J ml-1 ultrasonication resistant 

aggregates and sand particles) was more than double in the agricultural (33 ± 26%) than pine forest 

soils (13 ± 3%), and nearly double compared to all forest, including primary forest (19 ± 11%) (though 

only at p = 0.1, probably due to the small sample number). This indicated stronger soil aggregation 

and aggregate stability under agriculture. In line, a nearly fourfold share of SOC resided in the S+A 

fraction at all depths under agriculture (32 ± 25%) than pine forest (9 ± 4%) (p = 0.08), and more than 

fourfold than all forests (7.7 ± 4.3%). The important role of soil microaggregates for SOC storage has 

been displayed by numerous studies (Dungait et al., 2012; Rabbi et al., 2016; Six et al., 2002). We 

expected a lesser share of SOC to be occluded inside aggregates in the tilled agricultural soils, as 

absence of tillage results in less disruption of macroaggregates with increased formation of 

microaggregates and occlusion of POM (Six et al., 2000b; Zheng et al., 2018). However, tillage is not 

the only determinant of soil aggregate formation and breakdown as aggregate stability also depends 

on presence of binding agents that cluster mineral and organic particles into aggregates. Repeated 

addition of labile carbon via manure and compost amendments was shown to result in greater 

formation of macroaggregate (Du et al., 2014; Mikha and Rice, 2004; Yu et al., 2012) by increased 

production of microbial-derived binding agents. Manure and compost amendments to the AG sites 

were vast (Table 3-1), and so the enhanced addition of labile C as compared to the pine forest sites 

may have boosted aggregate formation with more SOC storage in the S+A fraction under agricultural 

land use. Next to organic binding agents, Wagai et al. (2018) also found reactive metal phases to be 

important binding agents in Allophanic Andisols. With high to very high levels of Alo (up to 4% of the 

soil mass), it seems very likely that amorphous to poorly crystalline Al–containing minerals would have 

been prominent binding agents in our set of soils. The S+A fraction contents of Alo were also larger in 

the agricultural than in the pine forest soils (p = 0.09). Moreover, the SOC proportion of the S+A 

fraction and its OC concentration (g C kg-1 S+A fraction) correlated positively with contents of Alo and 

the % of X-ray amorphous materials, particularly at depths of 20 – 40 and ± 60 – 80 cm. This indicates 

that higher levels of Alo under agriculture than pine forest would have enhanced aggregation, and in 

doing so occluded a larger share of SOC inside these aggregates. When comparing the agricultural 

sites and all forest sites, including primary forest, likewise differences existed. In other words, the 

results were not biased by the deviating mineralogical composition and texture of the NF site. 

Notwithstanding, when considering only pine forest and agricultural sites, the S+A SOC proportion 

sole best correlated to the S+A Alo content, particularly at depths of 20 – 40 and ± 60 – 80 cm (r > 0.80; 

p < 0.05), strengthening the view that to a substantial extent enhanced Alo content under agriculture 

promoted storage of SOC inside stable aggregates. By expanding the Zimmerman et al. (2007) 

fractionation procedure with a stronger (400 J ml-1) ultrasonic dispersion step, we attempted to 

further isolate s+c associated OC from POM contained in the S+A fraction. The intermediate C:N ratio 

of the final 400 J ml-1 S+A fraction at all depths were around 13 ± 4.2, indicated that it still contained 

likely mineral associated OM next to POM, complicating further interpretation of mechanisms for S+A 

SOC storage in the agricultural sites. Nevertheless, the higher (but non-significantly) S+A fraction C:N 

ratio of the agriculture vs. pine forest and all forests sites demonstrates that at least to some extent 

enhanced SOC storage in aggregates under agricultural land-use resulted from extra occluded POM 
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storage. Particularly, for the 0 – 20 cm layer the contrast in the S+A C:N ratio (agriculture: 17.0 vs. pine 

forest: 11) supports this view. Lastly, less free POM was found in the agricultural than forest soils, 

likely as a logical consequence of more POM occlusion under agriculture. However, we cannot exclude 

that also a better degradability of crop-derived residues vs. pine or native forest litter co-explains 

these trends. It is well established that litter rich in cutin, waxes and lignin such as derived from pine 

forests is less degradable than plant litter richer in carbohydrates and organic nitrogen like most crop 

residues (Berg and McClaugherty, 2003). 

 

3.4.2 Effect of land use on SOC in the silt and clay fraction 

Interaction of SOC with silt and clay provides long-term stabilization to SOC against decomposition 

and therefore forms a key mechanism for SOC sequestration (De Clercq et al., 2015). SOC sorbs to 

phyllosilicate clays, Al-, Fe- and Mn-oxides, poorly crystalline minerals, as well as polyvalent cations 

that form a bridge between minerals and organic constituents (Blanco-Canqui and Lal, 2004). 

However, for our soils, we found that despite higher concentrations of Alo under agriculture, a lesser 

share of the SOC was present in the s+c fraction (as % of SOC) compared to the pine forest soils (though 

only at p = 0.08). Thus, association of OC with Alo–containing minerals could not explain the higher 

SOC proportion of OC in s+c under pine forest. As the amount of s+c OC (in g C kg-1 soil) was in fact 

slightly higher in the agricultural than pine forest soils. It appears that a lower s+c SOC contribution in 

the agricultural soils was instead simply mirroring trends in the S+A fraction. A positive correlation 

between the s+c SOC proportion and Feo in s+c at ± 60 – 80 cm (r = 0.93; p < 0.05) could indicate that 

association with poorly crystalline Fe stabilizes OC in the s+c fraction at this depth. However, as OC 

concentration (g kg-1 fraction) and OC content (g kg-1 soil) was slightly higher in the agriculture than 

pine forest soils at all depths, and Feo in s+c fraction correlated negatively with OC concentration (g 

kg-1 fraction) and OC content (g kg-1 soil) of s+c fraction, such land-use control on s+c Feo associated 

SOC seems unlikely. On the other hand, the higher SOC content (g C kg-1 soil) in s+c fraction of NF-y 

than other soils, particularly at depth of ± 60 – 80 cm, might be due to the differences in mineralogy. 

At this depth, the amorphous Fe content (Feo and Feh) in NF-y was very high compared to the other 

soils. In the Zimmerman et al. (2007) fractionation procedure, the s+c fraction was subdivided into 

oxidizable and resistant parts, expected to coincide roughly with SOC stabilized by mineral-association 

as opposed to its own biochemical inertness, respectively. Negative correlations existed between the 

share of s+c OC (% of s+c OC) that was oxidizable by 6% NaOCl (i.e. s+c - rSOC) with the contents of 

Alo, the bulk soil of SSA, and micropores volume (Fig. 3-6). The correlation with these properties were 

strong, especially in subsoils (Fig. 3-6). These correlations suggest that the association of SOC with 

short-range order Al (hydr)oxides has been found to limit oxidation of SOC by 6% of NaOCl (Mikutta 

et al., 2006). It appears that geochemical properties influence the degree of mineral association of OC 

and its content in these Andosols. However, neither the mean of chemical inertness of the s+c OC 

(agriculture: 53% of s+c vs. pine forest: 59% of s+c), nor the s+c Alo, bulk soil SSA, and micropore 

volume differed between both land uses. This outcome at least contradicts that more s+c OC would 

accumulate under pine forest because of a more biochemical inertness of the OC inputs compared to 

agriculture. 
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Figure 3-6 Relation between the proportion of SOC that was oxidizable by 6% NaOCl in the pine forest 
and agricultural soils with the soil Alo, micropores volume, and soil specific surface area (at each depth 
n = 5). Sites under agriculture and pine forest are indicated by ▲ and ●, respectively. Symbols and 
Pearson correlation coefficients in black, red, and blue represent correlations at depths of 0 – 20, 20 
– 40, and ± 60 – 80 cm, respectively (n per depth = 5) 
 

3.4.3 Land use effects on native SOC degradability 

The percentage of SOC mineralized after 120 days of incubation was less than half in the agricultural 

soils (1.2 %) than in the pine forest soils (2.9 %) (p < 0.01). This result was rather unexpected given the 

lower soil pH by 0.8 under pine forest, as acidic conditions are well known to retard SOC 

decomposition of SOC (Högberg et al., 2007; Malik et al., 2018) in line with Anda and Dahlgren (2020). 

To understand the apparent relative stabilization of SOC in the agricultural soils, we again consider 

the distribution of SOC across soil fractions. We (Anindita et al., 2022b) previously hypothesized that 

the higher Alo content in the agricultural soils (21.8 g kg-1 on average) compared to the pine forest soils 

(19.1 g kg-1) would partially explain the relatively elevated SOC stocks under agriculture for our study 

area due to enhanced organo–mineral association. Basile-Doelsch et al. (2005) likewise found that 

volcanic ash soil horizons containing much poorly crystalline materials (proto–imogolite and proto–

imogolite allophane). These materials store large amounts of organic matter which turns over very 

slowly. But as no significant negative correlations existed between the amount or proportion of SOC 

mineralized and Alo content, this hypothesis was not confirmed. As mentioned above, we did find a 

higher proportion of SOC (%) to be present in the rSOC fraction under forest but its content (g kg-1 soil) 

was not higher then under agricultural land use and again no correlation existed with SOC 

mineralization. Mikutta et al. (2006) indeed demonstrated that a larger chemical recalcitrance of SOC 

does not really translate into a larger biological stability. Once more, it appears that the larger SOC 

proportion of rSOC seems to simply result from less accumulation of SOC in the S+A fraction under 

pine forest.  

 

The proportion and concentration of the S+A fraction OC were higher under agriculture, so enhanced 

soil aggregation and occlusion of SOC might have significantly physically protected SOC against 

microbially mediated decomposition compared to pine forest land use. A study of Andosols in 

Colombia by Gijsman and Sanz (1998) also reported that aggregation holds considerable control on 

SOC decomposability as these authors observed a significant increase of carbon mineralization after 

crushing large and small macroaggregates (> 53 µm). Indeed, we found that the amount of OC (g C kg-
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1 soil) in the S+A fraction negatively correlated to the percentage of CSOC mineralized for the set of soils 

with agricultural and pine forest land use (r = -0.78; p < 0.01). It then appears that enhanced soil 

aggregation and occlusion of SOC under agricultural land use in part limited degradability of SOC, 

rather than enhanced association of SOC with soil minerals, including poorly crystalline or amorphous 

Al–containing minerals. As argued in 4.2, we can add to this that formation of amorphous materials 

and Alo in the agricultural soils most likely promoted soil aggregation. Hence, we hypothesize that 

enhanced pedogenesis forms a relevant indirect mechanism via which conversion to agricultural land 

use impacts the SOC balance of these relatively young tropical volcanic soils. However, since large 

amounts of exogenous OM are annually being applied to the investigated agricultural fields in this 

study (Table 3-1), we cannot unequivocally exclude that these instead explain the high SOC stocks and 

contribution of aggregate associated OC here and more observations on an expanded set of sites will 

be required to test this hypothesis.  

 

3.4.4 Land use effects of exogenous organic matter decomposition and net priming of SOC 

In contrast to native SOC mineralization, added grass C mineralization did not differ between forest 

and agricultural soils. Therefore, apparently protection of ryegrass OC either by mineral association or 

occlusion inside aggregates must have been similar between both land uses and, in any case, did not 

impact its degradability in soil. Laboratory incubations with disturbed soils do not necessarily 

adequately reproduce field conditions in terms of soil structure, microclimate, and food webs. For 

instance, only 20 – 40% of ryegrass degraded after 120-days, somewhat less than usually observed in 

laboratory incubations; Mendoza et al. (2022) found that 30 – 50% of the exact same ryegrass as used 

here had decomposition after 90 days. Nevertheless, in contrast to Mendoza et al. (2022) ryegrass 

mineralization was indicated to steadily continue beyond the incubation experiment duration. 

Perhaps the microbial community in these tropical Andosols require time to adapt to degrading the 

applied substrate that originated from a grassland field in Belgium, i.e. the temperate zone. The 

observed similar degradability of ryegrass-C does not suggest a likewise enhanced storage of freshly 

added OM like for native SOC under agriculture than under forest. Possibly, such impact only emerges 

on the longer term when the added OM has been subject to sufficient diminution into smaller POM 

that could be occluded in microaggregates. Six et al. (2002) summarized that particularly 50 – 250 µm 

scaled microaggregates grant sizable physical protection to POM, while the macroaggregate (> 250 

μm) structure exerts little control on POM decomposability. Adding ryegrass to the 0 – 20 cm soils 

initially seemed to impact mineralization of native SOC with a general positive priming effect in first 

week of incubation, in line with many other studies, e.g. Liu et al. (2017). Thereafter, however, in four 

of the six soils net negative priming countered this initial stimulation of SOC mineralization. Such 

adverse impact of adding fresh OM on SOC mineralization could be due to a preferential utilization of 

the added substrate by microorganisms (Derrien et al., 2014). Regardless, the net result was that after 

120 days SOC mineralization was not significantly stimulated (on average by 1.6 %). There was also no 

land use effect on the net priming of SOC after 120 days. Hence, in spite of differences in SOC quality 

under both land uses, as inferred from different SOC proportions of S+A and free POM, no differential 

stimulation of SOC mineralization by addition of a relatively labile plant-C substrate existed between 

agricultural or forest land use. These observations imply that no adverse effect is to be expected of 
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the addition of generally relatively labile C (above ground crop residues, animal manure) on stability 

of the native SOC present under agricultural land use. 

     

3.5 Conclusions 

Following the fractionation of SOC by Zimmermann et al., (2007), the silt and clay associated OC forms 

the dominant SOC pool in tropical volcanic soils in Indonesia, regardless of land-use. However, land-

use strongly impacts SOC contained within 400 J m-1 ultrasonic dispersion resistant soil aggregates as 

its contribution to SOC rose from 9% of SOC in pine forest to as much as 32% of SOC several decades 

after conversion to agricultural use, with alongside also more OC stored in this fraction. The S+A SOC 

proportion was positively related to Alo and the amount of amorphous materials (%). Our study thus 

indicates the presence of Alo in agricultural land use promoted soil aggregation and physical occlusion 

of OC compared to pine forest land use. A negative correlation between relative decomposability of 

the SOC and the portion of SOC that is physically occluded further suggests that enhanced soil 

aggregation under cropland effectively stabilizes part of the SOC compared to pine forest land use. 

Contrary to our hypothesis, however, we found no proof that stimulated formation of Alo and 

amorphous minerals would have increased association of SOC with soil minerals under agriculture. 

Based on the present study, we postulate that the presence of amorphous materials and Alo under 

agriculture with high OM inputs promoted development of stable soil aggregates and OC occlusion 

therein and this would in part counter otherwise expected losses of SOC compared to primary and 

secondary forest. However, the contribution of large OM inputs vs. land-use conversion per sé could 

not be elucidated here and this will require study of other tropical Andosol forest-agricultural land use 

pairs with detailed inventory of OC inputs. To the least, our study points at the overall need to account 

for potential indirect land use effects on stability of SOC via its control on pedogenesis. Especially, this 

is so for pedoclimatic combinations where weathering can be very fast, like in tropical Andosols that 

have only relatively recently been cultivated.  
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Abstract 

 

We assessed long-term trends in soil organic carbon (SOC) in volcanic soils with a process-based soil 

genesis model, SoilGen2.25. The relation between soil geochemistry and SOC was applied in a model 

context by using found influential soil properties to modify the decay rates of SOC pools. We used data 

from Indonesian sites with different land use (tropical primary forest, secondary pine forest, and 

agricultural land) and calibrated major soil processes in volcanic soils, viz. clay migration and 

weathering of primary minerals. The model evaluated the decay rates of SOC pools using three 

calibration approaches: (i) a site-specific calibration, (ii) a generic calibration, and (iii) a generic 

calibration modified by geochemical proxy. The best calibration for each approach was then used to 

estimate the future of SOC under different climate projection scenarios, viz. representative 

concentration pathways (RCP) 2.6 and 8.5. SoilGen2.25 model was generally sensitive to the change 

of selected soil process parameters. A four-pool SOC model (Roth-C) with site-specific decay rates best 

reproduced total SOC with percentage difference between measured and simulated SOC between 1 – 

10%. Application of a geochemical proxy to modify the generic rate calibration also improved, relative 

to a generic calibration, the simulation quality of the included HUM and total SOC in most study site. 

In forest soils, global warming (i.e. RCP 8.5) did not affect SOC stocks, while agricultural soil showed 

higher susceptibility, with a 3 – 5% reduced SOC stock compared to the RCP 2.6 scenario. Projective 

scenarios based on the three calibration scenarios highlighted the importance of the calibration 

method on the accuracy of SOC projection. 

 

Keywords: soil organic carbon (SOC), SoilGen model, soil geochemistry, global warming, volcanic 

soil 
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4.1 Introduction 

Soil organic carbon (SOC) is an important component of biogeochemical cycling and a major 

component of the global carbon budget (Eswaran et al., 1999, 2000). The organic carbon (OC) retained 

in soils is more than the carbon in global vegetation and atmosphere combined (Lehman and Kleber, 

2015). However, climate change such as the elevation of global temperature and the change of 

precipitation may affect SOC storage (Pendall et al., 2008) due to their influence on the amount 

organic matter supply and rate of decomposition (Soleimani et al., 2017). Studies found variable 

responses to climate change on SOC stock (Lu et al., 2013; Riggers et al., 2021; Yigini and Panagos, 

2016; Zhao et al., 2021) whereas few studies emphasized that the bulk SOC fraction can persist via 

various mechanisms and evaluating the response of SOC fraction to this global change is equally 

important (Poeplau et al., 2017; Rocci et al., 2021). Understanding the SOC dynamics and the response 

of SOC to climate change is necessary to help mitigate the effect of human-induced climate change.  

 

The dynamics of SOC are controlled by several factors, such as parent materials (Mayes et al., 2014) 

including soil geochemical composition (Doetterl et al., 2018; Lawrence et al., 2015), climate (Gray et 

al., 2016), topography (Araujo et al., 2017), organisms (Jobbágy and Jackson, 2000; Poeplau and Don, 

2015), and pedogenic time (Dümig et al., 2011). These factors interactively affect the amount of SOC 

stored in ecosystems. To estimate the change of SOC stock over time as the result of these factors 

process-based soil C models could be employed. However, while several of such models account for 

the impact of environmental and fixed soil factors onto SOC dynamics, simulation of changes in soil 

geochemistry or soil profile development and feedbacks on SOC stocks are not possible. Especially in 

contexts where appreciable soil development is to be expected such feedbacks would need to be 

incorporated to properly simulate SOC stock evolution. For instance, soil development in young 

tropical volcanic soils proceeds at such a fast pace that it may be needed to account for changing soil 

specific surface area over time when projecting the temporal evolution of SOC stocks. The SoilGen2 

model (Finke, 2012) considers the physical, geochemical, and biological processes, including the 

external factors, such as climate, land use, and land management as boundary conditions (Opolot et 

al., 2015) to simulate soil genesis. In addition, this model has been calibrated for carbon cycling 

processes (Finke et al., 2019; Yu et al., 2013) and was tested for the impact of human activities, e.g. 

ploughing and fertilizer (Keyvanshokouhi et al., 2016), thus it should be suitable for simulation of SOC 

projection.  

 

Volcanic soils are characterized by their ability to retain SOC (Nanzyo et al., 1993a). The retention of 

SOC in these soils occurs through several mechanisms such as physical protection of OC within 

aggregates, physiochemical sorption of organic carbon on minerals, and chemical interaction between 

soil minerals and organic matter (Matus et al., 2014). Soil geochemical composition, e.g. clay content, 

mineralogy, the content of pedogenic Si, Al, and Fe, total reserve of bases and reactive surface area 

were found to influence the amount of SOC (Doetterl et al., 2015) and to affect the composition of 

soil microorganisms as well as the aboveground net primary productivity (Doetterl et al., 2018). To 

better estimate the amount and distribution of SOC over time, the effect of soil geochemical 

composition as the result of mineral weathering on SOC degradation needs to be included and 
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converted in a model context. Finke et al. (2019) successfully reproduced the effect of geochemistry 

and mineralogy on SOC decomposition rate in a modelling study on the same site as Doetterl et al. 

(2018)’s study. They also evaluated that more precise information (i.e. site-specific calibration) 

produced better quality of model-estimated SOC pools than less precise information (i.e. generic 

calibration). 

 

The studies by Doetterl et al. (2018) and Finke et al. (2019) raise a number of questions: Are 

decomposition rates, in a modelling context, in other parent materials also a function of geochemical 

or mineralogical properties? Is the difference between an accurate assessment of these rates (site-

specific calibration) and a less accurate assessment (generic calibration) relevant in a projection 

context? i.e. does the information level on decomposition rates influence the outcomes and 

comparison of future climate scenarios? The information level is directly related to the effort of a 

projective modelling study: site-specific calibration is much more labour-and data-intensive than 

generic calibration or correction of generic decay rates with geochemical proxies. Our objective is to 

evaluate these questions in the context of volcanic ash soils in Java (Anindita et al., 2022b), using the 

SoilGen2.25 model. This leads to the following detailed objectives: 

1. To investigate the effect of soil geochemical composition on SOC decomposition as simulated by 

the SoilGen2.25 model for volcanic ash soils. Hereto, we calibrate the major soil forming 

processes, viz. clay migration and weathering of primary minerals, in volcanic soils. 

2. To evaluate if a site-specific calibration, a generic calibration, and a generic calibration modified 

by rate corrections with geochemical proxies lead to similar accuracy of SOC-decay rates. We did 

a model calibration, comparing the laboratory assessments of SOC-pools as identified by 

Zimmermann et al. (2007) after conversion to RothC-pools with the simulated SOC. Calibration is 

done (i) at 6 sites individually, (ii) at 6 sites simultaneously, and (iii) by correcting the found rates 

in (ii) with geochemical proxies. The most informative proxy is identified by relating the rates 

found in (i) with measured geochemical proxies, as in Finke et al. (2019). 

3. To forecast the change of SOC-pools under different climate projection scenarios while comparing 

the 3 calibration methods. Purpose of this comparison is to find if the available information 

impacts the conclusions of a projected climate scenario. 

 

 

4.2 Materials and methods 

4.2.1 Study area  

The study area was close to Mount Tangkuban Perahu and Burangrang which are part of the Sunda 

Volcanic complex in West Java, Indonesia (Fig. 1-2). The area has a tropical monsoon climate (Am) 

according to Köppen climate classification (Köppen, 1936) with mean annual temperature and 

precipitation ranging from 19 – 21°C and 2000 – 3000 mm per year, respectively. Six sites representing 

the dominant land uses in these areas were selected, namely primary forest (NF-y), pine forest (PF-i, 

PF-o), and agriculture (AG-y, AG-i, AG-o) (Fig. 1-2). The soils are all derived from basaltic-andesitic (ash) 

tuff originated from Holocene to Late Pleistocene activity (BBSDLP, 2017; Dam et al., 1996), but 

previous research found recent volcanic admixtures at site NF-y, concluding that this site has different 

parent materials (Anindita et al., 2022b). The soil ages are approximately between 8000 – 10000 years 

(Chartres and Van Reuler, 1985; Utami et al., 2019), except NF-y which was rejuvenated by recent 
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volcanic ash. The study soils are classified as Cambisols (NF-y, PF-i) and Andosols (AG-y, AG-i, PF-o, AG-

o) (IUSS, 2015). The sites were situated on slopes around ± 17°. At each site, soil samples were taken 

at depth 0 – 20, 20 – 40, and ± 60 – 80 cm. Land use history and land management of these sites are 

described in Anindita et al. (2022b). 

 

4.2.2 SoilGen model 

The SoilGen model (Finke, 2012; Finke and Hutson, 2008) is a pedon scale model that simulates the 

vertical change of soil properties as a result of pedogenic processes and external factors such as 

climate and vegetation over the millennium time scale. According to a review by Samouëlian et al. 

(2012), the SoilGen model (Finke, 2012; Finke and Hutson, 2008) is one of the more complete soil 

evolution models. The model simulates the interacting soil formation processes, i.e. biological, 

geochemical, and physical processes, by considering soil formation factors (climate, organisms, relief, 

parent material, time). Major soil processes, such as clay migration, physical and chemical weathering, 

chemical equilibria, erosion, sedimentation, carbon cycling, bioturbation, and the impact of human 

activity, e.g. ploughing and fertilizing are simulated and have been tested in SoilGen (Finke et al., 2019, 

2015; Keyvanshokouhi et al., 2016; Opolot and Finke, 2015; Ranathunga et al., 2022; Yu et al., 2013). 

The simulation time steps in SoilGen vary depending on simulated processes, e.g. the simulations of 

water and solutes flows are every second to hours, the physical weathering and heat flow is every 

hour, carbon cycling is every day, while erosion, deposition, and sedimentation is every year. Thus, 

soil properties are produced from the interactions between solid (mineral and organic matter), liquid, 

and air phases. Detailed model description and model input can be referred to (Finke, 2012; Finke and 

Hutson, 2008; Opolot et al., 2015). Below we summarize several soil processes simulated in the 

SoilGen model. 

 

4.2.2.1 Water, solute, and heat transfer 

In SoilGen, the flows of heat, water and solutes through the soil profile are simulated following the 

scheme of the LEACHC model (Hutson and Wagenet, 1995). Richards’ equation is used to calculate 

unsaturated water flow, the heat flow equation is applied to simulate the distribution of heat and 

temperature in the soil profile, and the convection-dispersion equation is used to describe transfer of 

solutes (Finke and Hutson, 2008). The diffusive flow of CO2 is also added in SoilGen2 (Finke and Hutson, 

2008). 

 

4.2.2.2 Clay migration process 

Clay migration is the process that leaches clay from the topsoil to a deeper depth. This process is 

defined by detachment, dispersion, transportation, and filtering processes. The clay migration process 

is initiated by splash detachment at the soil surface due to raindrops and carries part of the particles 

in the topsoil in the transportable state. The splash detachment process is simulated following Jarvis 

et al. (1999) but modified by (Finke, 2012) to include the effect of humus layer or vegetation cover on 

splash detachment and the effect of bioturbation on distribution of clay. Furthermore, clay dispersion 

and flocculation may occur in any soil compartment, depending on salt concentration. The mass 

balance of dispersible particles at the surface layer is estimated from (Eq. 4-1) 
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𝑑𝐴𝑠

𝑑𝑡
=  −𝐷 + 𝑃                  (Eq. 4-1) 

 

where 𝐴𝑠 is the mass dispersible particles at the soil surface (g m-2), D is the splash detachment rate 

(g m-2 h-1), and P is the replenishment rate (g m-2 h-1). To calculate the mass balance, the dispersible 

clay in the topsoil compartment (5 cm) is calculated. The maximal % of dispersible clay (𝐷𝐶𝑚𝑎𝑥) is 

estimated based on the regression equation of Brubaker et al. (1992), which consider cation exchange 

capacity, organic carbon content, and clay content. The splash detachment rate (D) in each rainfall 

event and replenishment rate (P) are calculated using Eq. 4-2 and 4-3. 

 

𝐷 =  𝑘𝑑 ∗ 𝐸 ∗ 𝑅 ∗ (1 − 𝑠𝑐) ∗ 𝐷𝐶𝑠               (Eq. 4-2) 

 

𝑃 =  𝑘𝑟 ∗ (1 −
𝐷𝐶𝑠

𝐷𝐶𝑚𝑎𝑥
)                 (Eq. 4-3) 

 

Where 𝑘𝑑 represents the soil detachability coefficient (g J-1), R is rainfall intensity (mm h-1), sc (-) is the 

proportion of the soil covered by ground vegetation or the humus profile, E is kinetic energy of the 

rainfall calculated from the revised universal soil loss equation (Brown and Foster, 1986). The 

parameter 𝐷𝐶𝑠 represents the amount of readily available dispersible particles (g g-1 soil) at the surface 

with the initial value equal to 𝐷𝐶𝑚𝑎𝑥, and 𝑘𝑟 is the replenishment rate coefficient (g m-2h-1). 

Furthermore, the transportable dispersed clay follows the convection-dispersion equation with 

modification to include the filtering process.  

 

𝑓𝐷𝐶 =  {1 −  (
𝑆𝐶

𝐶𝑆𝐶
)} ∗ 𝜃𝑚𝑎𝑐𝑟𝑜 ∗ 𝑓𝑉𝐶               (Eq. 4-4) 

 

where the amount of clay in the transportable dispersed state (fDC) is a function of total electrolyte 

concentration (SC; mmolc dm-3 water) and critical salt concentration (CSC; mmolc dm-3 water) at which 

soil clay mixture stays flocculated. The 𝜃𝑚𝑎𝑐𝑟𝑜 is the volumetric water fraction (m3m-3) in macropores 

estimated from the water retention curve at pressure head h (hPa) near saturation, and fVC is the 

fraction of soil volume taken by clay. Additionally, the filtering process is added to the SoilGen model. 

It is the sink term in the model to estimate the amount of clay that is not transported, e.g. due to 

surface roughness or entrapment in small pores at a certain point. The removal of particles from soil 

water transport by filtering is calculated following the approach by Jarvis et al. (1999) 

 

𝐹 =  𝑓𝑟𝑒𝑓  ∗  𝑣𝑟𝑒𝑓
𝑛  ∗  𝑣1−𝑛  ∗  𝑐 ∗  𝜃               (Eq. 4-5) 

 

where the reference filter coefficient (𝑓𝑟𝑒𝑓; m-1) and the pore water velocity (𝑣𝑟𝑒𝑓; m h-1) use the 

values of 2 m-1 and 0.1 m h-1, respectively taken from (Jarvis et al., 1999). Furthermore, v is the current 

pore water velocity. The parameters n and c represent an empirical exponent and the particle 

concentration (g m-3 water), respectively. In SoilGen, c is a vector containing the dispersible and 

transportable clay calculated using Eq. 4-4. 
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4.2.2.3 Chemical weathering of primary minerals 

Weathering of primary minerals and atmospheric inputs provides the main source of cations in 

natural, non-fertilized soils. In the chemical weathering processes, the model simulates the dissolution 

kinetics of some predefined minerals, such as albite, anorthite, augite, biotite, chlorite, fayalite, 

forsterite, hornblende, illite, muscovite, k-feldspar, and quartz. The dissolution of two user-defined 

extra minerals can be simulated as well. SoilGen2 model calculates the dissolution rate of each 

mineral, assuming far from equilibrium conditions, as a function of pH (Brantley, 2008): 

 

𝑟𝑘 =  𝑘𝐻𝑎𝐻+
𝑛 +  𝑘𝐻2𝑂 +  𝑘𝑂𝐻𝑎𝑂𝐻−

𝑚             (Eq. 4-6) 

 

where rk is the dissolution rate of a given mineral and kH and kOH are mineral dissolution constants at 

acidic and basic conditions, respectively. The 𝑎𝐻+ and 𝑎𝑂𝐻−  are the activities of H+ and OH-, 

respectively, and superscript n and m indicate the reaction order. 𝑘𝐻2𝑂 is a parameter describing the 

dissolution rate at neutral pH and was considered equal to zero here (Brantley, 2003). The dissolution 

reactions, enthalpies of the reaction and equilibrium constant of these minerals are based on values 

reported in PHREEQC.dat database (Parkhurst and Appelo, 1999) and other literature (e.g. Goddéris 

et al., 2006). The dissolution of primary minerals is the major source of cations in non-agricultural 

soils, and the amounts of primary minerals (cations pools) decrease over time as weathering 

continues. The cation release ri,k (mol m-2 s-1) from k minerals is computed as below 

 

𝑟𝑖,𝑘 =  ∑ 𝐴𝑘𝑣𝑖,𝑘𝑟𝑘𝑚𝑘𝑇𝑁
𝑘=1                             (Eq. 4-7) 

 

where Ak (m2 mol-1) is the reactive surface area of the kth mineral, vi,k (-) is the stoichiometric number 

of the ith element in mineral k, rk (mol m-2 s-1) is the dissolution rate of the kth mineral (mol m-3 soil), mk 

is the amount of the kth mineral (mol m-3 soil) in the parent material, and T (m) is the thickness of soil 

compartment. Currently, formation of secondary minerals is not simulated in SoilGen (far-from-

equilibrium condition, which is a reasonable assumption for most leaching climates, but perhaps less 

so in volcanic ash soils). 

 

4.2.2.4 Vegetation, carbon cycling and plant uptake processes 

The interaction between the vegetation and the soil in SoilGen occur through annual litter input, 

carbon cycling, and ion uptake. The model distinguishes four vegetation types: grass or scrub, 

agriculture, deciduous, and coniferous wood, characterized by maximum rooting density, cation 

uptake, and parameters related to soil organic carbon cycling, e.g. partitioning of plant litter to above 

and below ground. The uptake of cations (Al, Ca, Mg, Na, K) by vegetation is assumed to occur via 

transpiration stream by preferential uptake to reflect the relative fractions of those elements 

measured in the plant. Relative concentrations of those elements in four vegetation types has been 

documented in a study by Finke (2012). In addition, the amount of fertilizer as well as the cations 

content in fertilizer can be inputted into the model. 

 

The carbon cycling follows the concepts and pools of the RothC26.3 model (Coleman and Jenkinson, 

1999). Five SOC pools are simulated in the SoilGen model, viz. resistant plant material (RPM), 



70 
 

decomposable plant material (DPM), humified organic matter (HUM), and microbial biomass (BIO). 

These pools degrade according to first-order kinetics with specific decay rate constants modified by 

soil moisture and temperature in each soil compartment to calculate the loss of SOC from each SOC 

pool:  

 

𝑙𝑜𝑠𝑠 = 𝑌 ∗ (1 − 𝑒−𝑥1∗𝑥2∗𝑘𝑝∗𝑡)                (Eq. 4-8) 

 

where Y is the pool size (RPM, DPM, BIO, HUM) at the start of the daily time step for the C-cycle sub-

model (Mg ha-1 y-1), 𝑘𝑝 is the average rate constant (y-1) derived for each pool 𝑝 by calibration, 𝑥1 is a 

dynamic decay rate modifier for the combined effect of moisture, soil cover and temperature, 𝑥2 is 

additional geochemical rate modifier representing the physico-chemical protection, and 𝑡 is the period 

of decay (1/365 year). The inert organic matter (IOM) pool is inactive (non-decaying) and present from 

the start of the simulation period and invariable during the period of simulation. The incoming litter 

is split by a ratio of DPM/RPM into RPM and DPM pools, and both decay at rates kRPM and kDPM. The 

resulting products from RPM and DPM decay are divided using the clay content and fixed BIO/HUM 

ratio into HUM, BIO, and mineralized CO2 with rates kHUM and kBIO.  

 

4.2.2.5 Soil phases redistribution processes 

Besides the clay migration process, SoilGen also considers some soil processes that influence the 

distribution of soil phases (solid and liquid) in the soil profile, such as bioturbation, tillage, erosion, 

sedimentation, dissolution and precipitation of calcite and gypsum. Bioturbation is described as the 

mixing of soils caused by meso and macro-fauna. The input mass fraction is used to vertically mix and 

distribute soil masses to the bioturbated soil compartments. The effect of soil tillage is also 

implemented in SoilGen, where the mass fraction involved in the mixing process over the ploughing 

depth can be adjusted depending on tillage intensity. Erosion and sedimentation processes are also 

implemented as event at the upper boundary by removing and adding soil layers. 

 

4.2.3 Input data 

For the SoilGen model, the input data consist of initial and boundary conditions representing major 

soil-forming factors (climate, organisms, relief, parent materials) (Table A4-1 to A4-4, Fig. A4-1 in 

Appendix 4): 

• Climate data time series, viz. precipitation, potential evapotranspiration, and temperature were 

derived from the LOVECLIM climate model (Goosse et al., 2010). The monthly cumulative 

precipitation and evaporation were corrected for bias with the ratio between observed and 

simulated values in the period 1980-2019, while the monthly average temperature was corrected 

with the difference between observed and simulated values from 1980 till 2019. Later, bias-

corrected temperature, precipitation, and potential evapotranspiration data were downscaled to 

local-scale climate data using either a difference or a ratio correction based on local temperature, 

precipitation, and potential evapotranspiration maps to reflect the differences between sites 

before input to SoilGen. 

• The initial parent materials are defined from the dominant crystalline minerals and amorphous 

materials present in topsoil and subsoil (Anindita et al., 2022b) since no unweathered C-horizons 
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were found because the deeper subsoil contained buried older soil profiles. In this study, the 

parent materials consist of crystalline minerals (i.e. quartz, hornblende, gibbsite, kaolinite, albite, 

anorthite, alunite, magnetite) and amorphous materials, based on semi-quantitative Q-XRD 

analysis (Anindita et al., 2022b). The chemical composition of amorphous materials is not well 

known, and thus it was estimated based on the difference of the total elements derived from 

laboratory analysis (i.e. total elemental analysis) and elements in minerals identified by X-ray 

diffraction at present times.  

• For the initial texture, we used field estimated texture while recognising that often pseudo-sand 

and pseudo-silt are determined in the field in which these are actually stable clay aggregate. This 

was done because pseudo-sand and pseudo-silt determine the hydraulic properties to large 

degree. However, for evaluation, we also measured the true clay content by sonication and Na+ 

resin (Anindita et al., 2022b) 

• The plant carbon input of forest was derived from the reference value for typical carbon input in 

rainforest (Guillaume et al., 2018; Hertel et al., 2009) and pine forest (Bruijnzeel, 1985) in 

Indonesia. The OC input at agricultural sites, in the form of manure and crop residues, was 

inputted based on results from laboratory analyses and interviews with farmers. 

• Bioturbation, the soil mixing by soil meso- and macrofauna was reported to be an important factor 

in soil horizonation (Finke, 2012; Phillips, 2007). No bioturbation data exist for the study area. The 

estimated amount of 30 Mg ha-1 yr-1 was chosen referring to measured mixing rate of earthworms 

in Ivory Coast (Bétard, 2021), with higher values in topsoils compared to subsoils. 

• Agricultural practices are characterized by input fertilization, planting and harvesting date, and 

tillage, as derived from (Anindita et al., 2022b) and interviews with farmers.  

 

4.2.4 Measured data 

To test the performance of simulated SOC, we compared the simulated and the estimated SOC pool 

sizes based on measurements of C-distribution across soil fractions. Specifically, we previously  used 

the Zimmermann et al., (2007) soil fractionation method to subdivide SOC into dissolved organic 

carbon (DOC), particulate organic matter (POM), OC in the so-termed sand-aggregates fraction (S+A), 

OC in silt+clay fraction (s+c - rSOC) that is oxidizable by 6% NaOCl, and silt and clay sized oxidation-

resistant organic carbon (rSOC). The proportion of these fractions to total SOC was used to partition 

SOC across the Roth-C model RPM, DPM, BIO, HUM, IOM pools following Zimmermann et al. (2007). 

The sum of POM and DOC fraction is split into DPM and RPM pools at a ratio of 0.1190, whereas the 

sum of s+c – rSOC and S+A fractions is split into BIO and HUM pools at a ratio 0.0260 (Zimmermann et 

al., 2007). The rSOC was set to equal IOM. 

 

4.2.5 Research steps 

4.2.5.1 Calibration of important parameters 

Calibration was started from 8000 yrs BP (NF-y, PF-i, AG-y, AG-i) and 10000 yrs BP (PF-o, AG-o) as the 

approximate age of the soils developed over the top 1 m depth. The calibration was done per soil 

process in a sequence i.e. clay migration followed by weathering, and finally SOC decay. The order of 

calibration of parameters associated to each soil process was based on their sensitivity found in earlier 

studies (Table 4-1). Clay content is used to calculate mineral surface area which is then used to 
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determine cation release rate during mineral dissolution, thus it is necessary to first calibrate clay 

migration and thereafter weathering of minerals. The mineralogical composition may in turn influence 

the chemical protection of SOC, so the SOC-decay rates were calibrated after the mineralogy is 

calibrated. Therefore, the order of calibration is (i) clay migration, (ii) weathering of minerals, and (iii) 

decay rate of each SOC pool. The optimal value for a parameter in each soil process was selected by 

comparing the dissimilarity between the measured and simulated soil properties at the profile scale 

(scaled DISprofile) (Gower, 1971): 

 

 𝑠𝑐𝑎𝑙𝑒𝑑 𝐷𝐼𝑆𝑃𝑟𝑜𝑓𝑖𝑙𝑒  =  
1

𝑘 (𝑋𝑟,𝑚𝑎𝑥− 𝑋𝑟,𝑚𝑖𝑛)
 ∑ 𝑎𝑏𝑠𝐾

𝑘=1  (𝑋𝑟,𝑘  − 𝑋𝑠,𝑘)                       (Eq. 4-9) 

 

where X represents the soil property of interest, k is the number soil compartments, s refers to the 

value for the simulation, and r for the reference (measurement). The scaled DIS ranges from 0 (perfect) 

to 1 (very poor). In each calibration process, the best parameter value was obtained by comparing the 

simulated and measured soil properties over the measured depth, ± 0 – 80 cm. The values of all 

parameters were adjusted until we found the minimum average of DIS over all study sites, except the 

calibration of SOC where we selected the best value based on the minimum average of DIS over all 

study sites or the minimum of DIS in each study site, depending on the calibration approach. Only the 

calibrating parameters were changed within the value range, while other parameters were kept the 

same as the previously calibrated values. Simultaneous change of all involved parameters via Monte 

Carlo-like approaches was unfeasible because of the large simulation time of individual model runs. 

 

Clay migration processes were calibrated by tuning some individual parameters, viz. (i) thickness of 

the ectorganic layer, (ii) soil detachability coefficient (kd), (iii) pressure head at which macropores 

empty, h-θmacro, (iv) filter coefficients (n), and (v) maximum particle splitting probability and soil 

temperature change at which this occurs (PSmax and B). Thickness of the surface litter layer has a role 

on reducing splash detachment. Soil detachability coefficient relates to the inherent susceptibility to 

breakdown of aggregates which depends on other properties like clay mineralogy, organic matter 

content, and cations on exchange sites (e.g. Ca2+, Na+) (Jarvis et al., 1999) and is used to calculate the 

splash detachment rate (g m-2 h-1). The h-θmacro is related to the transport of clay in macropores (Eq. 

4-4). Filter coefficient is an empirical exponent from 0 – 1 to describe the loss of dispersed clay by 

filtering in relation to pore water velocities (Eq. 4-5). Particle splitting probability is the maximum 

probability that soil particles will break due to physical weathering as temperature changes. 

 

Calibration of weathering of primary minerals was done in an order from the most sensitive to the 

stable mineral: (i) amorphous materials, (ii) alunite, (iii) anorthite, (iv) albite, (v) hornblende, (vi) quartz 

(Churchman and Lowe, 2012). Not all the sites contained all these minerals, thus for each site we only 

calibrated the minerals that were present (Table 4-1). The calibration processes were done by tuning 

the parameters, namely mineral dissolution rate constant at acidic and/or basic condition (i.e. kH and 

kOH, respectively), and reaction orders with respect to H+ and OH- promoted dissolution (i.e. n and m, 

respectively) (Eq. 4-6).  
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The decay rate of SOC pools was calibrated by following a downstream scheme which means that the 

pathway of SOC-decay via RPM and DPM to HUM and BIO determines the calibration order of the 

decay rate (k) factors. The pools with slower rates are calibrated first, thus the sequence of calibration 

is kRPM – kDPM – kHUM – kBIO. For each rate, the range of values are taken based on previous calibration 

studies (Finke et al., 2019; Yu et al., 2013) and adjustments in these ranges were made to reach 

minimum error. We ran the calibration in four- and five- SOC pools models. In the four-pool model, 

the Inert Organic Matter (IOM) pool was absent, and all SOC was subject to decay. Conversely, the OC 

in the IOM pool did not decay in the five-pool model. The best rate value was selected based on (i) the 

minimum DIS at each specific site (i.e. site-specific rate) and (ii) the average minimum error for all sites 

(i.e. generic rate).  

 

Table 4-1 The order of calibrated parameters and their range of parameter values 
Soil forming 

process 

Order Process parameter with units  Default/range of parameter  

values 

Application 

on sites 

   Reference this study  

Clay migration (1) Thickness of ectorganic layer 

(mm) 

0.5 – 3.5(1) 5 – 30 

 

All six sites 

 (2) Soil detachability coefficients 

(kd; g J-1) 

0.05 – 2(2) 0.0175 – 0.1 All six sites 

 (3) Pressure head (hPa) at which 

macropores empty (h-ϴmacro) 

0 – -35(1,2) -6 – -30 All six sites 

 (4) Filter coefficient of clay (n; -) 0 – 1(1,2) 0.2 – 0.7 All six sites 

 (5) Particle splitting probability 

and soil temperature change 

(PSmax and B; - and °C hour-1, 

respectively)  

(4 x 4 combination) 

1.338 x 10-6 – 

2.163 x 10-6; 

0.45 – 1.95(1-2) 

1.338 x 10-6 – 

2.163 x 10-6; 

0.45 – 1.95 

All six sites 

Weathering 

rate of 

amorphous 

materials 

(6) Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-9.07 – -11.5(3) -10 – -11.8 All six sites 

 (7) Reaction order of H+ (n; -) - 0.28 – 0.44 All six sites 

 (8) Dissolution rate constant at 

basic (log kOH25; mol m-2 s-1) 

-8.15 – -10.3(3) 

 

-10.4 – -13.4 All six sites 

 (9) Reaction order of OH- (m; -) - 0.12 – 0.28 All six sites 

Weathering of 

alunite 

(10) Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-10.8 – -11.6(4) -10.8 – -12.8 NF-y 

 (11)  Reaction order of H+ (n; -) - 0.42 – 0.58 NF-y 

 (12) Dissolution rate constant at 

basic (log kOH25; mol m-2 s-1) 

-10.8 – -11.6(4) -11.2 – -13.4 NF-y 

 (13) Reaction order of OH- (m; -) - 0.23 – 0.35 NF-y 

Weathering of 

anorthite 

(14) Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-5.9(5) -5 – -7.1 NF-y 

 (15) Reaction order of H+ (n; -) 0.9(5) 0.72 – 0.93 NF-y 

Weathering of 

albite 

(16) Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-9.7(5) -7.7 – -9.7 NF-y, AG-y,  

AG-i, AG-o 
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 (17) Reaction order of H+ (n; -) 0.5(5) 0.44 – 0.56 NF-y, AG-y,  

AG-i, AG-o 

 (18) Dissolution rate constant at 

basic (log kOH25; mol m-2 s-1) 

-9.95(5) -8.1 – -10.1 NF-y, AG-y,  

AG-i, AG-o 

 (19) Reaction order of OH- (m; -) 0.5(5) 0.44 – 0.56 NF-y, AG-y,  

AG-i, AG-o 

Weathering of 

hornblende 

(20) Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-10.20(6) -8 – -10.2 NF-y, PF-i, AG-i, 

AG-o 

 (21) Reaction order of H+ (n; -) 0.55(6) 0.49 – 0.61 NF-y, PF-i, AG-i, 

AG-o 

Weathering of 

quartz 

(22) Dissolution rate constant at 

basic (log kOH25; mol m-2 s-1) 

-11(6) -9.6 – -11  All six sites 

 (23) Reaction order of OH- (m; -) 0.25(6)  All six sites 

SOC pool (24) Decay rate of RPM pool (yr-1) 0.075 – 0.525(7-8) 0.075 – 6 All six sites 

(25) Decay rate of DPM pool (yr-1) 0.100 – 1.600(8) 0.1 – 23 All six sites 

(26) Decay rate of HUM pool (yr-1) 0.005 – 0.035(7,8) 0.001 – 0.01 All six sites 

(27) Decay rate of BIO pool (yr-1) 0.100 – 0.800(8) 0.05 – 0.50 All six sites 
1Ranathunga et al (2022); 2Finke et al (2015), 3Data reported for volcanic glass (Wolff-Boenisch et al., 2004); 4Dissolution rate 
of alunite at pH 1-8 (Miller et al., 2016); 5Goddéris et al (2006) reported in Opolot (2016); 6Violette et al. (2010) reported in 
Opolot (2016) ; 7Yu et al. (2013); 8Finke et al (2019) 

 

4.2.5.2 Identification of geochemical proxies for SOC-pool decay rates 

Geochemical proxies to possibly improve SOC-pool decay rates in a modelling context were identified 

in two steps (Finke et al., 2019). First, by correlating the rates obtained by calibration with measured 

geochemical data from the same profiles the most informative candidate proxies were identified. Such 

proxy reflects the degree of physico-chemical protection of SOC. Candidate proxies were selected 

using the strongest and most significant correlations. These proxies were then used for the second 

step where rate modifiers are calculated by linear regression. The value of geochemical rate modifier 

(𝑥2) in Eq. 4-8 is calculated for each site 𝑖 using Eq. 4-10 and applied to each pool.  

 

𝑥2𝑖 =
𝛽0+𝛽1∗𝐺𝑖

𝑘
                (Eq. 4-10) 

 

where 𝛽0 and 𝛽1 are regression coefficients, 𝐺𝑖  is geochemical proxy at site 𝑖 and 𝑘 is the average of 

the calibrated rate constants (y-1) at all sites. The geochemical rate correction was applied for 

simulations that used a generic rate in the SOC calibration. The latter situation reflects a lower 

information level (no local calibration), which we attempt to improve by using the proxy correction.  

        

4.2.5.3 Model projections 

Simulations for future projection were conducted using different climate scenarios as climate 

boundary conditions to the model. Two extreme emission scenarios were used, viz. (i) the 

Representative Concentration Pathway (RCP) 2.6 and the RCP 8.5 derived from Coordinated Regional 

Climate Downscaling Experiment (CORDEX) for South-East Asia (CORDEX-SEA) domain using climate 

model from MPI-ESM-LR_REMO2015 (Giorgetta et al., 2013; Remedio et al., 2019). The MPI-ESM 
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model considers El Nino Southern Oscillation phenomenon (Giorgetta et al., 2013) which influences 

the rainfall variability in Indonesia (Nur’utami and Hidayat, 2016), whereas CORDEX delivered 

downscaled simulations from global climate model to higher resolution of regional models with spatial 

resolution 25 km. The performance of CORDEX-SEA has been evaluated in other studies (e.g. Nguyen 

et al., 2022; Tangang et al., 2020). In this study, the atmospheric variables derived from both RCP 2.6 

and 8.5 were downscaled to local climate data as described in section 4.2.3 (input climate data). The 

RCP 2.6 showed a stabilized climate until 2100, while the RCP 8.5 scenario displayed an increase of 

average temperature and a slight decrease of precipitation in our study area (Fig. A4-2 in Appendix 4). 

We used the temperature and precipitation from RCP 2.6 and 8.5 to estimate net primary productivity 

(NPP in Mg dry matter ha-1 y-1) using the Miami model (Lieth, 1975): 

 

𝑁𝑃𝑃 = 30 ∗ 𝑀𝐼𝑁(
1

1+𝑒1.315−0.119∗𝑀𝐴𝑇 , 1 − 𝑒−0.00064∗𝑀𝐴𝑃)           (Eq. 4-11) 

 

where MAT is the Mean Annual Temperature (C) and MAP is Mean Annual Precipitation (mm). Our 

study did not consider the effect of increased atmospheric CO2 concentration on NPP, so climate 

projection scenarios were only based on the change of precipitation and temperature. The SoilGen 

model calculate litter input via NPP as a function of climate in every year. For forest land use, we 

assumed that forest is in equilibrium (i.e. mature), so the amount of biomass that is produced becomes 

plant litter. For agricultural land use, the estimation of litter input was calculated in SoilGen as follow: 

 

𝐿𝑖𝑡𝑡𝑒𝑟 𝑖𝑛𝑝𝑢𝑡 (𝑀𝑔 𝐶 ℎ𝑎−1)  =  𝑁𝑃𝑃 × (1 −  ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)                          (Eq. 4-12) 

 

Where harvested product is a fraction of NPP that is harvested (Mg C ha-1). 

 

For the evaluation of the effect of different climate scenarios on SOC stocks, these were simulated for 

80 years, from 2021 onwards using the SoilGen model. In this period, we evaluated the amount of SOC 

and its distribution over SOC pools. The input includes soil data, minerals, vegetation at the final year 

of the best calibration simulation (i.e. SOC-decay rate: i. site-specific rate, ii. generic rate, iii. generic 

rate modified by geochemical proxy). Boundary conditions such as type of vegetation, bioturbation, 

fertilization, and ploughing were assumed to be the same as at present time. We also assumed there 

were no destructive events such as eruptions or landslides.  

 

 

4.3 Results and discussion 

4.3.1 Calibration 

4.3.1.1 Clay migration 

The clay migration process was sensitive to four parameters, i.e. soil detachability coefficient (kd), 

pressure head at which macropores empty (h-θmacro), filter coefficient (n), and max splitting probability 

and temperature gradient (PSmax and B), whereas the difference of thickness of the ectorganic layer 

showed no effect on clay translocation (Fig. 4-1). The limited sensitivity of the ectorganic layer in our 

study might be due to the high precipitation in our study area (± 2000 mm yr-1) and also ploughing of 
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agricultural sites, which may have led to a lesser influence of ectorganic layer thickness to the clay 

detachment process. Unlike the study by Finke et al. (2015) who demonstrated the limited sensitivity 

of kd  in SoilGen2, our study showed a change in the dissimilarity of clay amount (%) between measured 

vs. simulated clay content in the soil profile after shifting of the kd value, particularly in the forest. The 

calibrated optimal value of kd was 0.023 (Table 4-2). This value was smaller than found in studies by 

Jarvis et al. (1999), who obtained a value of 15, and Morgan (2001), who proposed kd to range from 

0.05 to 2. The low kd value implied just a small detachment rate in these soils. In line, Andosols are 

known to have good aggregate stability and thereby they are relatively resistant to water drop impact 

(Nanzyo et al., 1993b) even after long-term cultivation (Shoji and Takahashi, 2002). The depth 

distribution of the clay in the agricultural soil profiles seemed to be unsensitive to the change of kd 

parameter and had higher dissimilarity than in case of the forest soils. This might be because of the 

ploughing activities, which may have caused local (but unknown) variation in aggregate stability, 

resulting in a lesser influence of the detachability coefficient on clay dispersion.  

 

The h-θmacro parameter is used to calculate the fraction of clay that is in a transportable dispersed state 

(Eq. 4-4). The best calibrated value of h-θmacro in our soils was -24 hPa, lower than values predicted for 

Western Europe, viz. -1 hPa (Finke, 2012) and -18.3 (Finke et al., 2015). Clay translocation was sensitive 

to h-θmacro, in contrast to Ranathunga et al. (2022) who found clay distribution in semi-arid climates to 

be unrelated to this parameter. This emphasizes that as expected, the amount of precipitation would 

be a critical determinant of clay mobility. With high precipitation in our study area logically there is a 

larger chance of water-clay contact and for flow thereof through the macropores. The result showed 

a low h-θmacro value indicating that, nevertheless but a relatively low fraction of clay was transported 

downwards. The filter coefficient n also relates to the clay migration, specifically to calculate the 

amount of clay that is not leached due to filtering. The best calibrated value was 0.5, similar to the 

value proposed by Ranathunga et al. (2022), and comparable with estimates for silty clay soil in 

Sweden (0.71; (Jarvis et al. 1999)) and loess soils in Belgium (0.51; (Finke et al., 2015)). Lastly, the 

optimum calibrated values of PSmax and B were 1.65x10-6 and 1.95°C hour-1, respectively. These values 

were in between values reported from the study of loess soil in semi-arid climate (2.163x10-6 and 

0.95°C hour-1) (Ranathunga et al., 2022) and for French soils, i.e. Paris Basin, for which Finke et al. 

(2015) found the best value at 1.338x10-6 and 1.95°C hour-1. 

 

Table 4-2 A summary of the calibrated parameters and best calibrated parameter values 

Soil processes  Process parameters with units Best values 

Clay migration 1. Soil detachability coefficients 

(kd; g J-1) 

0.023 

 2. Pressure head (hPa) at which 

macropores empty (hθ-macro) 

-24 

 3. Filter coefficient of clay (n; -) 0.5 

 4. Particle splitting probability 

and soil temperature change 

(Psmax and B; - and °C hour-1) (4 

x 4 combination) 

1.61 x 10-6 ;  

1.95 

Weathering rate of 

amorphous materials 

5. Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-11.4 
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 6. Dissolution rate constant at 

basic (log kOH25; mol m-2 s-1) 

-13 

Weathering rate of 

alunite 

7. Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-12 

 8. Dissolution rate constant at 

basic (log kOH25; mol m-2 s-1) 

-13 

Weathering of 

anorthite 

9. Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-5.3 

 10. Reaction order of H+ (n; -) 0.9 

Weathering of albite 11.  Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-8.3 

 12. Reaction order of H+ (n; -) 0.5 

 13. Dissolution rate constant at 

basic (log kOH25; mol m-2 s-1) 

-8.3 

 14. Reaction order of OH- (m; -) 0.5 

Weathering of 

Hornblende 

15. Dissolution rate constant at 

acid (log kH25; mol m-2 s-1) 

-8.4 

 16. Reaction order of H+ (n; -) 0.55 

Weathering of quartz 17. Dissolution rate constant at 

basic (log kOH25; mol m-2 s-1) 

-10.6 

 18. Reaction order of OH- (m; -) 0.25 

SOC pool (4-pool 

model) 

19. Decay rate of RPM pool  

(kRPM; yr-1) 

Generic rate = 0.15 

Site-specific rate = NF-y (0.075); PF-i 

(0.325); PF-o (0.125); AG-y (4.5); AG-i (1.5); 

AG-o (0.55) 

 20. Decay rate of DPM pool  

(kDPM; yr-1) 

Generic rate = 0.25 

Site-specific rate = NF-y (0.10); PF-i (0.25); 

PF-o (0.10); AG-y (23); AG-i (5); AG-o (3.5) 

 21. Decay rate of HUM pool  

(kHUM; yr-1) 

Generic rate = 0.0035 

Site-specific rate = NF-y (0.0025); PF-i 

(0.005); PF-o (0.005); AG-y (0.005); AG-i 

(0.0025); AG-o (0.0025) 

 22. Decay rate of BIO pool  

(kBIO; yr-1) 

Generic rate = 0.10 

Site-specific rate = NF-y (0.05); PF-i (0.05); 

PF-o (0.05); AG-y (0.35); AG-i (0.1); AG-o 

(0.2) 

 

 

4.3.1.2 Weathering of primary minerals 

The simulation of minerals weathering was sensitive to the parameters of dissolution rates constant 

at acid and/or basic conditions of mineral (kH and kOH, respectively) (Fig. A4-3 to A4-8 in Appendix 4). 

Conversely, not all parameters of reaction orders with respect to H+ and OH- (n and m, respectively) 

were sensitive enough to influence the dissolution rate of minerals (rk, see eq. 1). Best calibrated 

values of kH and kOH for amorphous materials were -11.4 and -13 log mol m-2 s-1, respectively (Table 4-

2). Compared to the dissolution rate constant of volcanic glass ((Wolff-Boenisch et al., 2004); Table 4-

1), these values were much lower implying a slower dissolution rate. Possibly, this results from that 
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amorphous materials in our study refer to all phases that did not produce XRD peaks. For instance, 

the % of amorphous materials correlated well with the content of SRO Al (hydr-) oxides (Anindita et 

al., 2022b). This material forms after rapid dissolution of volcanic glass and can persist for relatively 

long time periods until all the non-crystalline materials transform to crystalline phase (Rasmussen et 

al., 2007). The current SoilGen model assumes that dissolution occurs at far from equilibrium 

conditions and does not account for the formation of secondary minerals. Changing parameters n and 

m did not bear any effect on the modelled dissolution of amorphous materials (Fig. A4-3 in Appendix 

4). 

 

 

 
   

Figure 4-1 Variation of scaled dissimilarities (Eq. 4-9) between measured and simulated clay content 
in the calibration of clay migration. 
 
 

The optimum kH and kOH of alunite in NF-y soil were -12 and -13 log mol m-2 s-1, respectively (Table 4-

2). These values were lower than in a previous study by (Miller et al., 2016) where obtained dissolution 

rates were -10.8 to -11.4 from pH 1 till pH 8. In line to their study, our result also showed the inflection 

point “V” in the alunite dissolution rate versus pH occurs at a minimum for pH 6 - 7 (Fig A4-8 in 
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Appendix 4). Such shifting of dissolution mechanism from H+ to OH- is due to Al3+ hydrolysis at higher 

pH (Miller et al., 2016). Again, variation in the reaction orders n and m did not influence the modelled 

dissolution of alunite. For anorthite, the best value of kH was -5.3 log mol m-2 s-1. This value was higher 

than found in previous studies: -5.9 (Goddéris et al., 2006) and -6.64 (Palandri and Kharaka, 2004). 

The optimum derived value for parameter n of anorthite minerals was similar to the SoilGen reference 

value of 0.9 (Table 4-1). The optimum calibrated kH and kOH for albite was -8.3 log mol m-2 s-1 (Table 4-

2). These rate constants were faster than documented in previous studies, e.g. -9.62 and -9.64 

(Bandstra and Brantley, 2008) and -9.7 and -9.95 (Goddéris et al., 2006), for kH and kOH respectively. 

However, we noticed that the difference of the dissimilarity value between kOH -8.3 and -9.95 was in 

fact very small, viz. 0.005 (Fig. A4-5 in Appendix 4). The optimum values for parameters n and m in 

albite were both 0.5, the same as the reference value. The best calibrated value for kH of hornblende 

was -8.4 log mol m-2 s-1. This rate was faster than found in studies of hornblende dissolution rate 

compiled by Bandstra and Brantley (2008). On the other hand, the optimum value for n was 0.55, the 

same as the reference value. The best calibrated value of kOH for quartz was -10.6 log mol m-2 s-1 which 

was faster than the study by Violette et al. (2010) who obtained the value of -11. 

 

Overall, our study showed either slower or faster dissolution rate constant (kH, kOH) than the reference 

values of other studies. The comparison of minerals’ dissolution rates obtained in various studies with 

different time scales remains a challenge and this could have partly contributed to the spread in 

reported results (White and Brantley, 2003). Another factor which also influences this disparity is the 

initial amount of parent material, as will be further described in section 4.3.5. The optimum values for 

parameters n and m were same as the reference values (Table 4-1). It might be because the simulated 

soils had neutral pH, 6 – 7, thus the reaction order which mainly affects the dissolution rate at acid (± 

4) or basic (± 9) pH did not have much effect when the dissolution rate constant (kH and kOH) has been 

adjusted.  

 

4.3.1.3 Soil organic carbon pool 

The site-specific calibration showed that the optimal decay rates for the various OC pools varied 

among the soils (Table 4-2; Fig. 4-2). The optimal values obtained from our SOC calibration were not 

entirely within the range of the rates reported in previous studies (Finke et al., 2019; Yu et al., 2013). 

The calibrated kRPM and kDPM were similar in the four- and five-pool models because both the carbon 

input and the measured amount of OC in DPM and RPM pools were the same. The optimum calibrated 

kRPM and kDPM in forest soils were within the range of reference values (Table 4-1). However, for the 

agricultural soils, calibrated kRPM and kDPM values were much higher and also beyond ranges of 

reference values. The contrast in kRPM and kDPM in agricultural soils than in the forest soils was to be 

expected as forest soils generally contain more recalcitrant materials (McTiernan et al., 2003), while 

added OC in agricultural soils, which is mainly derived from organic fertilizer, is better decomposable. 

In addition, management practice, e.g. soil tillage, creates higher turnover rate, particularly for 

decomposable plant materials, while fertilization and liming enhance nutrient availability and improve 

soil pH for heterotrophs to operate. There are no N-availability or pH modifiers in the Roth-C model 

and so these effects translate into best calibrated values for C-model pool in our study.  
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Both kHUM and kBIO in the four-pool model generally had slower decay rate than five pool model, which 

was expected because in the four-pool model the recalcitrant SOC is entirely part of the HUM pool, 

and not spread across IOM and HUM. The site-specific kHUM and kBIO calibrated values were slightly 

below or within the range of reference values reported in literature. Our study showed a better 

calibration of SOC pools using the four-pool than five-pool model as was shown by the closer 

approximation of modelled and measured total SOC in most of the sites using the four-pool model 

(Fig. 4-3), in line with Finke et al. (2019) who found better simulation using a SOC four-pool model for 

a chronosequence study. In the five-pool model, there was an overestimation or underestimation of 

the HUM and IOM pools, indicating an uncertainty of the model whether OC is subjected to decay or 

not. The OC may relative stable but assuming that IOM will exist over millennium time scales may be 

also not completely correct. Sanderman et al. (2016) concluded that IOM is hardly inert at the 

millennium time scale, and it depends on the carbon flow through the soils. In general, HUM was the 

dominant SOC pool and accounted for about 90% of total SOC, then followed by RPM (0.1 – 5%) or 

BIO (1.5 – 5.4%) and the lowest was DPM (0 – 1%).  

 

  
 
Figure 4-2 Variation of scaled dissimilarities between measured (i.e. derived from SOC fractions 
following Zimmerman et al. (2007) based on data by (Anindita et al., 2022a) and simulated SOC pool 
in the calibration of the SOC pool decay rates of the four-pool SOC model in SoilGen. 
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Figure 4-3 SOC pool sizes derived from the distribution of SOC across measured soil fractions following 
Zimmerman et al. (2007) using data from (Anindita et al., 2022a) (meas) and from SOC pool simulation 
using site-specific process rates (sim) for the five-pool (top) and the four-pool (bottom) SOC model in 
SoilGen. 
 

4.3.2 Identification of geochemical proxies 

Correlations between measured soil properties and calibrated SOC pool decay rate constants were 

used to identify candidate geochemical rate modifiers and these are presented in Table 4-3. The 

results from the five- and four- pool models were similar. We found a negative correlation between 

kHUM and the soil pH H2O, the base saturation, the exchangeable Ca content, and the total reserve of 

bases (TRB) for both four- and five-pool models across the PF and AG soils, excluding NF-y. These 

negative relations between TRB and exchangeable Ca in particular and SOC-breakdown kinetics is 

originated from the fact that polyvalent cations act as bridges between soil mineral surface and 

organic matter or stimulate soil aggregation, thus promoting the stabilization of SOC (Rowley et al., 
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2018). Doetterl et al. (2015) found positive correlations between TRB and SOC stocks and interpreted 

that a slower degradation of SOC occurs as more cations are available for organo-mineral association. 

But it remains difficult to unequivocally confirm such connections between TRB or base saturation and 

stability of SOC. Indeed, relations between contents of ‘basic’ cations and SOC need to be interpreted 

carefully, because fertilizer addition to agricultural soils artificially lifts their levels, while at the same 

time alongside soils also receive OC-inputs of distinct quality, in contrast to forested sites.  

 

Soil parameters, such as the content of Alo and amorphous materials also displayed a tendency 

towards a negative correlation with model pool decomposition rates, but none of these were 

statistically significant. This is surprising as poorly crystalline Al is known to be one of  the principal 

factors for immobilization of OM in acid volcanic soils and is known to have a role in SOC stabilization 

in other soils as well (Hernández et al., 2012; Kramer et al., 2012). Perhaps this absence of a relation 

between mineralization rates and Alo or content of amorphous materials is explained by the high clay 

content (27-67%) (Anindita et al., 2022b) acting as primary surfaces for organo-mineral association. 

This also adds up to the presumed role of basic cations in SOC stabilization as suggested above, to act 

as bridges between net negatively charged organic matter and most clay minerals at the prevailing 

soil pH.   

 

We did not find significant correlations between soil properties and kRPM and kDPM and no further 

modification of these parameters based on soil geochemical proxy was attempted. Unsurprisingly 

there was a positive correlation between the carbon input amounts and the size of the DPM or RPM 

pools (r = 0.98; p < 0.01), but by default the model structure assumes that SOC mineralization rates 

themselves are independent of C-inputs. In conclusion, we selected TRB as geochemical modifier for 

the rate of HUM pool only in the simulation of four-pool model. We only did so for five sites i.e. PF-i, 

PF-o, AG-y, AG-i, AG-o (see next section). 

 

Table 4-3 Pearson correlation coefficients between calibrated rate constants (kRPM, kDPM, kHUM, and kBIO 
in y-1) and measured soil properties in the PF and AG soils (5 sites). Double underlined coefficients are 
significant at α = 5%, whereas underlined means are significant at α = 10% 

 Five pool model Four pool model 

Pearson correlations kRPM kDPM kHUM kBIO kRPM kDPM kHUM kBIO 

Clay (%) 0.39 0.28 0.37 -0.03 0.39 0.28 0.48 -0.85 

Silt (%) 0.42 0.54 0.20 0.72 0.44 0.53 0.11 0.50 

Sand (%) -0.30 -0.39 -0.27 -0.57 -0.30 -0.39 -0.11 -0.37 

pH H2O 0.23 0.09 -0.98 0.20 0.23 0.09 -0.94 -0.77 

Exchangeable Ca (cmolc kg-1) 0.53 0.42 -0.85 0.54 0.53 0.42 -0.80 0.81 

Oxalate-extracted Al (Alo; mg g-1) 0.10 -0.08 -0.45 -0.28 -0.10 -0.08 -0.30 -0.23 

TRB (cmolc kg-1 soil) -0.01 -0.22 -0.84 -0.13 -0.01 -0.22 -0.95 0.60 

Specific surface area (m-2 g-1) 0.38 0.24 0.13 -0.06 0.38 0.24 0.28 -0.69 

Amorphous materials (%) 0.52 0.29 -0.64 -0.18 0.52 0.29 -0.56 0.13 

Al/Si -0.26 -0.33 -0.07 -0.55 -0.26 -0.33 0.10 -0.54 

Base saturation (%) 0.61 0.48 -0.81 0.60 0.61 0.48 -0.76 0.70 

Cation exchange capacity (cmol 

kg-1) 

-0.53 -0.45 0.54 -0.32 -0.53 -0.45 0.24 -0.12 
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4.3.3 Comparison of simulations quality 

The amount of SOC over the pools was calculated using: (i) site-specific pool decay rates, (ii) generic 

rates, and (iii) average rate constants modified by geochemical proxy. These C pool contributions to 

SOC were then compared to measured pools (Fig. 4-4), from SOC-fractionation data reported by 

Anindita et al. (2022a). Results showed that site-specific calibration led to the best simulation of both 

measured total SOC stock and stock of each of the individual SOC pools, in line with previous study 

(Finke et al., 2019). The percentage difference of total SOC stock in topsoils (0 – 20, 20 – 40 cm) and 

subsoil (± 60 - 80 cm) between simulation with site-specific rates and measured SOC pools were 3.9%, 

10.4%, 5.5%, 3.9%, 1.0%, and 2.2% in NF-y, PF-i, PF-o, AG-y, AG-i and AG-o, respectively. Simulations 

using both generic decomposition rates and generic rates modified by geochemical proxy generally 

overestimated total SOC, particularly for the agricultural soils. This was mainly due to an 

overestimation of the RPM and DPM pools for this land use. This implies that the RPM and DPM of 

forest and agricultural land use have different quality or are subject to variable degree of stabilization 

under these land-uses. In our previous study (Anindita et al., 2022a) we found that C-mineralization 

of a model plant residue (13C labelled aboveground ryegrass parts) did not differ between the 

agricultural and forest sites. This then demonstrates that not the mode of stabilization of C-inputs per 

sé but rather their differing quality between forest and agricultural land-use determined their 

contrasting mineralization. A further calibration of DPM and RPM decomposition rates should thus 

not be based on geochemical proxy, but rather from indicators of the quality of the C-inputs. 

Alternatively, the partitioning between both labile C pools could be based on such quality indices as 

already successfully demonstrated by Peltre et al. (2012). Regardless, this outcome stresses the need 

for site-specific or rather land-use specific decomposition rates for these pools.  

 

 
Figure 4-4 Comparison of total SOC in each model pool between measured pools (estimated from soil 
fractionation carried out by (Anindita et al., 2022a) and simulations using (i) site-specific rate 
constants, (ii) average rate constants, and (iii) geochemical proxy based modification of rates at depths 
of 0 – 20, 20 - 40, and ± 60 – 80 cm in the four-pool model version of SoilGen 
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The percentage differences of simulation with geochemical proxy and the measured pool for HUM 

pool were 20%, 40%, 2%; 5%, 39% and 7% in AG-y, AG-i, AG-o, PF-i, and PF-o soils, respectively. The 

use of a geochemical proxy (i.e. TRB in this study) produced a better estimate of HUM than the 

simulation with a generic rate in PF-i, PF-o, AG-y, and AG-o soils, with reduction of percentage 

difference about 18 - 24% on HUM pool. However, this proxy tended to overestimate the HUM pool 

in AG-i. The advantage of using geochemical proxy to modify the decay rate of HUM pools in SOC 

simulation was found in other studies as well (Finke et al., 2019; Shirato et al., 2004). For the PF-i, PF-

o, AG-y and AG-o, in particular adjustment of kHUM based on geochemical proxy improved simulation 

of SOC in HUM as well as total SOC compared to simulation with only generic decomposition rates. 

For the AG-i soil the proxy-based modification of kHUM did not correctly reproduce the HUM pool as 

well as total SOC. We conclude that simulation with C-pool rate modification based on the here 

selected geochemical proxy (TRB) thus led to incorrect SOC-pool partitioning and overestimated total 

SOC stock, although this method did outperform the simulation using generic rates in most study sites. 

 

4.3.4 Effects of different climate projection scenarios on SOC 

The trend of estimated total SOC stocks (0 – 20, 20 - 40 cm, and ± 60 – 80 cm) under two extreme 

climate scenarios, i.e. RCP 2.6 and RCP 8.5, from years 2021 – 2100 using different decay rate 

constants is presented in Fig. 4-5. The results showed that the use of different decay rate constants 

(i.e. site-specific, generic, generic + geochemical proxy) can lead to different directions of the future 

predicted trend in SOC stock. The selection of type of calibration proved to be very important as the 

difference of simulated SOC stock evolution between calibration scenarios was generally much larger 

than the difference between two RCP scenarios (Fig. 4-5). Based on the dissimilarity analysis made 

(and presented in 4.3.3), the best calibrated SOC model was using the site-specific decomposition rate 

modification, thus this rate is expected to produce more reliable future simulation. Missing site-

specific information or using generic rate calibration can lead to over- or under-estimation of SOC.   

 

The estimated future total SOC also varied among sites. In the simulation with site-specific calibration, 

the NF-y, AG-y, and AG-o soils showed a further increase of SOC content by 5.7, 26.8, and 12.8% under 

RCP 2.6 and an increase of 6.1, 20.5, and 9.1% under RCP 8.5, respectively, compared to total SOC at 

present. On the other hand, the SOC content in PF-i, PF-o, and AG-i soils displayed a decreasing trend 

by 9.2, 7.7, and 5.2% under RCP 2.6, and 10.6, 7.3, 8.5% under RCP 8.5, respectively. The results 

suggested that regardless of climate scenario the estimated SOC stock in future is probably not solely 

dependent on land use. Trends in SOC evidently depend on initially present SOC stock and on C-inputs. 

Godde et al. (2016) found that initial SOC content explains 66% of SOC variation in model output for 

agricultural soils. Within the agricultural land-use group a distinction can be made for both aspects. 

The lower and very high initially present SOC stocks for the AG-y and AG-i sites, respectively probably 

explain contrasting further increases and decreases in simulated SOC stocks for both respective sites. 

The expected SOC stock increase of the AG-o site contrasting to the AG-i site is likewise explained by 

its lower initial SOC but to a lesser degree. The decrease of SOC stock in the planted pine forests for 

all climate scenarios at the end of projection simulation might indicate that the SOC input was not 

sufficient to compensate SOC decomposition, regardless of the climate scenario considered.  
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Figure 4-5 The trend of OC stock (0 – 20, 20 - 40, and ± 60-80 cm) calculated with three different decay 
rates, viz. site-specific rate constants, average rate constants, and average rate constant modified by 
geochemical proxy in sites NF-y, PF-i, PF-o, AG-y, AG-i, and AG-o from 2020 to 2100 under climate 
scenarios RCP 2.6 (solid line) and 8.5 (dashed line). 
 

 

The effect of global warming is represented by the deviating SOC trends between the RCP 8.5 and RCP 

2.6 scenarios in Fig. 4-5. At the forest sites, the SOC trend tended to increase in the beginning years 

but was stagnant or declined by ± 2080 with then final predicted 2100 SOC stocks similar to the RCP 

2.6. A general negative impact of global warming on SOC stock was in contrast expected for the 

agricultural soils, where already from year ± 2040, a discrepancy in SOC stock evolution emerged 

between the RCP 2.6 and 8.5 scenarios to result in between 3 – 5% lower SOC stock in agricultural 

soils by 2100 with climate change. The susceptibility of SOC in the agricultural soils to the increase of 

temperature has been reported in other studies as well, owing to enhanced SOC decomposition that 

is not met by alongside proportional increased C-inputs (Riggers et al., 2021; Wang et al., 2022). 

Particularly, in the here intensively managed agricultural lands, organic fertilizers make up for a very 

substantial share of the overall C-input. Organic fertilizer inputs would evidently not become larger 

with increasing temperature, in contrast to plant-C inputs. This most probably explains why the impact 

of global warming was less for the forest soils in our study. In general, our study simulated a decreased 

trend of SOC under RCP 8.5 as the increased decomposition of SOC was not compensated by the rise 

in NPP or the amount of additional carbon input, i.e. organic fertilizer. We found a maximum of 5% 

lower SOC stock under global warming scenario from all soils. The low effect of global warming on SOC 

storage was also reported in other areas with warm climate (Crowther et al., 2016; Hartley et al., 

2021). However, this small effect might also be partly due to the use of stable decomposition rate 
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constant (𝑘𝑝) in our model. This effect is difficult to quantify since, field or laboratory experiments 

generally show that soil warming increases decomposition (Hou et al., 2016; Stuble et al., 2019), where 

this is the combined effect of 𝑘𝑝 and the temperature correction of the decomposition rate in SoilGen.  

 

 

  
 

Figure 4-6 Simulation on the amount and distribution of each SOC pool i.e. RPM, DPM, HUM, BIO using 
site-specific calibration in response to different climate scenarios: RCP 2.6 (solid line) and RCP 8.5 
(dashed line). 
  

 

The responses of each SOC pool, i.e. RPM, DPM, HUM, and BIO pools using site-specific rates on 

different climate scenarios projection are in Fig. 4-6. There was no significant effect of global warming 

on the RPM and DPM pool sizes as anyhow the amount of SOC in these pools was generally small, 

except for at the NF-y site. In case of NF-y, the RPM and DPM pools initially increased but after several 

decades started to decrease under RCP 8.5. As the temperature continued to rise, the decomposition 
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rate outpaced rising carbon inputs with consequent declining SOC stock. The BIO pool in NF-y also 

showed a decreasing trend after year 2080 similar to the RPM and DPM pools, whereas there was a 

slight increase of the HUM pool. The latter might be due to initially more and thereafter less C-input 

to the BIO from decay of the likewise evolving RPM and DPM pools. At the agricultural sites, the effect 

of global warming on SOC was straightforward with a 2.6 – 4.6% lower HUM pool between in the RCP 

8.5 than in the RCP 2.6 scenario and this lowering was more than in forest (< 1%). In addition, lower 

BIO pool was also observed in agricultural soils (16 – 22%) than in forest soils (7 – 11%) between RCP 

2.6 and 8.5. Overall, the model suggests a relatively limited change in SOC pool partitioning to occur 

due to global warming in case of the forest sites and a shift towards mainly less C in the HUM and BIO 

pools for the agricultural sites. This preferential loss of stable SOC matches the higher predicted 

thermosensitivity of microbial decomposition of more recalcitrant organic matter (Davidson and 

Janssens, 2006). 

 

 

4.3.5 Limitation of this study 

For this study several assumptions and simplifications were made which may influence the 

interpretation of the results. (i) First, we used field estimated soil texture in the clay migration 

calibration with assumption that the high amount of clay particles (Anindita et al., 2022b) that are 

present as pseudo-sand and/or pseudo-silt will act as sand and silt with respect to the water flow (i.e. 

the particle does not easily break). (ii) As mentioned in section 4.3.1.2, the initially taken mineralogical 

composition can partly explain the difference of dissolution rate constant values between our study 

and literature. This initial amount of a given mineral is important to calculate its loss over time. Since 

there was no information on the amount of minerals in the parent materials and the presence of 

parent materials in field was obscure (no C-horizons), our reconstructed initial mineral composition 

may not have accurately reflected the actual (unknown) starting condition. In addition, this study was 

based on assumptions that there was no erosion or that no additional minerals entered from new 

eruptions since detailed information about these processes was limited for our study area. (iii) In the 

calibration processes, the difference between simulated and measured values was partially due to the 

selected interval range. A smaller interval will result to a more accurate calibration, but it will increase 

the amount of time spent on the calibration process. This limitation can partly be dealt with by making 

interpolations between best dissimilarity values or by more iteration steps. (iv) The geochemical rate 

modifier was determined from linear regression between the SOC decay rate and measured TRB as 

geochemical proxy. However, in reality, the amount of TRB changes with time. To have more accurate 

calibration simulation of geochemical proxy, the proxy would need to be dynamically included in the 

simulations. (v) In the projection simulation, we assume that there is no change on vegetation or 

occurrence of catastrophic events, like e.g. forest fire or volcanic eruptions. Such assumptions may 

not represent the real situation in the future. Another limitation is the used simple calculation of 

vegetation NPP and C-input responses to climate. Adaptation of the vegetation structure to climate 

change is likely with non-linear responses between the rise in MAT or MAP and C-inputs. The 

interaction mechanisms between climate and vegetation, and additional scenarios, e.g. a forest fire 

scenario, in the SoilGen model can be considered for future research. 
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4.4 Conclusions 

In this study, the SoilGen2.25 model has been calibrated to reproduce the present SOC stock in 6 

Andosol profiles at forested and agricultural sites and to estimate the future of SOC under different 

climate projection scenarios. Our results showed that: 

 

1. Most of the selected parameters i.e. soil detachability coefficient, pressure head at which 

macropores empty, filter coefficient, particle splitting and soil temperature change, dissolution 

rate constants at acid and basic condition, and decay rate of RPM, DPM, HUM, and BIO pools 

responded to the calibration. Hence, SoilGen proved sensitive to the change of process 

parameters. Detailed information of initial parent material is important for the model accuracy, 

so the model can produce better calculation on weathering rates and the amount of cations 

released. 

2. The calibration of SOC using a four-pool model, produces better simulation on total SOC than five-

pool model (including inert pool) underlining the uncertainty of the presence of an inert pool over 

millenniums. We found that the application of site-specific rates to calculate the decay rate of SOC 

pools provides the best simulation to reproduce total SOC, with percentage differences between 

the measured and simulated SOC of about 1 – 10 %. These site-specific rates were also important 

for the SOC projection in the future. The use of generic rates, particularly using the same decay 

rate constant on different land uses will lead to a lower accuracy on the estimated SOC 

projections. 

3. The use of a geochemical proxy (the total reserve of bases) improved the simulation of HUM pool. 

However overall, site-specific calibration was much better able to reproduce measured SOC stocks 

and pool partitioning. The benefit of using geochemical proxies in SOC modelling is observed at 

most study sites but more sites are required to confirm this.  

4. The effect of global warming, represented by climate projection scenario RCP 8.5, on SOC stock 

was stronger in agricultural soils than in forest soils. There was a reduced SOC stock of about 3 – 

5% compared to RCP 2.6 (i.e. no significant increase of temperature) in agricultural soils at the end 

of simulation (i.e. year 2100), whereas the SOC reduction was less than 2% in forest soils. This 

stronger global warming effect for agricultural sites is due to the substantial share of exogenous 

carbon to total soil carbon inputs, which do not lift alongside with a temperature rise.    

5. As the impact of calibration method on simulated total SOC is much larger than that of the climate 

scenario, the need for a good calibration is found to be essential. Particularly so as the default 

kinetic decomposition rates of the DPM and RPM pools were inappropriate for over half of the 

concerned study sites with substantially overestimated carbon residing in both pools and SOC.  
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5.1 General conclusions and discussion 

Volcanic soils have been acknowledged for their ability to retain SOC. However, many of these soils 

under primary forest in the (sub)tropics are subject to land use change due to their inherently good 

physical and chemical soil properties, allowing high-yielding food or timber production. Conversion of 

land use in these soils as anywhere is likely to affect SOC stock on the relatively short term, i.e. on the 

course of decades to centuries. SOC stock is a function of climate, drainage, vegetation, and edaphic 

properties with the latter usually quite invariable at this time scale (except for bulk density, soil pH 

and contents of plant nutrients). However, the weathering of primary minerals and formation of 

secondary minerals including non-crystalline materials, could proceed rapidly in these volcanic soils, 

especially in tropical climate. The alteration of the geochemical composition as a consequence of land-

use changes may have an impact on SOC dynamics, particularly in volcanic soils where organo-mineral 

association is a key SOC stabilizing mechanism. The overall aim of this thesis research was to 

understand the effects of land use on SOC through its relation to geochemical soil properties at 

present times and to explore future SOC under different climate scenarios. The PhD-research thus 

pursued several objectives: (i) to assess the effect of land use on weathering, soil geochemical 

properties and SOC, (ii) to analyse the effect of land use on quality and stability of SOC mediated by 

soil properties, (iii) to calibrate the important soil processes on volcanic soils, (iv) to assess the impact 

of different calibration approaches on the accuracy of simulated SOC, and (iv) to forecast the SOC 

stock and each pool under climate change. The major conclusions, challenges, and future research are 

summarized hereunder. 

 

The effect of land use on geochemical properties and their controls on SOC was evaluated in volcanic 

soils near Mt. Tangkuban Perahu and Mt. Burangrang, Indonesia. The study covered six sites that have 

different ages based on a lithology map (Silitonga, 1973) and land use (tropical primary forest, 

secondary pine forest, and agricultural land). In Chapter 2, the effects of land use on geochemical 

properties were assessed. Results indicated that the site with primary forest contains different parent 

materials than the other five sites and thus was excluded from the comparison of soil properties. The 

inability to still find primary forest in the area with the same parent material and the difficulty to date 

and trace back the history of sites in the tropics, demonstrate how difficult it is to study land-use 

effects on soil development in practice. Nevertheless, the comparison of soils under pine forest and 

agricultural land uses using a weathering index, elemental analyses, and semi-quantitative XRD-based 

assessment of minerals showed a comparable weathering stage, total element content, and mineral 

content between these two land use types. We, therefore, concluded that the sites under pine forest 

and agricultural land have similar parent materials and formed a robust base to study land-use effects 

on SOC and geochemical soil properties in Indonesia.  

 

A difference in soil properties was found after an agricultural period of < 50 years, as indicated by 

higher pH, exchangeable bases, and base saturation in agricultural soils compared to the pine forest 

soils. The high amount of these properties in agricultural soils could be expected as a result of liming 

and fertilizer application. However, there was also a contrast in the content of amorphous materials, 

with particularly higher levels of NH4-oxalate extractable aluminium (Alo). These results underline the 

existence of phenoforms (management-related sub-soil type) within the general genoforms (genetic 

soil types), which was expressed in terms of soil classification by the WRB qualifiers dystric (pine forest 
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soil) and eutric (agricultural soil). Further, about equal SOC stock in the agricultural soils than in the 

pine forest soils was also remarkable, as land conversion to agriculture generally results in SOC 

depletion (Don et al., 2011). At this point, we concluded that the higher short-range order Al (hydr-) 

oxides (indicated by Alo) under agricultural soil, which correlated well with soil specific area and 

micropore volume, partly contributed to higher SOC stock in agricultural soils. The role of Alo in the 

capacity of volcanic soils to maintain high SOC stocks is well recognized and we hypothesized that 

formation of short-range order aluminium (Alo) in agricultural soil would indirectly mediate SOC 

storage in these soils.  

 

For the second objective (Chapter 3), the effects of land use on the storage and stability of SOC were 

analysed under the hypothesis developed in Chapter 2 that Alo had a role in SOC stabilization 

mechanisms. In this study, soils were separated into several fractions corresponding to different 

physical and chemical stabilising mechanisms. In this soil fractionation, we used the proposed method 

of Zimmermann et al. (2007). As further discussed under 5.2.2, it was modified for tropical Andosols. 

The results showed that most of the SOC in these soils (± 78%) was present in the silt and clay fraction 

which represents SOC-mineral interactions. The Alo showed a good negative correlation with the 

proportion of SOC that was oxidizable by 6% NaOCl, particularly at subsoil, but the difference of SOC 

content in silt-clay fraction between pine forest and agricultural land uses was not found. On the other 

hand, the SOC content in the sand-aggregate fraction showed a good correlation with some soil 

properties such as Alo and amorphous materials. A higher amount of SOC in the sand-aggregate 

fraction was found in agriculture than in pine forest soils, in line with our experiment that showed a 

lower native SOC mineralised (%) in agricultural than pine forest soils (p < 0.01). These results did in 

fact support our view that Alo plays an important role in SOC stabilization in Andosols (Chapter 2). This 

PhD research did underline the possible role of Alo as a binding agent to stimulate the formation of 

stable aggregates in agricultural soil and the role of Alo on SOC stabilization via organo-mineral 

association, specifically at subsoil. The conclusion was therefore drawn that agricultural practices 

stimulate the development of Alo, which plays a role in the physical aggregation and protection of SOC 

in aggregates. However, we acknowledged that the occurrence of Alo would not be the sole factor that 

determines the stability of aggregates and accumulation of SOC in agricultural soils. Other factors, 

such as clay content, type of crops, and tillage intensity, are expected to co-influence the stability of 

aggregates. In addition, high input of exogenous OM in the form of excessive manure amendments 

likely also contributed to the accumulation of SOC in the investigated agricultural sites. These 

conditions might also be the cause of large deviations between agricultural sites (e.g. the share of SOC 

in sand-aggregates fraction in agricultural soil was 32 ± 25%). 

 

Additionally, in Chapter 3, the degradability of native and exogenous SOC of topsoil (0 - 20 cm depth) 

was also tested under laboratory conditions in an incubation experiment). Land-use determines both 

SOC quality as well as soil geochemical properties and both jointly control degradability of SOC. This 

makes deconvolution of both land-use impacts on SOC stabilization difficult. By use of a single 13C-

isotope labelled substrate, we could in isolation investigate if the decomposition of fresh OM is 

impacted by soil mineralogy or soil aggregation. We found no such influence, in fact, in contrast to our 

expectancy that enhanced soil aggregation and higher levels of Alo and amorphous materials in the 

agricultural soils would promote stabilization of OM. However, in other research (e.g. Li et al., 2022), 
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it has been shown that factors such as soil texture actually bear no impact at all on the initial 

decomposition of POM, like the ryegrass substrate used here. On the contrary, longer-term stability 

of more transformed OM does depend on geochemical properties, texture, and structure. The 

negative correlation between the SOC proportion of the 400 J ml-1 ultrasonic dispersion stable 

aggregates fraction and SOC mineralization supports this view. Thus, from this PhD research we may 

again add that SOC stabilization in these tropical Andosols is apparently regulated by soil aggregation 

to a significant degree, and not just by organo-mineral interaction.  

 

Finally, objectives (III), (IV), and (V) were pursued in Chapter 4. This chapter evaluated the trend of 

SOC in volcanic soils with a process-based soil genesis model, SoilGen 2.25. Data collected 

from Chapters 2 and 3 were used and converted as input and measured data in the SoilGen model. 

For the third objective, we calibrated some essential soil processes in volcanic soils to maximize the 

reliability of model output, viz. clay migration, weathering of primary minerals, and decay of SOC 

pools. The calibration results of the clay migration process were generally within the range of 

reference values. On the other hand, the optimum parameter values on the calibration of minerals 

weathering were generally not within the range of reference values. The average dissimilarities in 

these calibrations were between 0.2 – 0.4 (± 20 - 40% error). This is partly due to the uncertain, thus 

potentially inaccurate, initial input and limited soil processes coverage, such as the formation of 

secondary minerals in the SoilGen model (see sections 5.2.3 and 5.2.4). We, therefore, concluded that 

the results of minerals weathering calibration did show that the model can be successfully calibrated, 

but results were nevertheless uncertain because of the uncertain initial mineralogical composition 

and formation of secondary minerals. 

 

For the fourth objective, we did more analyses on the calibration of the decay rate of SOC pools by 

comparing four-pool (without Inert Organic Matter) vs. five-pool models (including Inert Organic 

Matter) and evaluating three calibration approaches: a site-specific calibration, a generic calibration, 

and a generic calibration modified by a geochemical proxy. The geochemical proxy was applied to 

represent the effects of geochemical composition or mineral contents on the decay of SOC. Results 

indicated that total reserve base (TRB) was the best proxy, in contrast with our previous results 

regarding the role of Alo in SOC stabilisation, as discussed in Chapters 2 and 3. The significant negative 

relation between TRB and the decay rate of SOC would underline the role of polyvalent cations as 

bridges between soil mineral surface and organic matter. However, with high OM inputs being 

accompanied by liming and use of mineral fertilizers following conversion to agricultural land, it is not 

possible to confirm that the observed positive relation between TRB and SOC was causal. It in fact 

seems doubtful that polyvalent ‘basic’ cations would have contributed strongly to soil aggregation and 

organo-mineral association considering the much higher levels of pedogenic Fe and Al. We neither 

found a significant correlation between Alo and the decay rate of SOC in this study. Possibly absence 

of this relation might be partly due to the high clay content of the studied soils (27 - 67%) (Chapter 

2), which acts as primary surfaces for organo-mineral association. However, a positive correlation was 

found between mineralization of native SOC (Chapter 3) and the decay rate of HUM pool with site-

specific calibration (Chapter 4) (r = 0.56). This result indicated that the site-specific calibration of HUM 

pool at least to some extent reflected the combined effect of various SOC protection mechanism. 

Overall, the measured SOC pools and total SOC were better reproduced with a four-pool model and a 
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site-specific calibration, whereas calibration modified with a geochemical proxy generally improves 

the simulations of total SOC and HUM pool compared to calibration with a generic rate.  

 

For the fifth objective, we analysed the effect of global warming on different land use using the three 

calibration approaches under different climate projection scenarios, RCP 2.6 and RCP 8.5. These 

climate projection scenarios were derived from Coordinated Regional Climate Downscaling 

Experiment (CORDEX) for South-East Asia (CORDEX-SEA) domain using climate model from MPI-ESM-

LR_REMO2015. Results showed that simulations using a generic rate or a generic rate modified by 

geochemical proxy led to a different trend from the trend with local calibrated rates of total SOC stock 

in the future, and the effect of choosing a calibration approach to parametrize the projective 

simulations was larger than the effect of global warming (i.e. RCP 8.5). In addition, the effects of 

increased temperature (i.e. RCP 8.5) on total SOC, and the HUM and BIO SOC-model pools were 

stronger in agricultural than forest soils. The larger effects in agricultural soils are possibly due to the 

rapid decomposition of organic fertilizer, contrasting with the increased amount of plant carbon inputs 

in forest soils under increased temperatures. In conclusion, this study highlighted the importance of 

the calibration method in estimating future SOC and the susceptibility of agricultural soil and forest 

soil to global warming. 

 

5.2 Challenges and recommendations 

Challenges and limitations encountered while carrying out this PhD-research challenges are grouped 

into several sections, i.e. related to the applied (i) samples collection, (ii) laboratory methods and (iii) 

the SoilGen model, such as input data, process coverage, and model calibration. These challenges are 

discussed under the following subsections. 

 

5.2.1 Samples collection 

The samples were collected based on the estimated age between 8000 to 1000 years old, and our 

study in Chapter 2 concluded that the weathering index and mineral contents in all sites were 

comparable, despite different lithology. However, there might be contamination of new materials 

derived from other volcanic eruptions which might slightly influence the minerals composition 

between sites. Since, to our knowledge, no information exist about recent or contaminated materials 

(e.g. the amount and chemical composition) from recent volcanic eruptions to the studied soils, this 

unknown information remains a limitation. Furthermore, regarding the agricultural land use, this 

study selected the land that have been farmed for long time (i.e. ± 30 – 50 years). However, the tillage 

intensity, type of crops, and the amount of fertilizer is not exactly known and are different between 

agricultural sites. These differences possibly contributed to the variation of soil properties within 

agricultural sites. 

 

5.2.2 Laboratory method 

As Andosols generally contain substantial amounts of non-crystalline materials, some challenges were 

encountered, mainly related to particle size distribution. The dispersion of soil aggregates into distinct 

sand, silt, and clay-sized particles by chemical and physical treatments proved to be difficult because 
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volcanic ash soils are built up by highly stable aggregates. These aggregates can be formed due to (i) 

bonding between non-crystalline materials or oxides with organic matter (Alekseeva et al., 2009), or 

irreversible drying of non-crystalline materials that form stable sand and silt size aggregates (Kubota, 

1972; Uehara and Gillman, 1981). Some methods were tried to quantify the real content of clay-sized 

particles, such as the combination of sodium hexametaphosphate, very strong ultrasonic dispersion 

(1600 J ml-1), and pH adjustment (Silva et al., 2015) or the combination between sonication, Na+ resin 

and pH adjustment (Bartoli et al., 1991; Delvaux et al., 1989; Rouiller et al., 1972). By using these two 

methods, we observed a big difference in the amount of clay fraction between field estimation and 

laboratory measurement (Chapter 2). In both cases, the importance of pH adjustment higher than 8 

was underlined, in line with the study by Nakagawa and Ishiguro (1994). The measured clay content 

increases significantly with such pH adjustment. On the other hand, applying only high-energy of 

ultrasonication or Na+
 resin resulted in a lower amount of clay. In this case, surface charge plays a role 

in binding soil particles, particularly in soils with variable charge (Uehara and Gillman, 1981). 

Therefore, for volcanic or oxide-rich soils, we recommend using either high ultrasonic dispersion or 

sonication and Na+ resin dispersion with pH adjustment higher than 8 for both methods rather than 

the regular pipette method. 

 

For soil fractionation to isolate SOC fractions supposedly under various mode of protection against 

microbial mediated mineralization, some adjustments to existing methods were likewise needed to 

separate all the intended fractions (Chapter 3). We here used the Zimmermann et al. (2007) soil 

fractionation scheme as a link between the resulting SOC fractions proportions and SOC model pool 

sizes of the Roth-C model have previously been found, making it a useful method to test the value of 

various approaches to calibrate the SoilGen model that employs the Roth-C model pools. Steps in this 

fractionation scheme with respect to soil dispersion and density separation proved unfit for volcanic 

soils and had to be modified. Ultrasonic dispersion is the first step in the fractionation procedure and 

thus has a major effect on the overall SOC fractionation distribution. Ultrasonic energy applied at 22 J 

mL-1 (Zimmermann et al., 2007) was observed to be insufficient for separating sand-aggregates and 

silt-clay fractions in these volcanic soils. We tested energy levels of 200 and 300 J ml-1, but a remnant 

of macroaggregates was still left. By modifying the applied an energy level to 400 J mL-1, most 

macroaggregates dispersed and soil material ended up into s+c fractions (< 63 µm). A complete 

disruption of > 63 µm aggregates using the energy level of 400 J mL-1 was not achieved since we 

previously found that complete separation of particles for soil texture analysis requires higher 

ultrasonication energy levels. However, such high energy levels would likely cause the release of 

mineral-bound organic carbon and the diminution of particulate organic carbon. We decided to use 

an energy level of 400 J ml-1 and isolated organic matter contained in highly stable soil aggregates in 

the sand-aggregates fraction. Nevertheless, from the similarity in contents of Fe and Al of obtained 

sand-aggregates and silt-clay fractions, it does seem that both fractions display overlap. A further 

testing of dispersion modes to isolate more distinct soil fractions: i.e. primarily organo-mineral 

associated OC and aggregate occluded OC would have been desirable, but out of scope here. 

Notwithstanding, with strong variation in soil texture between our sites, we would in practice only 

achieve setting an overall optimal mode of soil dispersion, that is not necessarily well suited for each 

of the study sites. It is because ideally the soil dispersion mode required to isolate mineral-bound OC 

from POM is set for each individual soil (Cerli et al., 2012). Another adjustment was also made with 
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the Sodium Polytungstate (SPT) density solution to separate free POM and the sand-aggregates 

fraction. The use of 1.8 g ml-1 did not completely separate these fractions, with many lighter, probably 

organo-mineral, soil particles ending up in the light fraction. A density solution of 1.5 g ml-1 was found 

to be best for separation of POM in these volcanic soils. Overall, the above illustrates that laboratory 

methods developed for upland soils in the temperate zone are not simply usable for other contexts. 

Development of specific robust SOC fractionation methods is needed to understand the relative 

importance of mineral association as opposed to aggregate-occlusion of OC in its stabilization in 

volcanic soils. 

 

5.2.3 Model input data  

One of the limitations of almost all mechanistic models is the need for a precise and large amount of 

input data (Sauer et al., 2012). The SoilGen model is a process-based soil genesis model. Thus, full 

information on soil forming factors (i.e. climate, organism, parent material, relief, and time) are 

required to run the model. However, such large amount of data is often scarce. In this study, the initial 

and boundary input data was collected from literature sources, field and laboratory measurements, 

climate model simulation, historical records, and queries to the government and farmers, which may 

be imprecise and influence the quality of the simulation.  

 

As stated in Chapter 4, two limitations of this study are the imprecise quantity of parent materials and 

the use of field-estimated soil texture. Typically, parent material corresponds to C-horizon properties 

which are found to be unweathered at the bottom of the soil profile and used as the initial condition 

on a SoilGen simulation. In tropical climates, however, the weathering of volcanic ash typically occurs 

rapidly due to the high precipitation and warm climate. Thus, the C-horizon was no longer present in 

the field. In addition, there is no clear historical record on the number of minerals in parent materials 

and from eruptions that correspond to the present minerals in the study soils. The uncertainty of 

reconstructed parent materials could partly hinder the quality of the mineral calibration in the study. 

Thus, the need for the type and amount of parent material for input data is essential. Furthermore, 

using actual soil texture (i.e. laboratory soil data) in which the soils contain a high amount of clay 

particles will influence the hydrological processes (e.g. water flow and hydraulic conductivity) and 

ignore the occurrence of pseudo-sand and pseudo-silt microaggregates that influence both water 

retention and hydraulic conductivity. On the other hand, field-estimated soil texture is associated with 

uncertainty. Nevertheless, we found the optimum parameters in the clay migration process (e.g. h-θ 

macro, filter coefficient, and a maximum of splitting probability and soil temperature change) to be 

inside the range of reference values from literature. This indicates that field-estimated soil texture, 

whereby part of the fine material is assigned to (pseudo-)sand and silt can compensate the limitation 

of SoilGen to simulate pseudo-sand and pseudo-silt aggregates. The limitations regarding the 

uncertainty of initial soil formation and boundary conditions will influence SoilGen results and can 

partly explain the model deviation from measured data. More realistic input data will likely improve 

the quality and reliability of simulation output. 
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5.2.4 Model process coverage 

Regarding the process coverage, the SoilGen model has been calibrated and encompassed sufficient 

soil processes in different climates and parent materials (e.g. Finke, 2010, 2012; Keyvanshokouhi et 

al., 2016; Ranathunga et al., 2022). In total, the SoilGen model is able to simulate 24 out of 32 

reference soil groups (Opolot et al., 2015), to which we attempted to add the 25th: Andosols. However, 

some soil processes and features are not yet implemented in the current SoilGen model, such as the 

formation of secondary minerals and non-crystalline materials, vegetation development, and soil 

volume changes. These processes will be described sequentially in the following paragraphs. 

 

The formation of non-crystalline materials is one of the main pedogenic processes in soils formed in 

volcanic materials (Shoji et al., 1993). The representation of non-crystalline materials, e.g. allophane, 

imogolite, and proto-imogolite, is essential in the simulation of volcanic soils due to their influence on 

the chemical and physical properties of these soils. Therefore, it is necessary to explore the formation 

of these minerals and their influence on other soil properties. The biggest challenge is related to the 

formation and chemistry of non-crystalline materials. Non-crystalline materials were formed after the 

release of elements, such as Si, Al, and Fe, from rapid weathering which is faster than the formation 

of crystalline minerals and results in the over-saturated metastable and non-crystalline materials in 

soil solution (Ugolini and Dahlgren, 2002). The preferential precipitation of non-crystalline materials 

is because the process of the nucleation of non-crystalline materials (more soluble) is kinetically 

preferred over crystalline minerals (less soluble phase) (Stumm, 1992). In addition, the structure of 

non-crystalline materials in volcanic soils is still under debate despite intensive research on this topic 

(Levard et al., 2012). The chemistry of non-crystalline materials and the conversion of the formation 

and development of non-crystalline materials to mathematical models are still limited and can be 

explored in future research. While the formation of secondary clay minerals in the SoilGen model has 

already been designed and studied by Opolot (2016), it still needs implementation and testing. The 

formation and presence of secondary minerals are important to be simulated as they influence cation 

exchange capacities, weathering of primary minerals, and clay migration process, so these processes 

should be incorporated. So far, the SoilGen model has been calibrated in various settings such as 

luvisols, alisols, calcisols and gypsisols in loess, cover sand and marine clays which indicates the ability 

of the model to simulate various primary and secondary minerals. 

 

Regarding vegetation development, the annual plant biomass input (NPP) in the SoilGen model is 

estimated as a function of mean annual temperature and precipitation (Miami model; Lieth, 1975). In 

this model, currently, the relationships between soil properties and vegetation development are 

through annual litter input and plant uptake of cations (i.e. the relative amounts of K, Na, Mg, Ca, and 

Al taken up via transpiration stream). The effects of soil moisture, soil nutrient stress, and atmospheric 

CO2 pressure to NPP were not simulated yet in the SoilGen model. Estimating the correct NPP is 

important as it affects the amount of carbon input into the soil and SOC stock. In SoilGen, NPP is 

estimated using Miami model, an empirical model predicting NPP from air temperature and 

precipitation). This model is simple and likely responses in vegetation NPP to climate change will be 

non-linear. In addition, the catastrophic event scenarios, e.g. forest fire, for the projection simulation 

might also be considered in the model. Integration of these processes into the SoilGen model will 

improve the model’s ability to evaluate the effect of climate and land use on SOC. Such mechanisms 
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are important, particularly for forecasting future SOC. In general the amount and nature of below-

ground C inputs is poorly known, although there is a growing consensus that these in particular 

contribute to formation of stable SOC. Rasse et al. (2005) already questioned in his landmark paper ‘Is 

soil carbon mostly root carbon’? As a consequence, for any soil simulation exercise, including the one 

carried out in this PhD-research, more accurate knowledge on root biomass or more importantly 

rhizodeposition would be needed to improve reliability of model predictions. 

 

Another challenge in most mechanistic soil models is the assumption that soil volume does not change 

over time (Sollins and Gregg, 2017). In a one-dimensional model, the volume change is indicated by 

the change in soil compartment thickness over time. Assuming a constant soil volume during the 

simulation of soil-forming processes can lead to a not negligible inaccuracy of the model output 

(Keyvanshokouhi et al., 2016). Generally, soil processes such as weathering, clay migration, or 

bioturbation will significantly affect bulk density. Thus, understanding the mechanisms that contribute 

to volume change and soil structure is required, and such mechanisms need to be incorporated into 

the SoilGen model. These processes will allow the model to simulate the influence of soil structure on 

SOC dynamics (e.g. physical protection of SOC in aggregates). In this study, the inaccuracy of simulated 

bulk density may partly influence SOC calibration, particularly for agricultural soil. However, this effect 

may not have a significant impact on the outcomes of this study because the soils contain highly stable 

aggregates and land use does not significantly affect bulk density (Chapter 2). 

 

5.2.5 Model calibration  

Calibrating soil formation over a long-time scale is challenging (Finke and Hutson, 2008; Minasny et 

al., 2015). In the SoilGen model, only two data points, e.g. initial (8000 yrs BP) and final state (0 yrs 

BP), are usually available, and the process parameters are usually adjusted to match the measured 

data in the final state. In our study, changing boundary conditions, e.g. land use, will affect the decay 

rate of SOC, thus the optimum calibrated parameters may not represent the decay rate of SOC in the 

intermediate stages. This effect may partially influence the results of the model. Short-time calibration 

or soil chrono-sequence studies are ways to address this challenge to avoid relying upon the result 

only in the final state. 

 

5.3 Areas for future research 

The research on the indirect effects of land use on SOC via geochemical properties in tropical volcanic 

soils is still limited and thus has great potential to be explored. Based on the results and conclusions 

obtained from this study, the following studies can be carried out. 

 

5.3.1 Assessing the effect of different agricultural practices on geochemical soil properties.  

As discussed in Chapter 3, the high amount of SOC in agricultural soils was possibly a result of the 

combination between the high amount of organic matter input (i.e. manure) and the role of short-

range order aluminium. Agricultural practices have the potential to stimulate the formation of non-

crystalline materials. However, detailed mechanisms on how agricultural practices stimulate the 

formation of non-crystalline materials are still unexplained, particularly in a tropical climate where 
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weathering and SOC decomposition occur fast. There may be important positive feedback between 

accumulation of SOM and formation of poorly crystalline Al in Andosols that has not been looked into 

to date. Borggaard et al. (1990) found that SOM has an inhibiting effect on the crystallization process 

of Al-oxides, similar to the anti-Gibbsitic effect, leading to polymerization rather than crystallization 

that is well-known for mineral surfaces. Kang et al. (2009) as well argued that SOM can inhibit the 

crystallization of Al, resulting in less crystalline Al-oxides, which are well known to be in turn 

adsorbents of organic matter. A study on the effect of different types of agricultural practices, 

particularly related to fertilizer and tillage intensity with similar climates and types of crops, may 

distinguish the effect of each agricultural practice on the presence of non-crystalline materials as well 

as SOC in tropical Andosols. In addition, it might be relevant to also include this double interaction 

between SOM and poorly crystalline Al in soil genesis simulation models, but such will firstly require 

further empirical proof.  

 

5.3.2 Improving soil fractionation method and conversion of SOC fractions to SOC pool in the Roth-

C model (Zimmermann et al., 2007) for tropical Andosols 

The use of soil fractionation by Zimmermann et al. (2007) enables us to convert the SOC fractions into 

SOC pools in the Roth-C model. However, the procedure was not described precisely and led to 

individual laboratory-specific adjustments. Our experiment underlined some crucial steps that 

influence the quality and size of all fractions. However, limited samples in our study may not 

completely cover the variation of soil properties in tropical Andosols. By conducting analyses and 

experiments with more samples, the standard procedure of soil fractionation (Zimmermann et al., 

2007) for tropical Andosols can be achieved. As explained in 5.2.1, steps that can be investigated are 

the application of different levels of ultrasonic energy, the minimum amount of water to isolate DOC, 

the density of SPT solution to separate POM and S+A fraction, and the concentration of NaOCl for 

isolating the rSOC fraction. Furthermore, a study on SOC equilibrium and model initialisation, e.g. the 

splitting ratio of DPM/RPM and BIO/HUM, for the Roth-C model in tropical Andosols can be a focus of 

future research. However, in the end, to test if measured soil fractions could be used to set SOC model 

pool partitioning or test model performance, we require long-term experiments in which 

management, climate, and importantly OC-inputs to soil are well described. Such experiments are still 

too scarce for tropical volcanic soils.   

 

5.3.3 Calibrating of non-crystalline materials in tropical volcanic soil using chrono-sequence study 

The occurrence and presence of non-crystalline materials are essential in modelling volcanic soils. 

Future studies can focus on defining the chemistry of non-crystalline materials, e.g. allophane and 

simulating the rate of elements released from weathering rock and the precipitation process. In 

addition, the simulated pH needs to mimic the pH in field conditions, as this property greatly 

contributes to the simulation of minerals weathering. The mechanism of pH dependent charge in a 

model context can also be investigated in future research. To validate the formation and development 

of non-crystalline materials, the study of soil in chrono-sequence on similar land use starting from the 

very young to intermediate age (e.g. recent eruption, 0.1, 0.5, 1, 2 kyr) can be conducted.  
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5.3.4 Improving soil-vegetation-climate simulation in the SoilGen model 

The interactive mechanisms between soil, climate, and vegetation in the SoilGen model can be a focus 

for future research. Integrating a vegetation model into the SoilGen model is essential, particularly to 

forecast the future SOC. Some feedbacks that can be considered to be integrated in the SoilGen model 

are the impact of atmospheric CO2 concentration on vegetation development and plant carbon input, 

the impact of changing vegetation on biogeochemical element cycling, the effect of evolving soil 

properties (e.g. pH, soil moisture) on vegetation development as well as the decay rate of SOC. These 

mechanisms certainly require collaboration with vegetation and climate modellers. 
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Appendix for chapter 2 

Table A2-1. Morphological properties of pedons in study soils 

Horizon Depth 

(cm) 

Color (moist) Texturea Structureb Consis- 

tencyc 

Boundaryd Special features  

Primary forest (NF-y) dystric, sideralic, vitric, andic CAMBISOLS (alumic, loamic)  

Oe 

Ah 

-2-0 

0-8 

 

7.5YR 1.7/1 

 

ls 

 

cr 

 

vfr 

c,s 

c, s 

 

A2 8-17 10YR 3/4 sl cr vfr c, s Fine to medium gravel ± 5% 

AE  17-27  10YR 4/4 and 

10YR 6/1 

l 1, gr fr c, s Fine to medium gravel ± 5% 

AB1 27-58 7.5YR 4/6 sil 1, gr fr g, w   

AB2 58-64 7.5YR 4/6 sil 2, gr fi g, s  

Bw 64-84 5YR 3/6 sil 2, gr + sb fi g, w Very few black mottles (10YR2/1) 

BC 84-118 7.5YR 5/8 

and 10YR 6/8 

 3, r efi g,w Concentration of boulders 

2AB1 118-134 10YR 3/3 cl 2, sb vfi g, w  

2Bw 134-150 10YR 4/6 sil 2, sb fi   
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Horizon Depth 

(cm) 

Color (moist) Texturea Structureb Consis- 

tencyc 

Boundaryd Special features  

Agriculture land (AG-y) eutric, aluandic ANDOSOLS (clayic, aric, sideralic) 

 

Ap1 0-29 7.5YR 2/3 scl 1, gr fr c, s  

Ap2 29-45 10YR 4/4 sil 2, gr fr c, s very few fine rounded Mn 

concretions 

Ap3 45-69 10YR 3/4 sil 2, gr fr g, w  

Bw 69-96 7.5YR 4/6 sil 1, sb fi c, s  

2AB 96-123 10YR 2/3 sc 1, sb sfi g, w  

2Bw1 123-148 10 YR 4/6 sc 2, gr fi g, w  

2Bw2 148-150 7.5YR 5/6 sil 2, gr vfi   
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Horizon Depth 

(cm) 

Color (moist) Texturea Structureb Consis- 

tencyc 

Boundaryd Special features  

Pine forest (PF-i) dystric, sideralic, andic CAMBISOLS (alumic, clayic) 

 

Oe 

A1 

-3-0 

0-15 

 

10YR 3/3 

 

sl 

 

 1, gr 

 

vfr 

c,s 

g, s 

 

A2 15-45 7.5YR 4/3 sl 1, gr fr g, i  

Bw1 45-73 10YR 4/6 sil 2, gr sfi g, w  

Bw2 73-111 10YR 4/6 sil 2, sb fi g, i Few (7.5YR 5/6) mottles, few 

medium Fe concretions 

2AB1 111-139 10YR 3/3 scl 1, sb sfi c, s Few (10YR 2/1) mottles 

2AB2 139-150 10YR 2/2 sc 2, sb fi c, s 
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Horizon Depth 

(cm) 

Color (moist) Texturea Structureb Consis- 

tencyc 

Boundaryd Special features  

Agriculture land (AG-i) eutric, aluandic ANDOSOLS (clayic, aric, sideralic)  

Ap1 0-18 10YR 2/2 sl 1, gr fr g, s  

Ap2 18-54 10YR 2/3 scl 1, gr sfi g, w  

Bw 54-71 10YR 3/4 scl 1, sb fi c, s  

2AB 71-89 10YR1.7/1 

and 10YR 2/3 

sc 2, sb fi c, s Few (10YR5/8) mottles 

2Bw1 89-137 10YR ¾ scl 2, sb fi g, w  

2Bw2 137-152 10YR 4/6 scl 2, sb fi g, w 
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Horizon Depth 

(cm) 

Color (moist) Texturea Structureb Consis- 

tencyc 

Boundaryd Special features  

Pine forest (PF-o) dystric, aluandic ANDOSOLS (clayic, sideralic)  

Oi 

A1 

-2-0 

0-9 

 

7.5YR 3/4 

 

sl 

 

cr 

 

vfr 

c,s 

c, s 

 

A2 9-27 7.5YR 4/6 scl 1, gr fr g, w  

AB1 27-66 10YR 5/6 scl 2, gr sfi g, w Few (7.5YR 6/8) mottles 

AB2 66-92 10YR 4/6 scl 2, sb Fi g, w Few (7.5YR 5/6) mottles, few Mn 

concretions 

2AB1 92-115 10YR 2/3  sil 1, sb Fi g, b  

2Bw1 115-121 10YR 5/6 scl 1, sb Fi g, w  

2Bw2 121-139 7.5YR 4/6 sc 1, sb Fi g, w  

2Bw3 139-175 10YR 4/6 sc 2, sb vfi g, s Few (7.5YR 5/8) mottles 
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Horizon Depth 

(cm) 

Color (moist) Texturea Structureb Consis- 

tencyc 

Boundaryd Special features  

Agricultural land (AG-o)  eutric, aluandic ANDOSOLS (clayic, aric, sideralic)  

Ap1 0-13 7.5YR 2/3 sl 1, gr fr c, s Presence of charcoal 

Ap2 13-47 10YR 3/4 sl 1, gr Fr g, w Few (10YR 6/8) mottles, presence 

of charcoal 

Bw 47-81 7.5YR 5/6 sil 1, sb Fi g, w  

2AB 81-115 10YR 3/4 sil 2, sb Fi g, s Few (10YR 5/8) mottles 

2Bw 115-150 10YR 4/6 sil 2, sb Fi  

 

 

 

 

 

 

Abbreviations: aTexture: ls=loamy sand; sl=sandy loam; scl=sandy clay loam l-loam; sil=silt loam; sc=sandy clay; cl=clay loam. bStructure: 1=weak; 2=moderate; 3=strong; cr=crumb; gr=granular; 

sb=subangular blocky; r=rock. cConsistency: fr=friable; vfr=very friable; sfi=slightly firm; fi=firm; vfi=very firm; efi=extremely firm. dBoundary: a=abrupt; c=clear; g=gradual; d=diffuse; s=smooth; 

w=wavy; i=irregular. “code” refers to WRB2015 codes. 
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Figure A2-1. Volcanic glass found in topsoils at sites NF-y (a), AG-y (b), PF-i (c), AG-I (d), AG-o (d), PF-o (e) and AG-o (f) 
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Appendix for chapter 3 

 

 

Figure A3-1. Schematic of the used soil fractionation procedure, based on the procedure by 
Zimmerman et al. (2007) but adapted to use with volcanic soils: 1) Free particulate organic matter 
(POM) in the > 63 µm fraction is separated by density at 1.5 g cm-3 instead of 1.8 g cm-3; 2) a second 
stronger ultrasonic dispersion step was introduced to separate the considerable > 63 µm heavy 
fraction into silt and clay (s+c) and sand and stable aggregates (S+A). The amount of chemically 
oxidizable C contained in silt and clay is not measured but calculated from the difference in C 
contained in both isolated s+c fractions and the C in the 6%NaOCl oxidation residue. 
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Appendix for chapter 4 

Table A4-1. Plot and initial soil data 

Sites Current  

Landuse 

Coordinate Slope 

angle 

Field estimated soil 

texture 

 Exchangeable cations ECEC 

    Sand Silt Clay OC Ca K Mg Na Al  

   ° Mass%fine earth mmol kg-1 soil 

NF-y Primary 

forest 

6°46’15.69”S 

107°37’21.98”E 

15 40 46 14 0.001 1.27 0.13 0.42 0.30 20.56 22.70 

PF-i Pine forest 6°47’54.80”S 

107°37’21.50”E 

18 20 55 25 0.001 2.21 0.23 0.74 0.53 35.82 39.54 

PF-o Pine forest 6°45’38.50”S 

107°31’3.00”E 

18 50 20 30 0.001 2.66 0.28 0.89 0.30 20.56 47.45 

AG-y Agriculture 6°48’9.00”S 

107°35’47.60”E 

15 20 55 25 0.001 2.21 0.23 0.74 0.53 35.82 39.54 

AG-i Agriculture 6°48’48.60”S 

107°38’30.30”E 

16 40 35 25 0.001 2.21 0.23 0.74 0.53 35.82 39.54 

AG-o Agriculture 6°46’26.80”S 

107°31’20.30”E 

14 25 60 20 0.001 1.78 0.19 0.60 0.42 28.65 31.65 

 

Table A4-2. Estimated plant carbon input and fertilization data 

Sites Time 

(yearsBP) 

Plant 

input 

Manure  

input 

Fertilizer (organic+inorganic) 

 input 

Land use 

    Ca Mg K SO4  

  Mg  ha-1 yr-1 Mol m-2 yr-1  

NF-y 8000 - 0 9.31 0     Deciduous forest 

PF-i 8000 - 59 9.3 0     Deciduous forest 

 58 - 0 6.52 0     Coniferous forest 

PF-o 10000 - 59 9.3 0     Deciduous forest 

 59 - 49 8.0 0     Agroforestry: pine forest 

and coffee plantation 

 49 - 0 6.5 0     Coniferous forest 

AG-y 8000 - 103 9.3 0     Deciduous forest 

 102 - 73 3.93 0     Bamboo forest 

 72 - 50 44 0     Coffee plantation 

 49 - 29  1.76  5.78 0.08 3.2 0.23 0.01 Agriculture 

 28 - 10  1.76  9.63 0.14 5.39 0.32 0.02 Agriculture 

 9 - 0  1.76 11.6 0.16 6.42 0.36 0.02 Agriculture 

AG-i 8000 - 103 9.3 0     Deciduous forest 

 102 - 73 3.9 0     Bamboo forest 

 72 - 40 4 0     Coffee plantation 

 39 - 29 1.57  2.1 0.02 1.31 0.12 0.002 Agriculture 

 28 - 14 1.57  4.2 0.05 2.63 0.19 0.005 Agriculture 

 13 - 0 1.57  6.4 0.07 4.01 0.26 0.007 Agriculture 

AG-o 10000 - 103 9.3 0     Deciduous wood 

 102 - 73 6.5 0     Deciduous forest 

 72 - 32 4 0     Coffee plantation 

 31 - 25 1 2.2 0.02 1.41 0.10 0.002 Agriculture 
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 24 - 9 1 4.4 0.04 2.87 0.18 0.004 Agriculture 

 9 - 0 1 6.8 0.07 4.45 0.27 0.006 Agriculture 
1Guillaume et al. (2018), Hertel et al. (2009); 2Bruijnzeel (1985); 3Christanty et al. (1996); 4Hairiah et al. (2006), Kumar (2008)  

 

Table A4-3. The initial percentage of SOC pool in five and four-pool models 

Sites Five-pool model Four pool model 

 DPM RPM HUM BIO IOM DPM  RPM HUM BIO 

 % 

NF-y 0.71 5.23 38.64 0.97 54.47 0.71 5.23 91.96 2.11 

PF-i 0.09 0.66 49.88 1.05 48.33 0.09 0.66 97.21 2.05 

PF-o 0.19 1.37 42.44 0.89 55.12 0.19 1.37 96.42 2.03 

AG-y 0.02 0.15 60.65 1.27 37.90 0.02 0.15 97.77 2.06 

AG-i 0.02 0.18 70.72 1.49 27.59 0.02 0.18 97.74 2.06 

AG-o 0.16 1.16 60.17 1.27 37.25 0.16 1.16 96.66 2.03 

 

Table A4-4. Initial mineral data 

Minerals(%) NF-y PF-i PF-o AG-y AG-i AG-o 

Quartz1 45.81 13.82 11.31 13.03 8.42 12.00 

Hornblende 1.82 6.35 - - 3.18 0.92 

Gibbsite 0.51 7.25 14.01 2.79 9.40 1.86 

Kaolinite 7.74 25.62 23.02 29.23 10.66 30.54 

Anorthite2 3.63 - - - - - 

Albite 6.92 - - 1.43 5.64 4.50 

Alunite/Magnetite3 5.43 4.21 2.18 - 3.37 2.21 

Amorphous materials4 28.13 42.76 48.28 53.53 60.53 47.97 
1Quartz mineral is a sum of tridymite, quartz, and cristobalite minerals 
2 Anorthite is only in site NF-y, it is the result of re-calculation of Andesine, which was classified into anorthite and albite 
3Alunite is only in site NF-y, whereas in PFi, AGi, PFo, and AGo have magnetite 
4Amorphous materials are the amount of amorphous fraction estimated from the difference between obtained and the real 
amount of internal standard (Zincite 20%) after semi-quantification of crystalline minerals using BGMN Rietveld and Profex 
as user interface. 
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Figure A4-1. The average of temperature (left) and sum of precipitation (right) per year over all study 
sites from 8000 years BP until present time (0; year 2020). The black line showed the trend of 
temperature and precipitation per 100 years. 
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Figure A4-2. Projection of average precipitation and temperature under climate scenarios RCP 2.6 and 
RCP 8.5 in the study area 
 

 
 

Figure A4-3. Variation of scaled dissimilarities in the calibration of amorphous materials weathering.  
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Figure A4-4. Variation of scaled dissimilarities in the calibration of alunite weathering 

 

 

 
 

Figure A4-5. Variation of scaled dissimilarities in the calibration of anorthite weathering. 
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Figure A4-6. Variation of scaled dissimilarities in the calibration of albite weathering 

 

 
 

Figure A4-7. Variation of scaled dissimilarities in the calibration of hornblende weathering 
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Figure A4-7. Variation of scaled dissimilarities in the calibration of quartz weathering 

 

 

 
Figure A4-8. Comparison of calibrated weathering rates of primary minerals in the study soils at 25°C. 
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