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Abstract 

Plants take up silicon (Si) from soil solution, and form biogenic silica bodies 

(phytoliths) that return to soil with plant debris. In soils, phytoliths readily 

dissolve, and thus contribute to the reservoir of plant available Si. The soil-

plant cycle of Si depends on soil type, plant species, climate and land use. 

We show that the control of soil weathering stage on the soil-plant Si cycle 

in the tropics depends on land use. In rice croplands, an increase in 

weathering leads to a decrease in annual plant Si uptakes. The opposite trend 

is observed for tropical forests. This difference is linked to contrasting rooting 

systems and subsequent biological pumping, which is much deeper in forest 

than in cropland. 

We further study the Si soil-plant cycle under forest and intensive cropping 

of banana and sugarcane on strongly desilicated Andosols in the humid 

tropical conditions of Basse-Terre, Guadeloupe. Here, we first set up a new 

protocol to estimate the pool of phytoliths in soil. Then, we show that mean 

annual rainfall (MAR) and land use control the fluxes of Si in these soil-plant 

systems. The increase in MAR increases the leaching of Si, decreases the 

amount of plant available Si, and enhances phytolith dissolution. Converting 

forest into banana and sugarcane cropland promotes the “mobility” of Si in 

the soil-plant system. Indeed, relatively to a neighboring forest, the annual Si 

plant uptake and return to soil is ~4 and ~10 times larger in banana and 

sugarcane, respectively. Moreover, the return of inedible plant parts to soil 

limits Si exports by crop harvesting, and built up an important soil phytolith 

pool that controls ~70-95% of the dissolved Si pool. This highlights how much 

the management of the inedible plant parts is important in cultivated 

ecosystems.
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Résumé 

Les plantes prélèvent le silicium dans la solution du sol et forment des 

particules siliceuses amorphes (phytolithes) qui retournent au sol avec les 

débris végétaux. Dans les sols, les phytolithes se dissolvent aisément et 

alimentent le réservoir du silicium disponible pour les plantes. Le cycle sol-

plante du silicium dépend du type de sol, de l’espèce végétale, du climat et 

de l'usage des sols.  

Nous montrons que le cycle sol-plante du silicium en régions tropicales 

dépend du degré d'altération et de l'usage des sols. En riziculture, 

l’augmentation de l'altération entraîne une diminution du stock de silicium 

biodisponible. La tendance inverse est observée en forêt tropicale. Cette 

différence est due aux enracinements contrastés et au prélèvement 

biologique qu’ils conditionnent : l’enracinement est beaucoup plus profond 

en forêt que sous culture. 

Ensuite, nous avons étudié le cycle sol-plante du silicium sous forêt et sous 

culture de bananier et canne à sucre, sur des Andosols fortement désilicifiés 

en conditions tropicales humides (Guadeloupe). Nous avons d'abord mis au 

point un protocole analytique pour estimer le stock de phytolithes dans le 

sol. Ensuite, nous montrons que les précipitations annuelles moyennes et 

l'utilisation des terres contrôlent les flux de silicium. L'augmentation des 

précipitations annuelles moyennes accroît le lessivage du silicium diminuant 

la quantité de silicium biodisponible. Elle favorise aussi la dissolution des 

phytolithes. Convertir la forêt en bananeraie et canne à sucre favorise la 

"mobilité" du silicium dans le système sol-plante. En effet, par rapport à la 

forêt, le prélèvement annuel du silicium par la végétation et son retour au 

sol est ~4 fois supérieur sous banane et ~10 fois supérieur sous canne à sucre. 

En outre, le retour au sol des résidus de culture réduit les exportations de 

silicium par la récolte. Ce retour au sol alimente le réservoir de phytolithes 

lequel contrôle ~70-95% du stock de silicium dissous. Ces résultats montrent 

à quel point la gestion des résidus de culture est importante. 
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General introduction 

Silicon (Si) is the second mass abundant element of the Earth’s crust (28.8% 

wt) after oxygen (Wedepohl, 1995). It early appears in soil and plant sciences 

because of its omnipresence in the pedosphere and biosphere (Sommer et 

al. 2006). In soils, total Si content ranges from 5 to 470 g kg-1 depending on 

soil mineralogy (McKeague and Cline, 1963). In shoot plant tissues, the mean 

Si concentration ranges between 1 and 100 g Si kg-1 and may exceed that of 

major nutrients (Hodson et al., 2005). 

Figure GB-1 illustrates the recent and increasing interest of the scientific 

community to silicon soil and plant sciences that contributes to the 

understanding of the global cycle of silicon. The Si cycle plays a number of 

ecological roles related to eminent global problematics and provision of 

ecosystem services. One of the most cited is the link between the Si and 

carbon (C) cycles. On continents, the weathering of silicate minerals may 

Figure GB-1: Normalized number of silicon (Si)-related publications in the soil (orange 
line) and plant (blue line) sciences from 1970 to 2018 (based on Scopus search with 
the words ‘silicon’ or ‘silicate’ or ‘silicic’ in the title, and the word ‘soil’ in the title, 
abstract or keywords for the soil sciences, and the word ‘plant’ in the title, abstract or 
keywords for the plant sciences). Normalization is done by dividing the number of 
publications by the number of publications containing the word ‘soil’ in the title, 
abstract or keywords for soil sciences and containing the word ‘plant’ in the title, 
abstract or keywords for plant sciences. 
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consume carbon dioxide (CO2) and release dissolved Si (DSi). Part of DSi may 

be exported to watersheds and reach marine ecosystems where it is taken 

up by diatoms (photosynthetic phytoplankton), hence impacting the oceanic 

capacity to fix C. 

In 1983, the pioneer study by Bartoli highlighted the importance of the 

biological Si cycle in controlling the mobility of Si in the soil-plant system of 

temperate forest ecosystems. The biological Si cycle encompasses the Si 

absorption by plant roots, the precipitation of amorphous silica bodies in 

plant, called phytoliths, the return of phytoliths to soil through litterfall, and 

phytolith dissolution in soil. Further, Lucas et al. (1993), Cornu et al. (1995, 

1998), Alexandre et al. (1994, 1997), Meunier et al. (1999) followed the path 

traced by Bartoli et al. (1983), and demonstrated the major impact of plants 

on the biogeochemical cycle of Si in various ecosystems. 

In 2005, Derry et al. showed that plants strongly control the Si fluxes toward 

rivers. This study confirmed that plants play a central role in controlling the 

Si cycle. As initiated by Bartoli (1983) and Lucas et al. (1993), this major 

breakthrough combined with new knowledge about the soil-plant cycle of 

silicon led to the first studies considering the impact of land use changes on 

the Si cycle (Clymans et al., 2011; Guntzer et al., 2012; Jennerjahn et al., 2006; 

Keller et al., 2012; Struyf et al., 2010; Vandevenne et al., 2011). Indeed, this 

question appeared crucial given the numerous beneficial effects of Si on 

plant growth and development (Coskun et al. 2019 for a review), and the 

coupling of the Si and C cycles (a.o. Smetacek, 1999; Tréguer and Pondaven, 

2000). 

In 2010, Struyf et al. compared Si fluxes at base flow in 51 small watersheds 

with long agricultural history (> 1000 years) and different land use types. 

They observed that when agricultural surfaces increase, the fluxes of DSi and 

particulate biogenic Si (BSi) decrease. In contrast, Conley et al. (2008) had 

shown earlier that DSi fluxes to watersheds increased just after 

deforestation. From these observations, Struyf et al. (2010) proposed a 

conceptual model predicting the modifications of Si fluxes toward rivers once 

land use switches from developing to climax forest, and eventually to a 

cultivated ecosystem (Figure GB-2). In a developing forest, small amounts of 

DSi are released from the soil PhSi pool compared with the amount that is 
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annually incorporated in the vegetation and in the soil PhSi pool (Meunier et 

al., 2010). The major part of the DSi from mineral weathering is introduced 

in the biocycling of Si before it is eventually released into rivers. In the climax 

forest, the biological Si feedback loop is intense and the export fluxes of Si 

are controlled by the dissolution of soil phytoliths (a.o. Farmer et al., 2005; 

Sommer et al., 2013). After deforestation, the amount of DSi exported to 

rivers strongly increases as the large PhSi pool accumulated in the forest soil 

dissolves (Conley et al., 2008; Williams et al., 2007). In croplands, the harvest 

exports of PhSi from the soil-plant system lead to a depletion of the PhSi pool 

in soil (Barão et al., 2014; Clymans et al., 2015b; Guntzer et al., 2012; Keller 

et al., 2012; Vandevenne et al., 2011, 2015). Moreover, soil erosion 

increases. The PhSi pool, predominant in topsoil, can be exported within PhSi 

particles if soil erosion occurs (Clymans et al., 2015b). According to Struyf et 

al. (2010) (Figure GB-2), deforestation leads to the exhaustion of the soil PhSi 

pool and Si fluxes are maximal. However, once the cultivated ecosystem has 

reached the climax stage, the PhSi pool in soil remains constant whereas Si 

Figure GB-2: Conceptual model by Struyf et al. (2010) describing the changes in Si 
cycling with long-term soil disturbance, and illustrating (i) hypothesized Si cycling 
along the sequence developing forest / climax forest / early deforested area / 
cropland, (ii) associated soil PhSi stock, and (iii) the resultant magnitude of TSi export. 
PhSi (phytogenic Si); DSi (dissolved Si); MSi (mineral Si: including pedogenic Si and 
lithogenic Si) ; TSi (total biologically reactive Si fluxes), PhSi+DSi. Adapted from Struyf 
et al. (2010). 



General introduction 

 

5 

fluxes are lower than under forest (see also Barão et al., 2014 and 

Vandevenne et al., 2015). 

This model did not consider, however, all the possible impacts of the 

agricultural land use on the Si cycle. , In particular, the possible impact of 

liming was not taken into account while soil pH greatly influences the 

dissolution of soil Si pools (Fraysse et al., 2009, 2006; van Breemen et al., 

1983), and the Si bioavailablity (Li et al., 2019; Meunier et al., 2018). The 

impact of Si fertilizers was not explored neither despite it can greatly increase 

the pool of bioavailable Si (a.o. Ayres, 1966; Haynes and Zhou, 2018; 

Mantovani et al., 2016). 

Moreover, the influence of soil type and climate was not considered in this 

model. In particular, the soil weathering stage and buffering capacity could 

both importantly influence the impact of deforestation on the Si cycle 

(Cornelis and Delvaux, 2016; Li et al., 2019), while rainfall could affect the 

bioavailable and biogenic Si pools (Quigley et al., 2017). 

Finally, the impact of agricultural land use on the Si cycle has been mostly 

studied under temperate conditions (e.g. Barão et al., 2014; Guntzer et al., 

2012; Keller et al., 2012; Struyf et al., 2010; Vandevenne et al., 2011) or for 

rice crops (a.o. Desplanques et al., 2006; Klotzbücher et al., 2018; Seyfferth 

et al., 2013; Wickramasinghe and Rowell, 2006; Yang and Zhang, 2018). It is 

still poorly known, however, in tropical croplands. In particular, the impact 

of banana crop on the Si cycle is poorly known (Henriet et al., 2008a; 

Opfergelt et al., 2010) despite it is a Si-accumulating plant (Henriet et al., 

2006; Hodson et al., 2005). Though sugarcane takes up large amounts of Si 

(70-700 kg ha-1 yr-1) (Anderson, 1991; Crusciol et al., 2018; Keeping, 2017; 

Matichenkov and Calvert, 2002; Meena et al., 2014; Ross et al., 1974), the 

impact of its cultivation on soil Si pools is poorly known. Moreover, sugarcane 

(1) and banana (15) rank in the top 15 of the most widely grown crops (FAO, 

2018). Eventually, the inedible parts of these plants are generally restituted 

to soil, unlike maize, rice, wheat, or barley crops. Therefore, the impact of 

these two crops on the cycle of Si could be very different from that of other 

crops. The present PhD thesis focuses on the study of the Si cycle in banana, 

sugarcane, and forest in a tropical volcanic watershed in Guadeloupe. 
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Objective of the thesis 

In the volcanic island of Basse-Terre, Guadeloupe, soils are intensively used 

for sugarcane and banana cropping. Mean Annual Rainfall (MAR) ranges from 

850 to above 7000 mm. Soil age varies from 2.77 Ma to less than 1,000 years. 

As a result, contrasted soil types occur in this island on short distances (Vitric 

Andosols, perhydrated, Aluandic Andosols, Cambisols, Nitisols, Ferralsols, 

Vertisols…). The Basse-Terre Island thus offers a great opportunity to study 

the biogeochemical Si cycle under various land uses, soil and climate 

conditions. For a better understanding of the terrestrial Si cycle, such studies 

of Si pools and fluxes in natural and cultivated environments under various 

climate and soil conditions are crucial. 

The general objective of this thesis is to identify the parameters that govern 

the silicon cycle in the humid tropics. This objective will be achieved by 

answering the following questions (Q): 

Q1. What is the impact of MAR on the plant availability of Si in perhydrated, 

gibbsitic Andosols? 

Q2. What are the respective impacts of soil weathering stage and land use 

on the soil-plant Si cycle in the humid tropics? 

Q3. How does the conversion from forest to cropland impact the soil-plant 

cycle of Si? How critical is the management of inedible plant parts? 

Q4. How does land use impact the dissolved Si fluxes to volcanic watersheds? 

To investigate these questions, we have conducted field experiments along 

a topo-climosequence on the eastern flank of ‘La Soufrière’ volcano on the 

Basse-Terre Island, Guadeloupe (Q1). We have realized a literature review 

(Q2), and then carried out field experiments under banana, sugarcane, and 

forest (Q3). We further traced Si from soil solution to rivers (Q4). 
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Outline of the thesis 

Figure GB-3 gives an overview of the thesis outline. The thesis is divided into 

two parts.  

General Introduction. It presents briefly the general problematics and 

defines the objectives of the thesis without giving a comprehensive state of 

the art. We have chosen this configuration to avoid redundancies with the 

respective introductions of the different chapters as well as in a specific 

review chapter (Chapter 4 see below) that introduces Part II that is devoted 

to land use impacts. In addition, the particularity of the soils studied requires 

a prior understanding of the determinants of silicon bioavailability as well as 

a prior adaptation of extraction procedures. 

Part I: Environmental framework. Part I provides an overview of the 

environmental framework of the study, and focuses on the peculiarities of 

the soil cover as well as on the bioavailability of Si. Chapter 1 gives the 

environmental characteristics of the Guadeloupe archipelago, the Basse-

Terre Island, and the two studied watersheds. Chapter 2 is aimed at 

quantifying the impact of increasing mean annual precipitations on the 

bioavailability of Si along a topo-climosequence in Guadeloupe (Q1). Part 

I.Chapter 2 raises the need to improve the procedure for chemical 

quantification of phytoliths in these peculiar soils. Therefore, Chapter 3 is a 

methodological chapter in which we compare different methods to improve 

the chemical quantification of soil phytoliths in Andosols. 

Part II: Impact of land use on the soil-plant cycle of silicon. Part II focuses on 

the impact of land use on the Si cycle. It encompasses four chapters (4-7). 

Chapter 4 is a review addressing the impact of both soil weathering stage and 

land use on the soil-plant Si cycle under humid tropics (Q2). Chapter 5 is 

devoted to the quantification of the Si pools and fluxes under banana and 

sugarcane (Q3). Chapter 6 reports the results on the quantification of the Si 

pools and fluxes in a tropical rainforest. Si pools and fluxes of the forest are 

further compared to that of neighboring banana to assess the impact of the 

conversion of forest into cropland on the Si soil-plant cycle (Q3). Part 

II.Chapter 7 discusses the respective contribution of soil solution, runoff and 

groundwater to river water in base flow and flood flow. The possible impact 

of the agricultural land use on the dissolved Si fluxes in rivers is further 

discussed (Q4). 
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General Discussion. It concludes the PhD thesis, and discusses future 

perspectives. 

Chapters 2 to 7 are presented in a succession of articles. This presentation 

has the advantage that each chapter can be easily read and understood 

Figure GB-3: Schematic representation of the thesis outline. 
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independently. Nevertheless, I apologize for the discomfort that the 

redundancies among chapters may provide to people who would afford a 

complete and continuous reading. 
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 Environmental conditions
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1.1 The Guadeloupe archipelago 

Guadeloupe is an archipelago located in the lesser West Indies volcanic arc 

(61°W, 16°N) (Figure 1-1) generated by the subduction of the oceanic Atlantic 

plate beneath the Caribbean plate. The archipelago is composed of two main 

islands separated by the narrow channel La rivière salée: The volcanic island 

of Basse-Terre (848 km², culminating at 1467 m) and the calcareous island of 

Grande-Terre (590 km², culminating at 150 m). The other islands called "the 

dependences" are Marie-Galante, Les Saintes, La Désirade and Petite Terre 

(Figure 1-1). The Guadeloupe archipelago offers, on a small surface (1.709 

km²), a wide diversity of landscapes because of its geological and climatic 

characteristics (Morell and Jérémie, 1994). The different islands of the 

archipelago have developed from distinct volcanic arcs and their associated 

carbonate platforms (Komorowski et al., 2005). The island of La Désirade 

bears witness to the oldest volcanic arc of Upper Jurassic age (145 Ma) 

(Bouysse et al., 1990; Komorowski et al., 2005; Westercamp and Tazieff, 

1980) overlain by volcanic materials belonging to an old Oligocene volcanic 

arc (Westercamp and Tazieff, 1980). The islands of Petite-Terre, Marie-

Galante and Grande-Terre are composed of calcareous reef of Pleistocene 

age (Komorowski et al., 2005). Finally, the islands of Basse-Terre and Les 

Saintes result from the most recent arc activity that was initiated during 

Pliocene and that is still active (Maury et al., 1990; Samper et al., 2007; 

Wadge, 1986). The climate is tropical humid and the rain-bearing winds that 

blow from east to west cause many micro-climate and very important 

variations of rainfall over very short distances (Colmet-Daage and Lagache, 

1965; Morell and Jérémie, 1994). At some places, the mean annual rainfall 

(MAR) amounts to 850 mm with a pronounced and long dry season, and to 

8000 mm with no dry season at the summit of the volcanic island (Colmet-

Daage and Lagache, 1965; Morell and Jérémie, 1994; Plaisir et al., 2003). 

These varying geological and climate conditions over very short distances 

have led to diverse landscapes, and offer an excellent scientific framework 

to study the impact of geology, climate and land use on soil processes.
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Figure 1-1: Location of the Guadeloupe archipelago and of the islands composing the 
archipelago. 

1.2 General settings of the island of Basse-Terre 

1.2.1 Geology 

The volcanic activity of the island of Basse-Terre has migrated from north 

where the oldest volcanic massifs are found to south where La Soufrière 

volcanic massif recently developed (Figure 1-2a, Samper et al., 2007). The 

ages of the geological formations have recently been updated (Samper et al., 

2007). The volcanic activity initiated in the north in the Basal Complex at 2.79 

Ma and lasted about 110 kyr. After a 900 kyr dormancy period, the 

Septentrional Chain settled along a NNW-SSE axis between about 1.81 and 

1.15 Ma. The Axial Chain started to settle after a dormancy period of about 

100 kyr between about 1023 and 435 ka. The Mont Caraïbes Massif was 

established during the same period. The Grande Découverte Volcanic 

Complex (GDVC) started to settle at about 200 ka (Carlut et al., 2000; 

Komorowski et al., 2005; Samper et al., 2007). The last magmatic eruption of 

the GDVC occurred in 1440 AD and the last eruptions were phreatic eruptions 

in 1976-77 (Komorowski et al., 2005). The GDVC settlement can be divided 

into three main phases. The Grande Découverte phase that started 200 ka 

ago corresponds to a series of effusive eruptions producing andesitic lava 

flows interrupted by explosive caldera-forming eruptions (Komorowski et al., 

2005). Then the Carmichaël phase that took place from about 42,000 to 

11,500 yrs BP during which succession of lava flows and domes, and several 

explosive pyroclastic phases occurred in the Grande Découverte caldera to 

reconstruct the Carmichaël composite volcano (Dagain, 1981; Komorowski 
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et al., 2005). Finally, the Soufrière phase began 8,500 yrs BP into the Amic 

crater and corresponds to a succession of lava dome eruptions and long 

periods of phreatic activity (Komorowski et al., 2005). The last magmatic 

eruption took place about 1440 AD and shaped La Soufrière volcano as it is 

known today. 
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Figure 1-2: (a) Basse-Terre Island shaded digital elevation model with limits of Basal Complex, Septentrional Chain and Axial Chain massifs 
(dotted lines) (From Samper et al. (2007)). Ages of geological materials as measured by Samper et al. (2007) are given within each massif. (b) 
Map of the mean annual rainfall on the Basse-Terre Island. (c) Simplified pedological map of the Basse-Terre Island modified from (Colmet-
Daage and Lagache, 1969). The 1800 mm isohyet, that corresponds to the threshold where MAR minus potential evapotranspiration becomes 
negative, is superimposed on the MAR and soil maps. 
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1.2.2 Climate 

The Basse-Terre Island has a wet tropical climate (Colmet-Daage and 

Lagache, 1965) with a mean annual temperature of 23°C and a mean annual 

humidity of 75%. Temperatures are quiet stable during the year (± 3°C) 

whereas the seasons are defined by different rainfall patterns. The dry 

season from January to June and the wet rainy season from July to 

December, characterized by the appearance of tropical waves and cyclones 

(about 60% of the annual precipitation occurs during this season, 

MétéoFrance data). The trade winds blowing from east to west are very 

humid. The orographic interception of the moisture carried by these winds 

generates an orographic lift promoting the formation of clouds and rainfalls 

on windward slopes and dry and cloudless air on the leeward slopes (Figure 

1-2b). Consequently, on the east coast, the MAR evolves from 2500 mm at 

the sea level to 7000 mm at 1467 m above sea level (asl) and, on the west 

coast, the MAR evolves from 1000 mm at the sea level to 7000 mm at 1467 

m asl (Figure 1-2b) (Chaperon et al., 1985). As the mountains are smaller in 

the north of the Basse-Terre Island, the Foehn effect is less pronounced and 

pluviometry is globally lower. 

1.2.3 Pedology 

On the island of Basse-Terre, soils developed from andesitic ash deposits of 

Pliocene to Holocene age. These deposits are mostly of andesitic 

composition with plagioclase, pyroxene and ferromagnesian volcanic glasses 

as the main weatherable minerals (Dagain, 1981; Ndayiragije, 1996; 

Ndayiragije and Delvaux, 2003). The distribution of the soils of Basse-Terre is 

linked (1) to the age of the volcanic deposits and (2) to the climate (Colmet-

Daage and Lagache, 1965; Henriet et al., 2008a; Ndayiragije, 1996). The 

ancient volcanic formations (0.5 Ma to 2.79 Ma) are located in the two third 

north of the island and the recent ones (< 0.2 Ma) in the south (Samper et 

al., 2007). In the south, the soils of the western flank of the La Soufrière 

volcano derive from debris flows from 11,500 and 3,100 years BP eruptions 

while the soils of the east flank derive from older lava flows and lapilli 

deposits (30,000-18,000 years BP) (Beauducel, 2005). As rainfall depends on 

altitude and on the exposure to the trade wind, three main climo-

toposequences are observed (Figure 1-2c; Colmet-Daage and Lagache, 1969). 
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 (1) In the north of the island, soils are old and MAR raises with altitude. The 

climo-toposequence is: Ferralsol in altitude (humid conditions) and Vertisol 

at sea level but only on the western side where conditions are dry enough. 

The mineralogy evolves from (i) the combination of Fe oxides and kaolinite 

to (ii) smectite (Colmet-Daage and Lagache, 1969; Ndayiragije, 1996; 

Ndayiragije and Delvaux, 2004, 2003). The formation of Fe oxides and 

kaolinite in Ferralsol testifies the intense leaching of base cations and Si 

where MAR is above evapotranspiration (at about 1800 mm of MAR) that led 

to the relative accumulation of Fe and Al, and the depletion of Si (Chadwick 

et al., 2003). In contrast, on the western coast at low altitude, MAR is below 

evapotranspiration (MAR < 1800 mm). Base cations and Si were relatively 

little leached and smectite, a Si-rich secondary mineral, neoformed (Figure 

1-2). (2) In the south-eastern part of the island, soils are younger than in the 

north. MAR is high at sea level (2500 mm) and raises with altitude. The climo-

toposequence is: perhydrated Andosol - Andosol (humid conditions) - Nitisol 

at sea level (humid conditions with a short dry season). The mineralogy 

evolves from (i) the combination of allophane, gibbsite, kaolinite and 

hydroxyl-Al interlayered 2:1 minerals to (ii) allophane, to (iii) a combination 

of halloysite and Fe oxides (Colmet-Daage and Lagache, 1969; Ndayiragije, 

1996; Ndayiragije and Delvaux, 2004, 2003). In altitude, kaolinite and gibbsite 

formed because of strong desilication. However, this contrasts with the 

presence of 2:1 clay minerals. Ndayiragije and Delvaux (2003) attributed the 

presence of 2:1 minerals to their inheritance from the parent ash, and not 

from pedogenic processes. Al interlayering occurred in these 2:1 minerals 

during soil formation and provided an anti-gibbsitic effect (Ndayiragije and 

Delvaux, 2003). (3) In the south-western part of the island, soils are the 

youngest and MAR is low at sea level (1000 mm), and raises with altitude. 

The climo-toposequence is: Vitric Andosol - Cambisol. The mineralogy 

evolves from (i) ash to (ii) allophane, and to (iii) the combination of halloysite 

and smectite (Colmet-Daage and Lagache, 1965; Henriet et al., 2008a; 

Ndayiragije, 1996; Ndayiragije and Delvaux, 2003, 2004; Opfergelt et al., 

2012b, 2012a).  

1.2.4 Soil occupation and agriculture 

The agricultural surfaces cover 33% of the Guadeloupe (Morell and Jérémie, 

1994). Sugarcane and banana are the two main crops produced in 

Guadeloupe, with 29% and 13% of the agricultural area occupied by these 
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croplands respectively (Morell and Jérémie, 1994). On the island of Basse-

Terre, agriculture is not evenly distributed. Commonly, banana plantations 

are cultivated in the south on steep slopes and sugarcane is cultivated in the 

north on plains (Rad et al., 2011). However, sugarcane plantations are also 

present in the south of the island on shallow areas. In altitude, well preserved 

tropical rainforests dominate (Rousteau, 1996; Rousteau et al., 1994).  

1.3 The Pérou River and Pères River catchments 

1.3.1 Location 

The Pérou River and Pères River catchments are located on the eastern flank 

of the volcano La Soufrière in the south east of Basse-Terre Island in the 

municipality of Capesterre-Belle-Eau (Figure 1-3a). 

1.3.2 Climate 

MAR increases from 2500 mm at sea level to 4700 mm at the summit of the 

Pères River catchment (474 m asl) and to 7000 mm at the summit of the 

Pérou River catchment (1386 m asl) (Figure 1-3b, c, d). 

1.3.3 Geology 

From a geological point of view, four main kinds of formations are observed 

on these catchments (Figure 1-3b) (Charlier et al., 2015) from the oldest to 

the youngest: (1) The massive andesitic lavas of the Capesterre Mountain, 

mostly located to the right of the Pérou River that originate from the 

volcanism of the axial chain (between 1023 and 435 ka). (2) The debris flows 

that have filled a paleo valley that settled from the Pérou River to the right 

bank of the Saint Denis River (< 0.5 Ma). (3) Pyroclastic deposits and 

pyroclastic surge from two different origins. The first located at the Féfé 

catchment (from the GDVC < 0.2 Ma) and the second that flows from the 

"Petites Mamelles" andesitic dome (< 0.5 Ma). (4) The superficial formations 

(alluvium) in the edge or in the bed of the river. All these volcanic materials, 

were more recently (30,000 to 18,000 years BP) covered by successive 

pumice lapilli volcanic deposits that lead to the superposition of several 

Andosols (Beauducel, 2005; Charlier et al., 2008).
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Figure 1-3: (a) Localization of the studied zone. (b) Geological map of the studied 
watersheds (Charlier et al., 2015). (c) Simplified pedological map of the studied 
watersheds modified from (Colmet-Daage and Lagache, 1969). (d) Map of the main 
land use of the studied watersheds (updated in 2017). Altitudinal contours and mean 
annual rainfall isohyets are superposed on the (b-c-d) maps.
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1.3.4 Pedology  

The soils of these catchments developed in a topo-climo-litho-chrono-

sequence very comparable to that studied by Henriet et al. (2008a), 

Opfergelt et al. (2012a, 2012b). From sea level to altitude, soils evolve from 

Nitisol to Andosol to perhydrated Andosol and even to Ferralsol on a small 

part of the Pérou River catchment (Figure 1-3c) (Colmet-Daage and Lagache, 

1965). Low altitude Nitisol and high altitude Ferralsol probably have an older 

origin than Andosols. At high altitude where soils are exposed to abundant 

rainfalls (> 4000 mm), perhydrated Andosols developed with the 

combination of allophane/gibbsite as dominant secondary minerals and very 

high organic matter content (Colmet-Daage and Lagache, 1965). Beneath 

4000 mm of MAR, Andosols developed with allophane as the dominant 

secondary mineral. Finally, Nitisols developed in the lowest part of the 

catchments with halloysite/Fe oxides as the dominant secondary minerals.  

1.3.5 Soil occupation and agriculture 

The soil occupation of the two catchments has been updated in 2017 by field 

observations (Figure 1-3d). The Pères River catchment has a surface of 300 

ha. The cultivated surface and forests cover 56.7% and 17.4% of the total 

surface respectively. The intensive banana production and the intensive 

sugarcane production represent 60.1% and 11.4% of the cultivated areas 

respectively. The major part of the forest is present in altitude above 400 m 

asl the rest being concentrated along the river. The Pérou River catchment 

has a surface of 1234 ha. The cultivated surface and forests cover 18.8% and 

75.3% of the total surface respectively. The intensive banana production and 

the intensive sugarcane production represent 38.8% and 9.9% of the 

cultivated areas respectively. 
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 Evolution of the silicon bio-availability in 
volcanic soils along a climo-toposequence in 
Guadeloupe1 

 

Abstract 

The amount of water available to leach solutes from soil is one of the major 

features determining mineral weathering, secondary mineral synthesis and 

soil properties. It affects the fate of dissolved silicon (Si), which may follow 

four routes: leaching, mineral synthesis, adsorption, uptake by plants to form 

phytoliths. Here, we quantify the reservoirs of bioavailable Si and phytolithic 

Si in wet tropical Andosols along a topoclimosequence where mean annual 

rainfall (MAR) increases from 2650 to 4400 mm with increasing altitude (65-

375m above sea level) in the volcanic island of Basse-Terre, Guadeloupe. We 

assessed bioavailable Si through CaCl2 extraction in soil, and by foliar analysis 

in banana plants. We evaluated the pool of phytolithic Si through Na2CO3 

extraction and heavy liquid separation. The Na2CO3 extraction was 

performed on both the bulk soil and oxalate–treated soil (ox- Na2CO3) cleared 

of its amorphous aluminosilicates. The Andosols have reached an advanced 

weathering stage. Their secondary products included (Al, Fe)-humus 

complexes, ferrihydrite, gibbsite and aluminous allophanic substances. The 

contents of organic C, metal-humus, ferrihydrite and gibbsite increased in 

wettest conditions (>3000mm) whereas allophane content concomitantly 

decreased. Si leaf content varied little (3.8–5.3 g kg-1), but slightly decreased 

with increasing MAR. Bioavailable Si content in soil decreased from 63 to 12 

mg kg-1 with increasing MAR (r = -0.92), and was strongly correlated (r = 

+0.95) to that of phytolithic Si as assessed after ox-Na2CO3 extraction. The 

Si/Al ratio of the ox-Na2CO3 extract regularly decreased from 1.06 to 0.37 

with increasing MAR, hence corroborating strongest desilication in wettest 

conditions. In these highly leached, gibbsitic Andosols, rainfall is thus the 

major driver of plant Si availability.

                                                           

1 Manuscript in preparation for submission in an international peer-reviewed journal. 
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2.1 Introduction 

In soils experiencing net acidification (van Breemen et al., 1983), 

weatherable primary silicates inherited from parent materials dissolve and 

release monosilicic acid (H4SiO4
0), aluminum (Al), iron (Fe) and other aqueous 

solutes. The solutes may recombine to synthesize pedogenic secondary 

silicates, or precipitate as oxides, a.o. Al and Fe (Garrels and Christ, 1965). 

Through its impact on solute concentration and fate, rainfall, in particular the 

amount of water available to leach solutes from soil, is one of the major 

features determining mineral weathering, secondary mineral synthesis and 

soil properties (Garrels and Christ, 1965; Rai and Kittrick, 1989). For instance, 

in volcanic soils derived from basalt, the water regime strongly imprints soil 

processes and mineral composition, and fixes steep thresholds that define 

soil properties, buffering capacity and their biogeochemical behavior 

(Chadwick et al., 2003). The fate of silicon (Si) is crucial, given its role in 

mineral synthesis (Churchman and Lowe, 2012). Once released, aqueous 

H4SiO4
0 may take four routes: (i) leaching and export to watersheds (Conley, 

2002); (ii) synthesis of clay minerals (Garrels and Christ, 1965) and/or 

amorphous silica (Drees et al., 1989); (iii) adsorption on Fe and Al oxides 

(Beckwith and Reeve, 1963; Jones and Handreck, 1963; McKeague and Cline, 

1963); (iv) uptake by plant roots (Jones and Handreck, 1965). Abundant 

precipitation and intense leaching enhance mineral weathering and export 

of solutes to watersheds. Secondary minerals synthesized from dilute 

solutions include aluminosilicates with low Si/Al ratio, and Al and Fe oxides. 

In perhumid volcanic ash soils, typical compositions encompass allophane, 

imogolite, gibbsite and ferrihydrite as well as (Al, Fe)-humus complexes if soil 

organic matter (SOM) accumulates (Colmet-Daage and Lagache, 1965; Huang 

et al., 2002; Jongmans et al., 1994; Ndayiragije and Delvaux, 2003; 

Nieuwenhuyse and Van Breemen, 1997; Nizeyimana et al., 1997; Parfitt et 

al., 1983; Parfitt and Wilson, 1985). Apart from mineral synthesis, aqueous 

H4SiO4
0 can also be retrieved from soil solution through adsorption on oxide 

surfaces and root uptake. Plants absorb H4SiO4
0 and form amorphous silica 

bodies (SiO2.nH2O, opal A) called phytoliths (Jones and Handreck, 1965; 

Piperno, 1988; Raven, 1983; Sangster and Hodson, 1986). Silicon returns to 

soil through phytolith deposition within plant debris. In soil, phytoliths 

readily dissolve at common pH values of soil solution (Fraysse et al., 2009) 

and contribute to supply the pool of dissolved Si (DSi) (Derry et al., 2005). 

The Si uptake by roots, phytolith formation in plant and dissolution in soil 
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providing bioavailable Si for plant uptake defines a biological Si feedback 

loop, which governs the terrestrial biogeochemical cycle of Si (e.g. Alexandre 

et al., 1997; Bartoli, 1983; Henriet et al., 2008a; Lucas et al., 1993; Meunier 

et al., 1999). Because of mineral depletion, this loop may be particularly 

active in highly weathered, desilicated soils (Cornelis and Delvaux, 2016). This 

biological effect keeps Si from being leached, and accounts for the stability 

of kaolinite in the surface horizons of gibbsitic ferrallitic soils (Lucas et al., 

1993). Following Chadwick et al. (2003), at mean annual rainfall (MAR) above 

1400 mm, soil buffering capacity has been totally exhausted in basalt-derived 

soils from Hawaii. Yet the biological cycling of Si may alleviate natural soil 

desilication, and “buffer” the release of plant available Si to some extent. An 

increase in Si uptake by plants from 22 to 67 kg ha-1 yr-1 with increasing MAR 

from 340 to 1110 mm has been reported in grasslands from the Great Plains 

(Blecker et al., 2006). In Serengeti savanna ecosystems under MAR ranging 

from 600 to 900 mm, Quigley et al. (2017) identified soil pH, sand content 

and, to a lesser extent, rainfall as drivers controlling dissolved Si and soil 

phytogenic Si pools. In humid tropical forests under MAR ranging from 1600 

to 3200 mm, Schaller et al. (2018) identified soil weathering stage and pH as 

drivers of plant available Si, but not rainfall. 

Yet, to the best of our knowledge, the impact of rainfall on Si bioavailability 

in the humid tropics is still unknown. Here, we quantify the reservoirs of 

bioavailable Si and phytolithic Si in perhumid volcanic ash soils along a 

topoclimosequence where MAR increases from 2650 to 4400 mm with 

increasing altitude (65-375m above sea level (asl)) in the volcanic island of 

Basse-Terre, Guadeloupe. 

2.2 Environmental framework 

The studied zone is located on the Pères river catchment on the east flank of 

La Soufrière volcano in the south east of the Basse-Terre Island in 

Guadeloupe (16°N, 61°W) (Figure 2-1a). The trade winds blowing from east 

to west are very humid. The orographic interception of the moisture carried 

by these winds generates an orographic lift promoting the formation of 

clouds and rainfalls on windward slopes. Consequently, on the studied 

catchment, the MAR evolves from 2650 mm at 65 m asl to 4400 mm at the 

top of the catchment (400 m asl) (Figure 2-1b). The soils are thus distributed 

along a topoclimosequence. They formed from pyroclastic andesitic deposits 
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of pumice lapilli type from 30,000 to 18,000 years BP (Figure 2-2) (Charlier et 

al., 2011; Colmet-Daage and Lagache, 1965; Crabit et al., 2016; Dagain, 1981) 

with plagioclase, pyroxene and volcanic glass as dominant weatherable 

minerals (Dagain, 1981; Ndayiragije, 1996). At MAR > 4000 mm, perhydrated 

Andosols contain (Al, Fe)-humus, allophane and gibbsite as dominant 

secondary products (Figure 2-1b). In particular, the abundance of large 

particles of gibbsite, developing as pseudomorphs of plagioclase and 

pyroxene, reflects a strong desilication of the soil (Ndayiragije and Delvaux, 

2003). At MAR < 4000 mm, allophane is the dominant clay mineral, while C 

and gibbsite contents slightly decrease (Colmet-Daage and Lagache, 1969). 

Halloysite and Fe oxide are abundant in the Nitisols that developed in the 

lowest parts of the catchment. All soils are strongly microaggregated (Dorel 

et al., 2000). Croplands and forests cover 56.7% and 17.4% of the total 

surface, respectively. Intensive banana and sugarcane cropping represent, 

respectively, 60.1% and 11.4% of croplands. The catchment is probably 

intensively cultivated since the late seventeenth century AD (Doumenge, 

1985). 

2.3 Materials and methods 

2.3.1  General sampling scheme 

Eight banana (Musa acuminata, Cavendish, group AAA, desert banana) and 

five sugarcane (Saccharum officinarum) cultivated plots were selected along 

Figure 2-1: (a) Location of the studied soil topoclimosequence, Basse-Terre Island, 
Guadeloupe. (b) Location of sampling sites on the soil map figured out with isohyets 

(MAR black lines): banana (●), sugarcane (▲). 



Chapter 2 

 

27 

a climo-toposequence at 65, 100, 150, 200, 250, 300, 350, 375 m asl, and 65, 

100, 150, 200, 250 m asl, respectively (Figure 2-1). On each banana plot 

(except at 375 m), 18 plants were randomly selected at flowering stage. For 

each plant, we sampled the external part of the lamina at the center (100 

mm width) of the antepenultimate leaf (leaf III) following the international 

standard set up for banana foliar diagnosis (Martin-Prével, 1980). 

Afterwards, three groups of 6 leaves were randomly constituted and mixed 

to obtain three composite samples for each site. Sugarcane leaves could not 

be sampled because the field study took place just after harvesting. In each 

plot, nine topsoil samples (00-20 cm) were collected randomly, and 

combined into 3 composite samples. Six undisturbed moist topsoil samples 

were collected at field capacity using Kopecky cylinders to measure the bulk 

density.  

2.3.2 Basic soil analyses 

Soil texture was determined by quantitative recovery of clay, silt and sand 

fractions after sonication and dispersion with Na+ saturated resins without 

any previous oxidation of SOM (Rouiller et al., 1972). pH was measured in 

H2O using 5 g : 25 ml suspensions. Phosphate retention was measured 

Figure 2-2: (a) Evolution of TRB along the soil topoclimosequence; (b) schematic 
geological profile. Depth of the deposits are not scaled but enlarged to improve 
visualization. 
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according to Blakemore (1983). Dark oxalate-extractable (o), dithionite-

citrate-bicarbonate (DCB) extractable (d) and pyrophosphate-extractable (p) 

contents of Si, Al and Fe were determined in the respective extracts by 

inductively coupled plasma-atomic emission spectrometry (ICP–AES) 

following the methods compiled in Dahlgren (1994). Total C and N contents 

were determined by high temperature dry combustion using a Vario EL Cube 

elemental analyzer. Crystalline soil minerals were identified by X-ray 

diffraction (XRD) on powder soil samples using CuK radiation in a Bruker 

Advance diffractometer. Total elemental contents were determined on soil 

samples by ICP-AES after fusion in Li-metaborate and Li-tetraborate at 

1000°C (Chao and Sanzolone, 1992). The contents of major alkaline and 

alkaline-earth cations were summed up to compute the Total Reserve in 

Bases (TRB) (Herbillon 1986). 

2.3.3  Thermogravimetric analyses 

Thermogravimetric analysis (TGA) was used to determine the content of 

gibbsite in the Mg2+-saturated clay fraction (5-10 mg) (Ndayiragije and 

Delvaux, 2003). TGA was carried out with a Mettler Toledo TGA/SDTA 851e 

in a flowing nitrogen atmosphere (50 ml min-1) from 30°C to 1000°C with a 

heating rate of 10°C min-1, using gibbsite from Alcoa® Company 

<https://www.alcoa.com> for calibration purposes. The thermal events were 

interpreted by plotting the derivatives of the TGA curves. 

2.3.4  Specific Si extractions 

CaCl2. CaCl2-extractable Si content (CaCl2-Si) is considered to assess the 

bioavailable Si pool in soils (Haysom and Chapman, 1975; Sauer et al., 2006). 

We carried out a 6 h to 64 days kinetic extraction using a solid:liquid ratio 5 

g:50 mL (0.01 M CaCl2) in 100 mL polyethylene cups shaken at 25 °C following 

the procedure of Li et al. (2019). The Si concentration in the CaCl2 extract 

(diluted 10 times and neutralized by 50 l of a 15 M HNO3 solution) was 

measured by ICP-AES. 

Na2CO3. Na2CO3-extractable Si content was determined to assess phytolithic 

Si (PhSi) in soils (DeMaster, 1981; Koning et al., 2002; Sauer et al., 2006). We 

carried out a kinetical extraction (DeMaster, 1981). Forty milligrams of soil 

sample (f<2mm) were mixed with 40 ml of 0.1 M Na2CO3 at 85°C during 7h. 

One milliliter of solution was collected after 15, 60, 120, 180, 240, 300, and 

360 min, diluted with 9 ml of deionized water and acidified with 50 µl of 
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Suprapur HNO3. Si, Al, Fe, and Mg concentrations were measured at each 

time by ICP-AES. According to DeMaster (1981), the intercept of the linear 

part of the time release of Si estimates the amorphous Si (ASi) pool. Na2CO3 

kinetical extractions were performed on soil samples respectively untreated 

and pretreated using dark oxalate extraction (Blakemore, 1981), immediately 

followed by a rinsing using CaCl2 0.01 M (Sauer et al., 2006) to remove 

residual DSi. Dark oxalate buffered at pH3 dissolves organo-mineral 

associations (OMA), short range ordered (SRO) pedogenic silicates (PSi) 

(allophane and imogolite), adsorbed forms of Si, and Fe oxide (ferrihydrite) 

(Parfitt and Childs, 1988; Wada, 1989, 1977), and possibly poorly crystalline 

Al hydroxide (Huang et al., 2002). The dark oxalate pretreatment was carried 

out to bring the ASi pool as close as possible to the PhSi pool. The ASi content 

of untreated soil is named Na2CO3-Si whereas the PhSi content of oxalate-

treated soil is ox-Na2CO3-Si. 

Heavy liquid separation. This physical extraction was carried out on one 

composite sample for each plot. Following Henriet et al. (2008b), the silt 

fraction was recovered after sonication and dispersion with Na+ saturated 

resins without any previous oxidation of SOM (Rouiller et al., 1972), then 

treated with H2O2 and DCB. An additional dispersion using Na+-saturated 

resins (Rouiller et al., 1972) was carried out overnight to discard any clay 

contamination. The silt fraction was then divided into light and heavy 

components , through a series of heavy liquid separations, using a Na 

polytungstate solution with a density of 2.3 g cm-3 (adapted from Kelly, 1990). 

Each silt fraction was mixed with 20 ml of Na polytungstate and centrifuged 

at 4000 rpm for 10 min. After centrifugation, the supernatant containing 

floating particles was carefully removed with a pipette and collected on a 

Teflon filter (2 μm). The operation was repeated until the supernatant was 

clear. The filter was then rinsed with 1 M HCl and washed with deionized 

water. The light fraction was submitted to a XRD analysis, and to a total 

analysis by fusion in Li-metaborate and Li-tetraborate at 1000°C. Extracted 

Si, Al, Fe, and Mg contents were determined by ICP-AES. XRD data were 

further used to quantify the components of the light fraction using the 

SIROQUANT © quantitative XRD software (version 2.5). In fact, we did not 

count the phytolithic particles on microscope images because of the 

substantial occurrence of other minerals in the light fractions. We further 

calculated the content of phytolithic Si from that of PhSi particles as 
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estimated after XRD quantification, in order to compare it with the Si 

concentration measured in CaCl2 and Na2CO3 extracts. A pytholith mean 

water content of 10% was assumed (equivalent to 0.37 moles of H2O for 2 

moles of SiO2) (Alexandre et al., 1997; Meunier et al., 2014). The PhSi content 

as assessed by XRD after heavy liquid (hl) separation is named XRD-hlPhSi. 

2.3.5 Foliar analysis 

Leaf samples were thoroughly washed with 70% ethanol in order to remove 

eolian pollution. They were dried at 70°C for four days and then grinded. 

Mineral analysis was carried out after calcination at 450°C for 1 day and 

fusion in Li-metaborate + Li-tetraborate at 1,000°C (Chao and Sanzolone, 

1992), followed by the pellet dissolution in 15% HNO3. Nutrient and Si 

concentrations were measured by ICP-AES. 

2.3.6 Hypotheses and statistical analyses 

All statistical analyses were conducted with the R programing language 

(version 3.4.4). First, differences of means were tested with a t-test with the 

pairwise.t.test function. Next, we explored linear relationship among soil Si 

pools (CaCl2-Si, Na2CO3-Si, ox-Na2CO3-Si, total Si, XRD-hlPhSi) and the three 

hypothesized possible influencing paramaters: MAR, TRB (reflecting soil 

weathering stage), and pH. To do this, we used the lm function of the R 

programing language (Equation 1). 

𝑆𝑖𝑝𝑜𝑜𝑙  ~ 𝑎 + 𝑏𝑀𝐴𝑅 + 𝑐𝑇𝑅𝐵 + 𝑑𝑝𝐻    (𝐸𝑞 1)  

2.4 Results 

2.4.1  Soil properties and constituents 

At a given altitude, soil properties in banana (BA) and sugarcane (SC) plots 

were similar (Tables 2-S1 and 2-S2). Therefore, we considered the whole data 

set as based on six repetitions per altitude level. As inferred from Table 2-1, 

our results are in perfect line with previous soil survey data (Colmet-Daage 

and Lagache, 1969) and mineralogical characterization (Ndayiragije and 

Delvaux, 2003). Soil texture is clay loam to clay. With increasing altitude, bulk 

density decreases from 0.8 to 0.5 g cm-3 while C content increases from 42 to 

97 g kg-1. Given the values of the Si/(Al+Fe) ratio (1.0-0.8) and Fed/Fet (0.52-

0.47), all soils have reached an advanced stage of mineral weathering and 

desilication, in particular above 150 m asl where TRB is below 100 cmolc kg-
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1. Considering that soil weathering stage is advanced and comparable all 

along the toposequence, rainfall is likely the most important factor 

controlling soil formation. Oxalate extractable Fe content (Feo), which refers 

to SRO Fe oxide and Fe-humus, represents 23 to 29% of free iron below 300 

m asl, and 39 to 49% above that level, in relation to the large C content (78-

97 g kg-1). Strong desilication is confirmed by large gibbsite contents as 

measured by TGA (31-113 g kg-1). 

XRD data (Figure 2-S1) point to the occurrence of gibbsite, halloysite, and 

2:1:1 phyllosilicate (>350 m asl) as previously identified (Ndayiragije and 

Delvaux, 2003). Remarkably, the intensity of the 002 XRD reflection at 0.485 

nm typical for gibbsite increases with increasing altitude, similarly to gibbsite 

content as measured by TGA (Table 2-1).  

 



Part I 

 32 

Table 2-1: Selected soil properties: particle size analysis, bulk density, Total Reserve in Bases (TRB), Si/(Al+Fe), Fed/Fet and Feo/Fed atomic ratios, 

contents of organic C and allophane, Sio/(Alo-Alp) atomic ratio. The average values are computed from individual values as determined on six 

composite samples collected in banana (3) and sugarcane (3) plots at 65, 100, 150, 200, and 250 m, but on three composite samples in banana 

plots at 300, 350, and 375 m. Different lowercase letters express significant differences at p<0.05 level for TRB, Si/(Al+Fe), Fed/Fet, Feo/Fed, C, 

allophane content and Sio/(Alo-Alp). Differences were tested with a t-test with the pairwise.t.test function of the R programming language. 

Alitude Particle size analysis (%) Bulk  
density 

TRB Si/(Al+Fe)a 

 
Fed/Fet Feo/Fed C Allophaneb Sio/(Alo-Alp)c Gibbsite P ret 

m Clay Silt Sand g cm-3 cmolc kg-1    g kg-1 g kg-1  g kg-1 % 

65 39.2 48.0 12.8 0.82 114 abc 1.01 a 0.52 a 0.27 ab 42.3 a 95 ab 0.61 a 31.0 96 
100 48.7 32.5 18.8 0.78 134 a 0.90 b 0.49 a 0.27 ab 49.9 ab 161 c 0.55 a 72.7 97 
150 40.6 36.5 22.9 0.74 118 ab 0.80 cd 0.50 a 0.27 ab 55.0 b 122 a 0.65 a 101.1 98 
200 30.2 46.4 23.4 0.73 92 cd 0.79 cd 0.51 a 0.29 a 54.6 b 104 ab 0.62 a 112.9 96 
250 18.4 45.9 35.7 0.70 85 d 0.79 c 0.53 a 0.23 b 48.8 ab 73 b 0.65 a 101.8 96 
300 37.1 41.0 21.9 0.73 71 d 0.78 cd 0.53 a 0.27 ab 51.6 ab 95 ab 0.54 a 112.7 96 
350 34.1 47.6 18.3 0.57 88 bcd 0.87 bcd 0.48 a 0.39 ac 78.2 c 85 b 0.61 a 103.6 96 
375 35.5 38.2 26.3 0.51 93 bcd 0.91 bcd 0.47 a 0.49 d 97.0 d 80 b 0.52 a 101.9 97 

a computed from total elemental contents Sit, Alt and Fet (Table 2-S1) 
b Allophanic substances; estimated according to Parfitt and Wilson (1985), using Sio, Alo and Alp contents (Table 2-S1). 
c computed from Sio, Alo and Alp contents (Table 2-S1). 
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2.4.2 XRD and total analyses of the hlPhSi particles 

XRD data performed on hlPhSi particles reveals the occurrence of 

cristobalite, tridymite, and gibbsite particles (Figure 2-S2), which could not 

be separated from phytoliths because of their respective densities of 2.32-

2.36, 2.25-2.28 g cm-3, and 2.34 g cm-3 (Huang et al., 2002; Monger and Kelly, 

2002), very close to that of phytoliths (~2.3 g cm-3). 

Loss on ignition of hlPhSi particles ranged between 3.7 and 15.1% 

irrespective of altitude (Table 2-2). The ranges of SiO2 and Al2O3 

concentrations were, respectively 70.3 – 92.2%, and 3.3 – 15% (Table 2-2). 

The Si/Al ratio of hlPhSi particles amounted to 30 at 375 m asl, but ranged 

between 5 and 13 in BA plots, and between 9 and 15 in SC plots. The 

concentrations of other oxides were below 1%. The elemental composition 

of hlPhSi particles did not show any trend in relation to altitude. 

The quantification of phytoliths, tridymite, cristobalite, and gibbsite with 

SIROQUANT software shows that the percentage of phytoliths in heavy liquid 

extracts varies widely from one sample to another (Table 2-3). It ranges from 

12.7 to 63.8% in BA plots samples and from 10 to 76.2% in SC plots samples. 
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Table 2-2: Elemental composition and ignition loss (on phytoliths dried overnight at 105°C) of the particles extracted by heavy liquid 

separation for each plot at each altitude (BA: banana; SC: sugarcane). 

Altitude Land use Al2O3 CaO Fe2O3 K2O MgO Na2O SiO2 TiO2 Ignition loss Si:Al  

m  % atomic ratio 

65 BA 9.52 0.19 0.58 0.13 0.12 0.28 78.72 0.18 10.29 8.99 

65 SC 6.27 0.14 0.51 0.13 0.09 0.35 86.63 0.18 5.70 15.03 

100 BA 15.04 0.14 0.88 0.13 0.14 0.35 69.49 0.23 13.59 5.02 

100 SC 11.57 0.15 0.74 0.13 0.10 0.34 76.53 0.21 10.22 7.19 

150 BA 12.68 0.16 1.03 0.18 0.13 0.20 70.32 0.19 15.10 6.03 

150 SC 7.24 0.11 0.58 0.13 0.08 0.19 82.57 0.15 8.95 12.40 

200 BA 10.84 0.14 0.95 0.11 0.09 0.35 70.67 0.19 16.66 7.09 

200 SC 6.67 0.14 0.66 0.10 0.06 0.10 81.84 0.14 10.28 13.34 

250 BA 6.49 0.20 0.70 0.15 0.12 0.15 81.32 0.14 10.74 13.6 

250 SC 9.47 0.14 0.89 0.19 0.12 0.25 79.99 0.20 8.76 9.19 

300 BA 7.84 0.14 0.66 0.04 0.12 0.20 83.82 0.16 7.02 11.63 

350 BA 12.71 0.35 0.69 0.15 0.13 0.20 74.65 0.15 10.96 6.39 

375 BA 3.29 0.21 0.28 0.10 0.06 0.09 92.24 0.09 3.65 30.50 
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Table 2-3: Portion of each component of the particles extracted by heavy liquid separation for each plot at each altitude (BA: banana; SC: 

sugarcane) as estimated with the SIROQUANT © quantitative XRD software (version 2.5). 

Alitude Land use Total (hl 
particles1) 

Phytolith Cristobalite Tridymite Gibbsite 

m  g kg-1 % g kg-1 % g kg-1 % g kg-1 % g kg-1 

65 BA 47.59 12.7 6.04 31.4 14.94 52.1 24.79 3.8 1.81 

65 SC 60.63 10.0 6.06 51.8 31.41 36.5 22.13 1.7 0.91 

100 BA 66.6 38.5 25.64 29.7 19.78 25.2 16.78 6.7 4.13 

100 SC 60.69 27.9 16.93 37.8 22.94 28.9 17.54 5.3 2.79 

150 BA 61.69 24.7 15.24 24.3 14.99 43.3 26.71 7.8 4.63 

150 SC 46.39 38.0 17.63 15.5 7.19 40.8 18.93 5.6 2.51 

200 BA 51.71 43.3 22.39 12.2 6.31 37.0 19.13 7.4 3.67 

200 SC 46.62 76.2 35.52 2.4 1.12 18.9 8.81 2.4 1.07 

250 BA 40.07 65.6 26.29 3.7 1.48 28.8 11.54 1.9 0.76 

250 SC 50.97 36.1 18.40 12.4 6.32 46.0 23.45 5.5 2.80 

300 BA 71.3 38.0 27.09 12.4 8.84 45.2 32.23 4.4 3.14 

350 BA 91.2 51.6 47.06 9.6 8.76 23.9 21.80 14.9 13.59 

375 BA 83.78 63.8 53.45 3.8 3.18 29.0 24.30 3.4 2.85 

1hl particles are the extracted particles with the heavy liquid extraction method. 
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2.4.3 Si pools in soils and leaf Si content 

As for soil properties, Si concentrations in soil were similar at a given altitude 

between neighboring BA and SC plots (Table 2-S3). We thus considered the 

whole data set as based on six repetitions per altitude level. The Na2CO3-Si 

content ranged between 10.3 to 12.6 g kg-1 irrespective of altitude. The XRD-

hlPhSi content increases with altitude from 2.54 to 22.45 g kg-1. In contrast, 

Sit, CaCl2-Si and ox-Na2CO3-Si contents significantly decreased with increasing 

altitude (Table 2-4): Sit from 179 to 142 g kg-1, CaCl2-Si from 66 to 14 mg kg-1, 

and ox-Na2CO3-Si from 7.7 to 2.0 g kg-1. The banana leaf Si content ranged 

between 3.81 and 5.30 g kg-1, regardless of altitude. Except at the lowest 

altitude level (65m), XRD-hlPhSi is invariably higher than ox-Na2CO3-Si: from 

1.5 times at 100m to 11 times higher at 375m. 

Table 2-4: Average concentrations in soil of total Si (Sit), bioavailable Si (CaCl2-Si), 
Na2CO3-Si, ox-Na2CO3-Si, and physically extracted PhSi, and Si concentration in banana 
leaf III. The average values are computed from individual values as determined on six 
composite samples collected in banana (3) and sugarcane (3) plots at 65, 100, 150, 
200, and 250 m asl, but on three composite samples in banana plots at 300, 350, and 
375 m asl. Different lowercase letters express significant differences at p<0.05 level 
for Sit, CaCl2-Si, Na2CO3-Si, ox-Na2CO3-Si, banana leaf Si content. Differences were 
tested with a t-test with the pairwise.t.test function of the R programming language. 

Altitude Sit CaCl2-Si Na2CO3-Si ox-Na2CO3-Si XRD-
hlPhSi

1 

Leaf Si 
concentration  

(banana) 

m g kg-1 mg kg-1 g kg-1 g kg-1 g kg-1 g kg-1 

65 179.3 a 65.5 a 11.2 a 7.68 a 2.54 4.49 ab 
100 162.3 b 73.9 a 12.6 a 5.86 ab 8.94 5.30 a 
150 148.0 c 31.3 bc 11.7 a 4.34 bc 6.90 4.77 ab 
200 147.2 c 30.8 b 11.0 a 4.07 bc 12.16 4.03 b 
250 148.6 c 31.1 b 11.5 a 4.30 bc 9.38 3.81 b 
300 145.9 c 24.4 bc 10.4 a 3.37 bc 11.38 4.31 ab 
350 145.6 c 21.1 bc 10.1 a 2.64 c 19.76 4.44 ab 
375 141.5 c 14.0 c 11.4 a 2.04 c 22.45 nd2 

1 XRD-hlPhSi: phytolithic Si as assessed by XRD analysis after heavy liquid separation. 

2 nd refers to no data. 
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2.5 Discussion 

2.5.1  Methodological considerations  

The heavy liquid separation extracted phytoliths, but also tridymite, 

cristobalite, and gibbsite (Figure 2-S2). These silica minerals have a specific 

gravity (g cm-3) (2.2–2.3) close to that of phytolith (2.3) unlike quartz (2.53–

2.65) (Huang et al., 2002; Monger and Kelly, 2002). Quantitative assessment 

from XRD data showed that phytolith content in heavy liquid extracts ranged 

from 10 to 76.2%. The heavy liquid separation allows to quantify the 

phytolith pool if the physical extraction is followed by particles counting or 

by the XRD assessment presented above in section 2.3.4.  

Na2CO3–Si values as deduced from the DeMaster procedure (DeMaster, 

1981) were as high as 10.0-14.2 g kg-1 (Table 2-S3), because of the release of 

structural Si from the alkaline dissolution of allophanic constituents (Wada, 

1989). Probably, minor quantities of adsorbed Si could have been released 

from secondary oxides (Jones and Handreck, 1963), particularly SRO Fe oxide 

(Delstanche et al., 2009) and allophanic substances (Harsh et al., 2002; Wada, 

1989). After the dark oxalate extraction of SRO aluminosilicates (Wada, 

1989), SRO Fe and Al oxides (Bigham et al., 2002; Huang et al., 2002), and 

possibly adsorbed Si if any (Jones and Handreck, 1963), ox-Na2CO3–Si 

markedly decreased to 2.0-7.9 g kg-1 (Table 2-S3). However, Al content in the 

Na2CO3 extract after dark oxalate pretreatment was very high (5.2-8.5 g kg-1, 

Table 2-S3). We thus tentatively attribute ox-Na2CO3–Si to phytolithic silicon, 

and ox-Na2CO3–Al to SRO Al oxide and/or microcrystalline gibbsite (Huang et 

al., 2002), as further discussed in next sections. 
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2.5.2  The gibbsitic Andosols are strongly desilicated  

Andic properties. The sodium fluoride field test (Fieldes and Perrot, 1966) 

gave a rapid, strong and positive response indicating the occurrence of 

allophane and/or organo-aluminum complexes in both topsoil and subsoil 

whatever the altitude. Analytical data illustrate the strong expression of 

andic properties in all studied soils. The values of bulk density ≤ 0.82 (Table 

2-1), phosphate retention ≥ 96% and [Alo + ½Feo] ≥ 2% (Figure 2-3) fulfill the 

diagnostic criteria that are required for andic properties (IUSS, 2014) 

regardless of rainfall and altitude. 

Soil weathering stage and secondary products. The studied Andosols have 

reached an advanced weathering stage. Strong desilication is revealed by 

particularly low soil Si/(Al+Fe) atomic ratios (1.01-0.78), large gibbsite 

contents (31-113 g kg-1), low TRB (134-71 cmolc kg-1), in particular at MAR 

>3000 mm (TRB = 93-71 cmolc kg-1) as well as relatively high contents of 

allophanic substances (80-161 g kg-1), Al-humus components (Alp: 6.7-12.3 g 

kg-1), and ferrihydrite (Feo: 10.9-18.4 g kg-1). Allophanic substances have a low 

Si/Al atomic ratio (0.51-0.65), which denotes their aluminous composition 

close to that of imogolite (Si/Al=0.5). Imogolite, however, was not identified 

in the clay fractions in contrast to its occurrence in weathered soil horizons 

developed from recent (≈ 500 yr old) andesitic ash on the western flank of 

Figure 2-3: Plot of P retention against Alo + ½ Feo ratio. The color of each point reveals 
the MAR level. Red lines show the lower limits of each parameter for Andic properties. 
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the volcano at 1000 m asl and MAR ≥ 4500 mm (Jongmans et al., 1994). 

Abundant gibbsite is a major indicator of strong desilication. Actually, 

gibbsite occurs in soils of any age whenever Si is in low supply, hence under 

strong leaching (Churchman and Lowe, 2012). Where there is a gradation in 

the extent of leaching, often because an altitude change, gibbsite occurs in 

the most heavily leached soils whereas 1:1 phyllosilicates are dominant 

secondary minerals where there is a lesser degree of leaching (Churchman 

and Lowe, 2012; Herbillon et al., 1981; Huang et al., 2002; Nieuwenhuyse and 

Van Breemen, 1997; Norfleet et al., 1993). In the wettest sites of the studied 

catchment, the complexation of Al by organic matter may have exerted anti-

allophanic and/or anti-gibbsitic effects (Churchman and Lowe, 2012; 

Ndayiragije and Delvaux, 2003; Shoji et al., 1993). Given the absence of 

imogolite, the aluminous composition of dark oxalate extracts may 

tentatively be linked to the occurrence of Al-rich allophane (proto-imogolite 

allophane: Churchman and Lowe, 2012; Farmer and Lumsdon, 2001; Harsh 

et al., 2002), and a continuum Al-humus complex – SRO Al oxide – gibbsite, 

as earlier proposed by Huang et al. (2002). SRO Al oxide might encompass 

proto-gibbsite (Alary et al., 2013) or poorly crystalline Al hydroxide (Huang et 

al., 2002) the content of which was 5–10 g kg-1 in Brazilian ferrallitic soils as 

assessed by dark oxalate extraction at pH 3 (Huang et al., 2002). Here, we 

could not quantify the content of proto-gibbsite because of the presence of 

allophanic substances of unknown Si/Al ratio. 

2.5.3  Climatic controls on mineral neoformation and base 
saturation  

Mineral synthesis. The climatic controls on mineral synthesis thus resulted in 

the formation of Al-rich allophane, proto-gibbsite, gibbsite and Fe oxide 

whereas the relative importance of (Al, Fe)-humus complexes increased at 

wettest sites. The most significant expressions of these climatic controls are 

the strong desilication and the increase in gibbsite content (101-113 g kg-1) 

at MAR > 3000 mm, concomitantly to the abrupt decrease in TRB from 134-

114 to 93-71 cmolc kg-1. 

Base saturation and buffering capacity. Soil ion exchange properties are 

controlled by a combination of weathering, leaching intensity and soil 

constitution (Chadwick et al., 2003). At MAR > 3000 mm, despite the 

abundant precipitation, the sum of exchangeable bases (16.9–3.8 cmolc kg-
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1), base saturation (36-7%) and pH (6.5-5.1) show well-defined trends along 

the rainfall gradient (Figure 2-4) as observed earlier (Chadwick et al., 2003; 

Henriet et al., 2008a). Average base saturation is invariably below 36% and is 

lowest (7-22%) in the wettest sites where the sum of exchangeable bases is 

particularly low (4-10 cmolc kg-1). The loss of buffering capacity at high rainfall 

directly resulted from mineral weathering and the removal of base cations, 

and it led to a steep decline in effective cation exchange capacity and base 

saturation, despite the soils under banana cultivation are fertilized and 

limed. Actually, N and K fertilizer management in these perhydrated 

Andosols under intensive banana cropping is particularly acute, as it requires 

frequent applications of small fertilizer doses to reduce nutrient losses 

through leaching (Godefroy and Dormoy, 1984; Ndayiragije and Delvaux, 

2004). Besides, it should be noted that the only case of phosphorus 

deficiency in intensive banana plantations worldwide was reported in these 

perhydrated Andosols, due to P fixation on Al oxide surfaces (Lacoeuilhe and 

Godefroy, 1971). Though the soil buffering capacity has been exhausted for 

base cations, the release of plant available Si might have been “buffered” to 

some extent through the biological cycling of Si, which may alleviate natural 

soil desilication (Lucas et al., 1993), and possibly to Si adsorption on oxide 

surfaces (Jones & Handreck, 1963). 

Soil weathering stage. TRB (Herbillon, 1986) and the degree of 

individualization of free iron (Fed/Fet ratio) can be used to estimate soil 

weathering stage (Brahy et al., 2000; Delfosse et al., 2005; Delvaux et al., 

1989; Henriet et al., 2008a). In the studied climosequence, TRB did not 

decrease linearly with increasing rainfall, whereas Fed/Fet varied little 

regardless of rainfall. From Table 2-1 and Figure 2-2, we may tentatively 

attribute the variation in TRB to three pyroclast deposits of different ages, 

from the oldest to the youngest: (i) at 65 m asl, (ii) 100-300 m asl, (iii) 350-

375 m asl (Figure 2-2). In the second deposit (100-300 m asl), TRB 

progressively decreased from 134 to 71 cmolc kg-1 (Table 2-1) with increasing 

MAR. This environmental framework gives the opportunity to infer about the 

respective impacts of rainfall and soil weathering stage on the pools of plant 



Chapter 2 

 

41 

available Si and phytoliths in soil.To do this we did linear models using the lm 

function of the R programing language (see Equation 2-1).  

Figure 2-4: Sum of exchangeable bases (SEB) (a), base saturation (BS) (b), and soil pH 
(c), as plotted against mean annual rainfall (MAR). Error bars represent standard 
deviations. 
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2.5.4  Rainfall strongly impacts the pools of plant available Si and 
phytoliths 

Results of the linear models are shown in Table 2-S4. They show that MAR 

was the only parameter that significantly explained the different Si pools 

(CaCl2-Si p<0.001, Na2CO3-Si p<0.05, ox-Na2CO3-Si p<0.001, XRD-hlPhSi 

p<0.003, and total Si p<0.001). In contrast, TRB and soil pH did not explain 

the differences in Si pools (p>0.05). From these observations, we plotted Sit, 

CaCl2-Si, Na2CO3-Si, ox-Na2CO3-Si, XRD-hlPhSi contents in soils and leaf Si 

content against MAR (Figure 2-5). The correlation was particularly strong 

with the first five variables (r = 0.81-0.93). XRD-hlPhSi content increased with 

increasing MAR. In contrast, Sit, CaCl2-Si, Na2CO3-Si and ox-Na2CO3-Si and leaf 

Si contents decreased with increasing MAR (Figure 2-5 a, b, c, d). Rainfall was 

thus the main factor that affected the contents of total Si, plant available Si, 

phytolithic Si, and leaf Si, though to a much lesser extent. Actually, the 

narrow range of leaf Si content (3.8-5.3 g kg-1, Table 2-4) was close to that 

measured by Henriet et al. (2008a) (1.8-3.9 g kg-1) for bananas cropped on 

soils covering a range of TRB from 36 to 131 cmolc kg-1, which compares to 

that measured here (71–134 cmolc kg-1). Besides leaf Si concentration in 

banana leaf may increase with the decrease of plant biomass with increasing 

MAR (Dorel et al., 2000), making Si mineralomass a better plant indicator of 

Si availability in soil. Rainfall directly controls the leaching intensity and the 

loss of elements (Chadwick et al., 2003), and was thus here the main 

parameter that controlled the availability of Si for plants. 

A surprising point is that rainfall has an opposite impact on the ox-Na2CO3-Si 

and XRD-hlPhSi pools (Figure 2-5d, e). These pools are thus inversely 

correlated (r = -0.88, p = 0.004; Figure 2-6). Both the ox-Na2CO3-Si and XRD-

hlPhSi pools were associated to phytoliths (section 2.5.1). We propose that, 

in the studied soils, ox-Na2CO3-Si and XRD-hlPhSi contents do not represent 

the same phytolith pool. 

2.5.5 Quantification of different phytolith pools 

Phytoliths with different dissolution rates can coexist in soil: fresh phytoliths 

quickly dissolve whereas aged ones dissolve slowly (Alexandre et al., 2011, 

1997; Meunier et al., 2014). Actually, phytoliths in soil are considered in our 
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scientific community as a 

major contributor to DSi 

because of their high  

dissolution rate (a.o. 

Alexandre et al., 2011; 

Bartoli, 1983; Farmer et 

al., 2005; Lucas et al., 

1993; Sommer et al., 

2013), whereas they are 

used in other disciplines as 

microfossils to reconstruct 

paleoenvironments 

because of their stability 

over millennia (a.o. 

Barboni et al., 1999; 

Figure 2-5: Contents of total Si –Sit– (a), CaCl2-Si (b), Na2CO3-Si (c), ox-Na2CO3-Si (d), 
XRD-hlPhSi (e) concentrations in soils; leaf Si concentration (banana, leaf III) (f), as 
plotted against mean annual rainfall MAR with associated R2 and p values. The color 
of each point reveals the MAR level. 

Figure 2-6: Plot of the XRD-hlPhSi concentration 

against ox-Na2CO3-Si concentration in soils. The 

intensity of the blue color for each point reveals the 

MAR level. 
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Cabanes et al., 2011; Kealhofer and Penny, 1998; Neumann et al., 2012; 

Rashid et al., 2019).  

In this study, the ox-Na2CO3-Si and XRD-hlPhSi pools are inversely correlated 

to each other (Figure 2-6). As assessed by Meunier et al. (2014) the chemical 

extraction using ox-Na2CO3-Si likely quantifies fresh phytoliths that dissolve 

quickly. In contrast, the physical extraction using heavy liquid separation 

(XRD-hlPhSi) would quantify the whole phytolith pool though it may dissolve 

some phytolithic particles during the alkaline DCB pretreatment. 

In this line, we propose that, with increasing MAR, the pool of fresh 

phytoliths (ox-Na2CO3-Si) decreases while that of aged ones (XRD-hlPhSi) 

increases. The ratio [XRD-hlPhSi]/[ox-Na2CO3-Si] indeed increases from 0.33 

to 11.0 with increasing MAR (Figure 2-7). As discussed here above (section 

2.5.4), rainfall directly controls the leaching intensity and the loss of elements 

(Chadwick et al., 2003). On one hand, following the Le Chatelier principle, 

rainfall would increase the dissolution rate of fresh phytoliths. On the other 

hand, higher rainfall is associated with higher contents of secondary oxide 

and organic matter (section 2.5.3), which positively influence soil aggregation 

(Dorel et al., 2000). Soil aggregates may entrap phytoliths and protect them 

from dissolution (Li, 

2019). Soil components 

such as SOM, OMA, 

ferrihydrite, Al hydroxide 

and allophanic 

substances all promote 

soil microaggregation 

(Bigham et al., 2002; 

Deng and Dixon, 2002; 

Harsh et al., 2002; Huang 

et al., 2002). The role of 

SRO Fe and Al oxides in 

soil microaggregation is 

further enhanced by 

their large surface area 

and reactivity (Bigham et 

al., 2002; Huang et al., 

2002). Since the contents of soil organic matter, Al oxide, SRO Fe oxide 

Figure 2-7: Plot of the XRD-hlPhSi/ox-Na2CO3-Si ratio 

against the soil bulk density. The bulk density is used as 

an indicator of the soil micro-aggregation process. The 

intensity of the blue color for each point reveals the 

MAR level. 
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increased with increasing MAR (Table 2-1), soil microaggregation probably 

increased with increasing MAR. This hypothesis is supported by the decrease 

in bulk density with increasing MAR (Table 2-1). The very strong inverse 

correlation between the ratio [XRD-hlPhSi]/[ox-Na2CO3-Si] and bulk density 

(r = -0.97) (Figure 2-7) supports that the increasing dominance of aged 

phytoliths with increasing MAR could be linked to phytoliths entrapement 

since bulk density is an indicator of soil aggregation. Thus, following Li (2019) 

and as suggested by the Figure 2-7, we further hypothesize that soil micro-

aggregation processes are intimately linked to phytolith stabilization 

processes. Within this view, phytoliths could be physically or chemically 

entrapped into micro-aggregates that protect them from dissolution. In the 

studied Andosols, the reactive phytolith surfaces (Bartoli, 1985; Fraysse et 

al., 2009) could possibly interact with SRO (Fe, Al) oxides, allophanic 

substances, SOM (Bartoli, 1985) in the overall process of soil 

microaggregation. These soil constituents may indeed promote the chemical 

or physical stabilisation of phytoliths as their respective contents increases 

with increasing rainfall. This model might therefore explain the observed 

results.  

2.5.6 Phytolith controls on plant available Si 

From Figure 2-8, CaCl2–Si is 

positively and strongly correlated 

with ox-Na2CO3–Si (r = 0.95), but 

negatively correlated to XRD-

hlPhSi (r = -0.57). The strong 

positive correlation between 

CaCl2–Si and ox-Na2CO3–Si 

suggests that plant available Si was 

controlled by the pool of fresh 

phytoliths in soil that could quickly 

dissolve. The values of pH and 

H4SiO4 concentration in CaCl2–Si 

extracts support that amorphous 

silica bodies controlled dissolved Si 

(Table 2-S6). The controls of 

phytolith were governed by MAR 

since the lowest values of CaCl2–Si 

Figure 2-8: Plot of CaCl2-Si content against 
the contents of (a) ox-Na2CO3-Si and (b) 
XRD-hlPhSi. The intensity of the blue color 
for each point reveals the MAR level. 
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and ox-Na2CO3–Si were both measured in the wettest sites (Figure 2-8a). 

Furthermore, our coupled experimental data (CaCl2–Si, ox-Na2CO3–Si) 

reasonably compared to the literature data reported in Figure 2-9 as well as 

to the range of coupled values [CaCl2–Si, Na2CO3–Si] recently reported for 

humid tropical forests in Panama (see Figure 1a in Schaller et al., 2018). In 

this latter study, within a MAR gradient from 1600 to 3200 mm, the ranges 

of CaCl2–Si and Na2CO3–Si values were indeed 1–40 mg kg-1 and 1–7 g kg-1, 

respectively (Schaller et al., 2018). Thus, as discussed above, the climatic 

controls on mineral synthesis in the studied Andosols led to advanced 

desilication (Chadwick et al., 2003) and resulted in the formation of Fe oxide, 

aluminous allophane, gibbsite and possibly proto-gibbsite. Furthermore, 

they resulted in the exhaustion of the buffering capacity with respect to ion 

exchange properties as previously reported (Chadwick et al., 2003), but also 

to plant available Si, likely because of the rapid dissolution of fresh phytoliths 

in strongly desilicated soil environments.  

Figure 2-9: Plot of CaCl2-Si content against contents of Na2CO3-Si in different soil-plant 
systems. Light grey symbols are literature data for various soil types in temperate 
forests (Clymans et al., 2011; Cornelis et al., 2011), and tropical savannas (Quigley et 
al., 2017). Blue points are from this study and are ox-Na2CO3-Si values to discard the 
SRO PSi contribution. The intensity of the blue color for each point reveals the MAR 
level. 
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Aluminous character of ox-Na2CO3 extracts. In the ox-Na2CO3 extract, the [ox-

Na2CO3–Si/ox-Na2CO3–Al] atomic ratio was ≤ 1.0, actually close to 1.0 in the 

least humid sites (Figure 2-10a). Furthermore, the Si/Al ratio of the ox-

Na2CO3 extract 

sharply decreased 

from 1.0 to 0.5 with 

increasing MAR 

below 3000 mm, 

but remained 

constant at ~ 0.48 at 

MAR > 3000 mm 

(Figure 2-10b). 

Since gibbsite 

content increased 

while that of 

allophane 

decreased at MAR > 

3000 mm, we 

attribute the ox-

Na2CO3–Al content 

to (i) phytolith Al, 

and (ii) gibbsite and 

possibly proto-

gibbsite (Alary et 

al., 2013; Huang et 

al., 2002). We can 

only speculate on 

how much proto-

gibbsite or poorly 

crystalline Al 

hydroxide occurred 

in the studied perhydrated Andosols because there are no unambiguous 

methods for its identification and quantification (Huang et al., 2002). We can 

argue that various environmental factors might have promoted the 

formation of a series of Al-rich secondary products encompassing Al-humus, 

proto-gibbsite or poorly crystalline Al hydroxide (Huang et al., 2002), gibbsite 

and aluminous allophane of proto-imogolite type (Churchman and Lowe, 

Figure 2-10: (a) Plot of the ox-Na2CO3-Si concentration 

against ox-Na2CO3-Al concentration in soils. Si and Al 

concentrations in the Na2CO3 extracts were derived using the 

technique of DeMaster (1981) on soils samples after 

allophane dissolution by dark oxalate (ox). (b) Plot of the 

evolution of the ox-Na2CO3–Si:Al ratio with increasing MAR. 

The intensity of the blue color for each point reveals the MAR 

level. 
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2012; Harsh et al., 2002), added to Al-rich phytoliths. These environmental 

factors include a.o. (i) the rapid weathering of volcanic glass, (ii) the great 

intensity of leaching linked to high MAR and large porosity of ash material, 

(iii) the strong desilication, (iv) the accumulation of organic substances that 

can hamper the crystallization of gibbsite (Huang et al., 2002). On the other 

hand, the slow kinetics of macrocrystalline gibbsite formation enhance the 

precipitation of poorly crystalline and microcrystalline Al hydroxide at 

aqueous H4SiO4 of 10-4 mol l-1 where gibbsite should be stable (Harsh et al., 

2002).  

2.5.7  Critical assessment of the PhSi quantification methods 

As illustrated in Figure 2-6, our experimental data show significant 

differences in Si concentration between chemical extraction by alkaline 

dissolution (ox-Na2CO3-Si: 2-7.6 g kg-1) and physical separation by heavy 

liquid (XRD-hlPhSi: 2.5-22.4 6 g kg-1). As discussed above, the particular 

constitution of the studied soils may explain such discrepancies, which are 

particularly acute at the highest altitude levels.  

The DeMaster technique using alkaline dissolution. The first point deals with 

the dissolution of phytoliths in Na2CO3 whereas the second one concerns the 

selectivity of Na2CO3 for phytoliths in an assemblage including phytoliths, 

SRO lithogenic silicate (LSi) and PSi minerals. First, Na2CO3 extractant mainly 

dissolves fresh phytoliths while it is less selective for aged phytoliths that 

poorly dissolve in Na2CO3 (Meunier et al., 2014). As discussed earlier (section 

2.5.5), we hypothesize that weathering, mostly governed by MAR, has 

promoted the ageing of phytoliths in soil, and probably their relatively high 

Al content (Figure 2-10; Bartoli; 1985) as well their interactions with organic 

and mineral constituents in soil in the overall process of soil aggregation. 

Second, the Na2CO3 extraction dissolves SRO PSi minerals (Kamatani and 

Oku, 2000), and amorphous LSi components (Clymans et al., 2015a). Besides, 

it dissolves wollastonite, a crystalline silicate (Li et al., 2019). Thus, the 

DeMaster technique (DeMaster, 1981) does not discriminate phytolith from 

SRO PSi and LSi minerals. Barão et al. (2014), Clymans et al. (2015), Kamatani 

and Oku (2000), and Koning et al. (2002) developed alternative techniques 

to discriminate PhSi from LSi and PSi SRO minerals based on the monitoring 

of the Si/Al atomic ratio during the kinetical alkaline extraction. Gibbsite, 

however, may dissolve in alkaline reagents (Huang et al., 2002), making the 

use of the Si/Al ratio very hazardous, as shown in this study. The procedure 
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developed by Clymans et al. (2015) is also based on the use of the Si/Al to 

discriminate phytolithic Si from volcanic glass through a kinetical alkaline 

extraction, but the presence of gibbsite makes this technique unusable. Here, 

the pre-treatment of soil samples with dark oxalate buffered at pH 3 

removed allophanic Si, i.e. Si from SRO PSi minerals. Given the advanced soil 

weathering stage in the studied Andosols, the pool of amorphous LSi 

minerals (volcanic glass) was considered as being exhausted. Much better 

than Na2CO3-Si, ox-Na2CO3-Si thus represented the PhSi pool since the dark 

oxalate pretreatment removed SRO PSi minerals with little effect, if any, on 

phytolith dissolution at pH 3 (Fraysse et al., 2009). 

Heavy liquid separation. As far as the extraction of phytoliths by heavy liquid 

separation is concerned, the presence of cristobalite, tridymite, and gibbsite 

prevents an accurate assessment from being made for the phytolith content 

in soil. Here, we propose a quantification of inorganic components occurring 

in the light fraction using SIROQUANTsoftware. By doing this way we could 

evaluate the respective contents of phytolith, critobalite, tridymite and 

gibbsite and distinguish fresh from aged phytoliths. 

2.6 Conclusion 

The perhydrated Andosols under study have reached an advanced 

weathering stage. The climatic controls on mineral synthesis have resulted in 

the formation of Fe oxide, Al-rich allophane, gibbsite and possibly proto-

gibbsite or poorly crystalline Al hydroxide. This mineralogical assemblage 

denotes intense leaching and strong desilication. In addition, the contents of 

SOM and (Al, Fe)-humus increased at wettest sites. These climatic controls 

generate an abrupt threshold in soil properties at MAR ≥ 3000 mm. They 

have also led to (i) the exhaustion of the soil buffering capacity, (ii) the 

decrease in plant available Si and fresh phytolith content. Thus, within a thin 

gradient of soil weathering degrees, the increase in MAR has resulted in the 

strong decrease in all Si pools in soil: PSi minerals, fresh PhSi reservoir and 

plant available Si. However, within the same gradient, an increasing amount 

of phytoliths was entrapped in soil aggregates. 

We conclude that rainfall is the major, if not exclusive, driver of plant Si 

availability in the highly leached, gibbsitic Andosols from Basse-Terre, 

Guadeloupe. 
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We further conclude that research is required to improve the procedures 

quantifying phytolith content in soil and to investigate possible phytolith 

entrapment in soil microaggregates. 
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 Phytolith quantification through alkaline 
extraction in gibbsitic Andosols2 

 

Abstract 

Quantifying the phytolith pool in soil is a prerequisite to assess the biological 

control of Si fluxes from the soil-plant system to watersheds. It is routinely 

carried out through the DeMaster procedure using the Na2CO3 kinetic 

extraction at 85°C for 6h, stipulating that the dissolution of amorphous silica 

is fast while that of crystalline minerals is slow and linear. Volcanic ash soils 

that exhibit andic properties usually contain short-range-ordered (SRO) 

minerals such as allophane, imogolite and poorly crystalline Fe and Al oxides. 

Here, we quantified the phytolith pool in perhydrated Andosols rich in 

gibbsite through the kinetical Na2CO3 extraction of Si. Prior to this extraction, 

we tested three pretreatments, separately: (1) no pretreatment, (2) dark 

oxalate, (3) sequentially hydrogen peroxide (H2O2), dithionite-citrate-

bicarbonate (DCB), and dark oxalate. For comparison purpose, the same 

procedures were applied to phytolithic-biochar:basalt mixtures and 

phytolithic-biochar:basalt:gibbsite mixtures. Our results show that Na2CO3 

readily and quickly dissolves phytoliths, but also weatherable primary 

minerals, SRO alumino-silicates as well as Al-bearing constituents such as Al-

humus, poorly crystalline Al oxide and gibbsite. Unlike dark oxalate at pH 3, 

DCB at pH~9 may dissolve phytoliths. We thus recommend to use the 

kinetical Na2CO3 extraction, but preceded by dark oxalate dissolution of SRO 

minerals to quantify phytoliths in soil.

                                                           

2 Manuscript in preparation for submission in an international peer-reviewed journal. 
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3.1 Introduction 

Silicon (Si) has a crucial role in several biogeochemical processes, notably in 

regulating atmospheric CO2 and buffering soil acidification through mineral 

weathering, and as a nutrient for terrestrial and marine biota. Plants exert a 

biological control on both the terrestrial Si cycling and Si export flux to 

watersheds (Derry et al., 2005), making the global Si cycle strongly 

dependent on the soil-plant cycle of Si (Carey and Fulweiler, 2012; Conley, 

2002). The weathering of silicate minerals releases dissolved Si (DSi), which 

is taken up by plant roots, transferred to transpiration termini, and 

precipitates in plant tissues as amorphous silica bodies called phytoliths (PhSi) 

(Jones and Handreck, 1965; Piperno, 1988; Sangster and Hodson, 1986). PhSi 

is recycled through the return of plant debris to soil (Smithson, 1956) where 

phytoliths form an important reservoir of plant available Si (Drees et al., 

1989). PhSi bodies indeed readily dissolve at common values of soil solution 

pH (Fraysse et al., 2009), and feed the DSi reservoir, especially in highly 

weathered, desilicated soils (Alexandre et al., 1997; Cornelis and Delvaux, 

2016; Lucas et al., 1993; Meunier et al., 1999). Quantifying the PhSi pool in 

soil is thus a prerequisite to assess the biological control of Si fluxes from the 

soil-plant system to rivers and oceans. 

Soil phytoliths are chemically extracted with alkaline reagents (Saccone et al., 

2007; Sauer et al., 2006). They are assumed to dissolve quickly in Na2CO3 0.1 

M at 85°C while crystalline silicates dissolve slowly and linearly. Plotted 

against time, the release of DSi in Na2CO3 presents two steps: a quick release 

followed by a slow and linear one, allowing to quantify the PhSi pool at the 

Y-intercept of the linear release (Figure 1 in DeMaster, 1981). However, the 

DeMaster technique partly dissolves wollastonite, a crystalline silicate 

mineral (Li et al., 2019), and may dissolve short range-ordered (SRO) minerals 

(Huang et al., 2002; Kamatani and Oku, 2000; Wada, 1989). The use of Si/Al 

atomic ratio of alkaline extracts was proposed to discriminate PhSi from SRO 

minerals, attributing Si/Al ≥ 5 to PhSi and 2 ≥ Si/Al ≥ 0.5 to SRO and crystalline 

minerals in soil (Barão et al., 2014; Clymans et al., 2015a; Kamatani and Oku, 

2000; Koning et al., 2002). Yet inorganic amorphous silica minerals may 

dissolve in alkaline extracts (Drees et al., 1989). Although used in various 

environments (Barão et al., 2014; DeMaster, 1981; Guntzer et al., 2012; 

Saccone et al., 2007; Sauer et al., 2006), the interpretation of Na2CO3 extracts 

to quantify the PhSi pool remains hazardous in a number of soils. For example, 

some ash derived Andosols contain volcanic glass, allophanic substances, Al-
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humus, poorly crystalline Al oxide and gibbsite, which dissolve in alkaline 

solutions (Clymans et al., 2015a; Jackson, 1956; Kamatani and Oku, 2000; 

Pereira et al., 2009; Taboadela, 1953; Wada, 1977). Actually, the following 

values of the atomic Si/Al ratio of the Na2CO3-extract from soils best refer to 

the following respective silicates (Li, 2019):  

1) Si:Al ≥ 5 to PhSi (phytoliths), but also to some SRO silicates either 

lithogenic (e.g. volcanic glass) or pedogenic (e.g. allophane, non-

biogenic amorphous silica), as well as crystalline silicates such as a.o. 

wollastonite and fine-sized Si oxides (quartz, tridymite, cristobalite); 

2) 5 ≥ Si:Al ≥ 1 to LSi (e.g. plagioclase, Mg-chlorite, biotite), 2:1:1, 2:1 and 

1:1 PSi clay minerals (e.g. illite, vermiculite, smectite, kaolinite); 

3) Si:Al < 1 to some SRO PSi silicates (imogolite), H4SiO4
0 adsorbed onto 

oxide surfaces. 

The use of the Si/Al atomic ratio is thus not unequivocal because several soil 

components are soluble in alkaline solutions. 

Moreover, Andosols are strongly aggregated (Totsche et al., 2018), and 

phytoliths may be entrapped into soil clusters protecting them from 

dissolution (Li, 2019). The protocol for the physical extraction of phytoliths 

provides for the prior destruction of soil aggregates (Kelly, 1990) whereas the 

chemical alkaline extraction does not.  

Here, we attempt to quantify the PhSi pool in Andosol samples through the 

kinetical extraction of Si using 0.1 M Na2CO3 at 85°C for 6h. Prior to this 

extraction, we test three methods, separately: (1) no pretreatment, (2) dark 

oxalate pretreatment, (3) sequential H2O2, dithionite-citrate-bicarbonate 

(DCB), and dark oxalate pretreatments. The pretreatments in methods (2) 

and (3) are routinely used to extract soil components that are majorly 

involved in soil aggregation such as SRO secondary silicates and Al, Fe oxides, 

soil organic matter (SOM) and organo-mineral associations (OMA). For 

comparison purpose, we apply the same procedures to phytolithic-

biochar:basalt and phytolithic-biochar:gibbsite:basalt mixtures. 
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3.2 Materials 

3.2.1 Soil samples 

The Andosols are distributed along a climo-toposequence on the Eastern 

flank of the volcano La Soufrière (1467 m above sea level (asl)) exposed to 

rain-bearing winds (Colmet-Daage and Lagache, 1965). They derived from 

pyroclastic andesitic ash containing plagioclase, pyroxene, and volcanic glass 

as the main primary minerals (Boudon et al., 1987; Dagain, 1981; 

Komorowski et al., 2005; Ndayiragije, 1996). Seventeen plots were selected 

under forest (FO), banana (BA) and sugarcane (SC) crops from 65 m to 390 m 

asl on the Pères River catchment. Mean annual rainfall (MAR) evolves from 

2650 mm at 65 m to 4400 mm at the top of the catchment. At MAR >4000 

mm, the perhydrated Andosols contain Al-humus, gibbsite, allophane and 

kaolinite as dominant secondary minerals (Colmet-Daage and Lagache, 1969; 

Ndayiragije and Delvaux, 2003). In particular, the abundance of large 

particles of gibbsite, developing as pseudomorphs of plagioclase and 

pyroxene, reflects a strong soil desilication (Ndayiragije and Delvaux, 2003). 

At MAR < 4000 mm, allophane is the dominant secondary mineral, while C 

content slightly and progressively decreases with decreasing altitude 

(Colmet-Daage and Lagache, 1969). The soils are strongly microaggregated 

(Dorel et al., 2000). We sampled topsoils (ts) (00-20cm) in 14 plots (BA, SC, 

FO) out of the 17 plots at all altitude levels (65-390 m). In addition, we 

sampled the genetic soil horizons in three pedons (pd), two in cultivated plots 

(BA, SC) and one under forest (FO). ts sampling involved collecting of 9 ts 

samples per plot, combined randomly into 3 composite samples. pd sampling 

involved the prior description of three soil pedons, respectively under 

banana (170 m asl), sugarcane (180 m asl) and forest (390 m asl), and the 

sampling of 15 soil horizons in total. The total of ts and pd samples thus 

amounts to 14*3 ts + 15 pd = 57 samples. The soil samples were moderately 

air-dried during 16 h and sieved at 2 mm. The analyses were carried out on 

the fine earth fraction (< 2 mm). 

3.2.2 biochar:basalt mixtures 

Biochar was produced from rice straws (Li et al., 2019). Rice plants were 

grown in the Yoshida nutrient solution (Yoshida, 1981) enriched with 

aqueous H4SiO4
0 at the concentration of 40 mg L-1. The biochar was produced 

through a slow pyrolysis procedure as described by Ronsse et al. (2013), 
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passed through a 0.154 mm sieve prior to experimental use. PhSi content in 

biochar amounted to 51.3 g kg-1 (Li et al., 2019). Basalt was obtained from 

DCM Inc.Co. www.dcm-info.com as a powder of fresh natural basaltic lava 

(Eifel, Germany) crushed and sieved at 83 µm. The basalt was rich in 

weatherable lithogenic Si (LSi) minerals as it contained augite, olivine, 

leucite, nepheline, plagioclase, mica and some oxides as well as weathered 

glasses (Figure 3-S1). Five mixtures of biochar:basalt were prepared in the 

following weight proportions : 0:100, 25:75, 50:50, 75:25, and 100:0. The 

mixtures were carefully and thoroughly mixed. 

3.2.3  biochar:basalt:gibbsite mixtures 

Gibbsite was obtained from Alcoa® Company <https://www.alcoa.com>. 

Four mixtures of biochar:basalt:gibbsite were prepared in the following 

weight proportions: 47.5:47.5:5, 45:45:10, 42.5:42.5:15, 40:40:20. The 

mixtures were carefully and thoroughly mixed. 

3.3 Methods 

3.3.1 Soil analyses 

Soil texture was determined by quantitative recovery of clay, silt and sand 

fractions after sonication and dispersion with Na+ saturated resins without 

any previous oxidation of SOM (Rouiller et al., 1972). Dark oxalate-

extractable (o), DCB extractable (d) and pyrophosphate-extractable (p) 

contents of Si, Al and Fe were determined in the respective extracts by 

inductively coupled plasma-atomic emission spectrometry (ICP–AES) 

following the methods compiled in Dahlgren (1994). Total C and N contents 

were determined by high temperature dry combustion using a Vario EL Cube 

elemental analyzer. Crystalline minerals were identified by X-ray diffraction 

(XRD) on powder soil and basalt samples as well as on clay fractions using 

CuK radiation in a Bruker Advance diffractometer. Prior to XRD, the clays 

were saturated with either K+ or Mg2+ after batch equilibration with 1 M KCl 

and 0.5 M MgCl2, respectively. XRD was performed at room temperature 

(20 °C), after formamide intercalation (Churchman et al., 1984), overnight 

ethylene–glycol saturation (EG) (8 d) at room temperature, as well as after 

heating at 110, 300 and 550 °C (4 h), using CuK radiation in a Bruker 

Advance diffractometer. Total elemental contents were determined on soil 

and basalt samples by ICP-AES after fusion in Li-metaborate and Li-

https://www.alcoa.com/
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tetraborate at 1000°C (Chao and Sanzolone, 1992). The contents of major 

alkaline and alkaline-earth cations were summed up to compute the Total 

Reserve in Bases (TRB) (Herbillon 1986). 

3.3.2 Chemical quantification of PhSi 

Na2CO3-extractable Si content was determined to assess PhSi in soils 

(DeMaster, 1981; Koning et al., 2002; Saccone et al., 2007). The DeMaster 

(dm) procedure was applied after kinetical Na2CO3-extraction of Si 

(DeMaster, 1981). Forty milligrams of soil sample (f<2mm) were mixed with 

40 ml of 0.1 M Na2CO3 at 85°C during 7h. One milliliter of solution was 

collected after 15, 60, 120, 180, 240, 300, 360, and 420 min, diluted with 9 

ml of deionized water and acidified with 50 µl of Suprapur HNO3 (Figure 3-1a). 

Si, Al, Fe, and Mg concentrations were measured at each time by ICP-AES. 

The intercept of the linear part of the kinetics release of Si estimates the PhSi 

pool, named dmNa2CO3-Si (DeMaster, 1981 - Figure 3-1b). The experimental 

data were used to compute the dissolution rate (dr) using the following 

equation (1): 

𝑑𝑟𝑡 =  
𝑆𝑖𝑡 − 𝑆𝑖𝑡−1

𝑇𝑡 − 𝑇𝑡−1
       𝐸𝑞(1) 

where drt was the dissolution rate (g min-1 kg-1) at time t; Sit, the Si 

concentration at time t; Tt the duration of extraction at time t. 

Following DeMaster (1981), the dr from 120 min of extraction was attributed 

to crystalline minerals (Figure 3-1c). The dr of crystalline minerals was 

extrapolated to the whole extraction with a linear regression on dr from 120 

to 420 min. The dr of PhSi particles was then estimated at each time by 

subtracting the dr of crystalline minerals from total dr. At each time 

increment, the product of the mean drt of PhSi particles by (Tt – Tt-1) was the 

amount of extracted PhSi during that time increment (Figure 3-1d). The PhSi 

content estimated from the dr procedure, named drNa2CO3-Si could then be 

calculated by considering the whole extraction time. If the dissolution rate of 

crystalline minerals was really linear from 120 min of extraction the 

dmNa2CO3-Si concentration would be equal to the drNa2CO3-Si 

concentration. However, we believe that the dissolution rate of crystalline 

minerals, instead of being linear, decreased slightly during extraction as 

solute concentrations gradually approached chemical equilibrium. The dr 
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procedure would 

therefore allow to take 

into account the 

evolution of the 

dissolution rate and to 

improve the estimation 

of the PhSi 

quantification. Prior to 

the Na2CO3 extraction, 

the soil samples were 

pretreated following 

three methods, 

separately: (1) no 

pretreatment, (2) dark 

oxalate extraction, (3) 

successive H2O2, DCB, 

and dark oxalate. Dark 

oxalate and DCB 

extractions were 

carried out following 

Blakemore et al. (1981) 

and Mehra and Jackson 

(1960), respectively. 

The oxidation of SOM 

was performed by 

adding 15 ml H2O2 6% 

to 750 mg soil at 60°C, 

and renewing H2O2 

until reaction ceased. 

After the respective 

pretreatments 2 and 3, 

but prior to the Na2CO3 

kinetical extraction, the 

methods 2 and 3 

integrated a rinsing of 

the pretreated soil 

samples with CaCl2 0.01 M following Sauer et al. (2006) to remove residual 

Figure 3-1: (a) Experimental scheme of the extraction 

kinetics of Si in Na2CO3 0.1M at 85°C. (b) Quantification 

of amorphous Si (ASi) by the intercept value on Y-axis 

(DeMaster 1981) (dmNa2CO3-Si). (c) Plot of the 

dissolution rate (dr) against extraction time, the linear 

part being attributed to crystalline minerals. (d) Deduced 

ASi pool (drNa2CO3-Si). 
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dissolved Si. Figure 3-2 schematizes the effect of the pretreatments on soil 

components. Dark oxalate buffered at pH3 dissolves OMA, SRO pedogenic 

silicates (PSi) (allophanic substances) and Fe oxide (ferrihydrite) (Parfitt and 

Childs, 1988), and possibly poorly crystalline Al hydroxide (Huang et al., 

2002). DCB buffered at pH~9 extracts free iron, i.e Fe-humus complexes, SRO 

and crystalline Fe oxides (Schwertmann and Taylor, 1989). DCB might 

dissolve PhSi particles at pH~9 (Fraysse et al., 2006).  

In practice, executing the complete procedure involving the methods 1, 2, 3 

was heavy and time consuming. Therefore, we carried it out only for two 

samples: tsBA350 and tsFO396. However, we compared the two procedures, 

i.e. DeMaster (dm) and dissolution rate (dr), on all ts and pd samples (i.e. 57 

samples), but only applying method 2 where Na2CO3 extraction was done 

after dark oxalate pretreatment. 

3.3.3 Chemical modeling with PHREEQC 

The PHREEQC 3.4.0-12927 software was used to model the equilibria that 

were established between the solid and liquid phases after 15 min of 

extraction in the alkaline solution. General solution characteristics were pH 

11.2, pe 4, temperature 85°C. Individual element input were given from ICP-

AES measurements after 15 min of extraction for Al3+, Ca2+, Mg2+, and H4SiO4. 

Na+ and CO3
2- concentrations were 0.2 M and 0.1 M. 

Figure 3-2: Sketch out of hypothetical soil compositions prior to the Na2CO3 
extraction, but after the pretreatments for methods 1, 2 and 3. Hatched parts refer 
to the dissolved, targeted soil components (PhSi is not targeted, as well as crystalline 
PSi and LSi). SOM: soil organic matter. OMA: organo-mineral associations. SRO: short 
range-ordered minerals. PSi: pedogenic silicates. LSi: lithogenic silicates.  
PhSi: phytogenic silica (note that DCB is buffered at pH~9). 
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3.4 Results and discussion 

3.4.1 Basic soil properties  

The soils have attained an advanced stage of weathering, in particular at 

altitude levels above 150 m asl, as inferred from TRB values below 100 cmolc 

kg-1 and the relative importance of free iron (Fed), which accounted for about 

50% of total iron (Fet) (Table 3-1). The advanced weathering stage was 

further confirmed by the very low Sit/(Alt+Fet) atomic ratio that ranged from 

0.75 to 1.01 in ts samples, and from 0.38 to 0.96 in pd samples. These 

features support that these gibbsite-rich Andosols (Colmet-Daage and 

Lagache, 1969) were strongly desilicated (Ndayiragije and Delvaux, 2003). 

They had relatively high clay contents: 37-51% below 150m asl and 24-37% 

above 150m asl in ts samples, 34-65% in pd horizons. Total Si content (Sit) 

ranged from 128.7 to 181.1 g kg-1 in ts samples, and decrease with increasing 

altitude. In pd samples, Sit ranges from 108.0 g kg-1 to 166.8 g kg-1.  

Soil properties (Table 3-1) were in perfect line with previous data from soil 

mapping and characterization of the Guadeloupean perhydrated Andosols 

(Colmet-Daage and Lagache, 1969; Ndayiragije and Delvaux, 2003). The 

carbon content of topsoils increased with increasing altitude from 43 to 97 g 

kg-1 in BA and SC croplands, and up to 155 g kg-1 in the forest area. The 

content of organic C (OC) regularly decreased at depth in each pedon (pd), 

from A to BC horizon. Oxalate extractable Fe (Feo) represented between 25 

and 31% of free iron in topsoils (ts) below 300 m asl. Above 300 m, this 

proportion abruptly increased (42-54%) in relation to the large C content (78-

155 g kg-1). The low Sio/(Alo-Alp) ratio (0.52-0.72 in ts and 0.19-0.70 in pd 

horizons), denotes the aluminous character of allophanic substances and/or 

the occurrence of poorly crystalline Al hydroxide (Harsh et al., 2002; Huang 

et al., 2002). Thus OC, OMA, allophane, ferrihydrite, gibbsite and possibly 

poorly crystalline Al hydroxide likely dominate the secondary products in this 

weathering sequence. These soil constituents greatly favor soil 

microaggregation processes, and thus the development of a large 

microporosity (Colmet-Daage and Lagache, 1969; Dorel et al., 2000). 
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3.4.2 PhSi pools estimated from DeMaster (dm) and dissolution rate 
(dr)  

Following method 2, the Na2CO3 extraction was performed on ts and pd soil 

samples cleared of their amorphous aluminosilicates after dark oxalate 

pretreatment at pH3. dmNa2CO3-Si and drNa2CO3-Si represented the PhSi 

pool as determined through the DeMaster and dissolution rate procedures, 

respectively (Table 3-2, Figure 3-3). The ranges of dmNa2CO3-Si and 

drNa2CO3-Si contents (g 

kg-1) were 1.1-7.9 and 

0.9-5.6, respectively, 

whereas the ones of 

dmNa2CO3-Al and 

drNa2CO3-Al (g kg-1) 

were 5.2-12.2 and 4.2-

11.8, respectively. Four 

main points could be 

deduced from Table 3-2 

and Figure 3-3: (i) ts and 

pd soil samples largely 

differed in Na2CO3-Si 

and Na2CO3-Al, (ii) 

Na2CO3 dissolved Al-

bearing minerals, 

possibly gibbsite and poorly crystalline Al hydroxide (Huang et al., 2002), (iii) 

dmNa2CO3-Si and drNa2CO3-Si were positively correlated with each other 

(r=0.95), but drNa2CO3-Si was below dmNa2CO3-Si, (iv) both dm and 

drNa2CO3-Si decreased with increasing altitude and thus MAR. Besides, after 

120 min of Na2CO3 extraction, dr systematically decreased with increasing 

time (Figure 3-4), which infers that the dissolution of crystalline minerals was 

not linear in the studied samples. We hypothesize that equilibrium was not 

reached and/or Si bearing minerals could precipitate during the extraction. 

Figure 3-3: Plot of drNa2CO3-Si as deduced from the 

dissolution rate (dr) method against dmNa2CO3-Si as 

deduced from the DeMaster (dr) technique (DeMaster, 

1981) for the quantification of the PhSi pool. 
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Table 3-1: Selected soil properties: particle size analysis, Total Reserve in Bases (TRB), Si/(Al+Fe), Fed/Fet and Feo/Fed atomic ratios, contents of 

organic C and allophanic substances, Sio/(Alo-Alp) ratio (standard deviations in brackets). ts are topsoil samples collected in banana plots (tsBA), 

sugarcane plots (tsSC), and forest plot (tsFO) at various altitude levels (from 65 to 390 m asl). pd are samples collected in soil horizons from 

pedons pdBA, pdSC and pdFO. 

 Particle size analysis 
(%) 

TRB Sit/(Alt+Fet)a 

 
Fed/Fet Feo/Fed C Allophanic 

substancesb 

Sio/(Alo-Alp)c 

 Clay Silt Sand cmolc kg-1    g kg-1 g kg-1  

           
tsBA 65 41.4 46.6 12.0 110 (19) 1.01 (0.03) 0.54 (0.02) 0.24 (0.02) 43.3 (1.6) 110 (1) 0.57 (0.05) 
tsSC 65 37.1 49.5 13.4 118 (10) 1.02 (0.02) 0.51 (0.01) 0.28 (0.03) 41.4 (3.8) 70 (4) 0.64 (0.01) 
tsBA 100 45.7 34.9 19.4 136 (2) 0.83 (0.02) 0.46 (0.03) 0.27 (0.01) 49.8 (0.6) 170 (10) 0.55 (0.02) 
tsSC 100 51.6 30.0 18.4 137 (11) 0.98 (0.03) 0.52 (0.03) 0.26 (0.02) 50.0 (1.2) 10 (7) 0.55 (0.02) 
tsBA 150 40.1 34.3 25.6 134 (29) 0.80 (0.04) 0.49 (0.06) 0.24 (0.02) 45.9 (8.3) 140 (4) 0.58 (0.01) 
tsSC 150 41.2 38.6 20.2 102 (4) 0.79 (0.06) 0.51 (0.01) 0.30 (0.02) 64.2 (3.8) 100 (4) 0.72 (0.03) 
tsBA 200 24.2 50.7 25.1 98 (6) 0.77 (0.02) 0.51 (0.01) 0.27 (0.02) 47.6 (2.3) 110 (2) 0.64 (0.04) 
tsSC 200 36.2 42.2 21.6 85 (8) 0.82 (0.02) 0.52 (0.01) 0.31 (0.01) 61.6 (2.0) 90 (1) 0.60 (0.02) 
tsBA 250 37.0 47.3 15.7 86 (5) 0.82 (0.04) 0.53 (0.00) 0.22 (0.01) 50.1 (3.8) 65 (8) 0.69 (0.18) 
tsSC 250 34.5 44.5 21. 83 (3) 0.76 (0.01) 0.54 (0.01) 0.24 (0.02) 47.5 (2.5) 80 (9) 0.59 (0.02) 
tsBA 300 37.1 41.0 21.9 71 (9) 0.78 (0.06) 0.53 (0.01) 0.27 (0.02) 51.6 (2.2) 95 (13) 0.54 (0.01) 
tsBA 350 34.1 47.6 18.3 88 (11) 0.87 (0.07) 0.48 (0.02) 0.39 (0.05) 78.2 (1.6) 85 (5) 0.61 (0.15) 
tsBA 375 35.5 38.2 26.3 93 (5) 0.91 (0.06) 0.47 (0.03) 0.49 (0.01) 97.0 (10.3) 80 (6) 0.52 (0.03) 
tsFO 396 34.0 44.9 21.1 85 (14) 0.94 (0.04) 0.41 (0.02) 0.54 (0.05) 155 (23.0) 30 (3) 0.68 (0.15) 
           
pdBA 173 Ap 48.0 20.8 31.2 89 0.83 0.50 0.39 60.1 137 0.62 
pdBA 173 AB 38.4 22.8 38.8 86 0.77 0.50 0.39 43.9 158 0.60 
pdBA 173 Bw 54.8 13.9 31.3 98 0.61 0.45 0.42 25.2 236 0.53 
pdBA 173 BC 38.9 18.1 43.0 161 0.70 0.43 0.43 9.4 347 0.63 
pdSC 180 Ap 51.8 28.0 20.2 73 0.87 0.58 0.34 80.6 105 0.70 
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pdSC 180 AB 56.4 16.2 27.4 74 0.84 0.52 0.38 49.5 124 0.68 
pdSC 180 Bw1 56.2 21.2 22.6 79 0.86 0.50 0.36 36.8 147 0.64 
pdSC 180 Bw2   28.4 98 0.84 0.47 0.31 22.2 207 0.63 
pdSC 180 BC 60.8 15.4 23.8 121 0.86 0.40 0.30 10.8 268 0.64 
pdFO 396 Ah1 35.9 46.2 17.9 172 0.79 0.60 0.52 167 18.5 0.37 
pdFO 396 Ah2 44.7 31.5 23.8 102 0.95 0.60 0.49 112 25.9 0.49 
pdFO 396 AB 56.0 26.0 18.0 118 0.77 0.52 0.56 62.7 49.2 0.42 
pdFO 396 Bw1 65.0 20.0 15.0 68 0.96 0.61 0.58 43.4 240 0.19 
pdFO 396 Bw2 50.5 22.6 26.9 99 0.92 0.55 0.51 25.0 353 0.26 
pdFO 396 BC 34.0 22.0 37.0 115 0.39 0.24 0.30 6.1 187 0.41 

a computed from total elemental contents Sit, Alt and Fet (Table 3-S1) 
b estimated according to Parfitt and Wilson (1985), using Sio, Alo and Alp contents (Table 3-S1). 
c computed from Sio, Alo and Alp contents (Table 3-S1). 
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Table 3-2: dm and dr Na2CO3-Si and Na2CO3-Al contents of ts and pd samples 

pretreated with dark oxalate (Method 2) as deduced from the DeMaster (dm) and 

dissolution rate (dr) procedures, respectively. 

  Method 2: pretreatment with dark oxalate 

 Plot name and 
altitude (m) 

dm procedure dr procedure 

  dmNa2CO3-Si 
(mg kg-1) 

dmNa2CO3-Al (mg 
kg-1) 

drNa2CO3-Si (mg kg-1) drNa2CO3-Al (mg kg-

1) 

To
p

 s
o

il 
sa

m
p

le
s 

tsBA 65 7277.2 (1336.8) 7873.2 (1429.5) 5282.2 (1824.3) 6859.0 (1640) 
tsSC 65 7946.3 (1257.7) 7157.4 (997.5) 5600.7 (1010.3) 6457.0 (768) 
tsBA 100 5433.8 (1386.9) 8500.5 (808.6) 3602.0 (479.2) 7222 (477) 
tsSC 100 6277.3 (2091.1) 6826.6 (1675.2) 4077.6 (2089.0) 5972 (1702) 
tsBA 150 4630.0 (1658.2) 8051.0 (186.7) 2641.0 (843.5) 6753.5 (2173) 
tsSC 150 4044.7 (1513.5) 7483.4 (1998.1) 2207.9 (1652.1) 5540.5 (2827) 
tsBA 200 4356.5 (858.1) 9183.2 (874.8) 3182.9 (135.2) 9055 (559) 
tsSC 200 3777.7 (544.8) 8087.2 (427.4) 2653.0 (5.063) 7798.5 (437.5) 
tsBA 250 4143.3 (551.2) 9193.7 (28.85) 2578.9 (32.00) 7927 (599) 
tsSC 250 4459.9 (473.1) 9888.5 (143.5) 4072.0 (42.65) 10551 (430) 
tsBA 300 3372.6 (246.4) 8487.0 (317.0) 2509.3 (454.7) 6758.3 (613) 
tsBA 350 2636.3 (608.6) 6792.2 (1358.4) 1903.0 (21.20) 6007.7 (418.6) 
tsBA 375 2344.8 (343.1) 5222.6 (20.65) 2642.4 (331.1) 4642.6 (17.98) 
tsFO 396 3465.5 (530.8) 5940.8 (460.0) 1635.7 (346.0) 5782.9 (1860) 

      

P
e

d
o

n
 s

am
p

le
s 

pdBA 173 Ap 4411.2 7673.5 2581 5793.1 
pdBA 173 AB 3843.5 8250.5 2707 7694.2 
pdBA 173 Bw 2490.4 9343.8 1828 9040.1 
pdBA 173 BC 4304.2 8244.3 3255 7243.6 
pdSC 180 Ap 3858.2 5840.3 2589 4240.3 
pdSC 180 AB 3871.3 8141.8 2657 5973.1 
pdSC 180 Bw1 4574.1 9179.2 3528 8290.9 
pdSC 180 Bw2 3689.6 7020.8 2934 6157.8 
pdSC 180 BC 3682.5 7129.2 3020 7061.4 
pdFO 396 Ah1 3768.5 6769.9 1431 5712.8 
pdFO 396 Ah2 3294.0 8463.3 1759 6746.2 
pdFO 396 AB 2559.5 8557.2 1409 7381.4 
pdFO 396 Bw1 1894.6 9702.2 1379 9402.8 
pdFO 396 Bw2 1110.7 12189 857.4 11760.8 
pdFO 396 BC 4610.3 9611.7 3174.5 8414.9 
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Figure 3-4: Time evolution of: (a, d, g) Si (▲ ), Al (●) concentrations in Na2CO3, (b, e, h) dissolution rate of total, crystalline, 

and amorphous Al-bearing phases, and (c, f, i) dissolution rate of total, crystalline, and amorphous Si-bearing phases for 

tsBA-65 (a, b, c), tsBA-250 (d, e, f), and tsBA-375 (g, h, i) pretreated with dark oxalate. 
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3.4.3 Primary weatherable Si minerals may contribute to Na2CO3-Si 

Both the dmNa2CO3-Si and drNa2CO3-Si contents increased with dosed 

additions of biochar within biochar:basalt mixtures (Figure 3-5). dmNa2CO3-

Si was significantly above drNa2CO3-Si in biochar:basalt mixtures 50:50, 

75:25, and 100:0. The biochar had a total Si concentration (Sit) of 51.3 g kg-1. 

We could therefore assess that dmNa2CO3-Si represented 66, 47, 41, and 35% 

of biochar-Sit for the 25, 50, 75, 100% biochar mixtures respectively. 

drNa2CO3-Si represented 66, 43, 32, and 30% of biochar-Sit for the 25, 50, 75, 

100% biochar mixtures respectively. Two points could be deduced: (i) 

primary weatherable minerals released Si, accounted for in the dmNa2CO3-Si 

and drNa2CO3-Si pools, (ii) the higher the total quantity of biochar-Sit, the 

lower the proportion of phytoliths extracted by Na2CO3. 

Figure 3-5: drNa2CO3-Si concentration deduced from the dissolution rate method (∆) 

and dmNa2CO3-Si deduced from the DeMaster technique (▲ ) for samples having 

different biochar:basalt proportions. Lowercase letters indicate a significant 

difference at p < 0.05 level. The difference was tested with a t-test with the 

pairwise.t.test function of the R programming language. 
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3.4.4 Does precipitation occur during the alkaline extraction? 

Figure 3-6 shows the kinetical Na2CO3 extractions performed for the different 

biochar:basalt:gibbsite mixtures (a-d) and gibbsite (e). For the mixtures 

(Figure 3-6a-d), Si concentration in Na2CO3 abruptly increased up to 1.2-1.4 

g kg-1 after 120 min, then stabilized between 120 and 300 min, before slightly 

decreasing beyond 300 min (Figure 3-6a, b, c, d). In contrast, Al, Fe, Mg 

concentrations in Na2CO3 were highest at 15 min, and then decreased 

steadily beyond that time. For gibbsite (Figure 3-6e), Al concentration sharply 

increased up to 24 g kg-1 after 240 min, and then stabilized. Both the 

dmNa2CO3-Si and drNa2CO3-Si decreased with increasing gibbsite content in 

the biochar:basalt:gibbsite mixtures (Figure 3-7). dmNa2CO3-Si and 

drNa2CO3-Si represented 52-54% and 43-46% of biochar-Sit respectively, 

whatever the proportion of gibbsite. We thus point that (i) the decrease in 

Na2CO3-Si with increasing gibbsite content was due to the decrease in 

Figure 3-6: Extraction kinetics of Si (▲ ), Al (●), Fe (♦), and Mg (■) in Na2CO3 0.1 M for 

the different biochar:basalt:gibbsite mixtures (%): (a) 47.5:47.5:5; (b) 45:45:10; (c) 

42.5:42.5:15; (d) 40:40:20; and (e) gibbsite. 
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biochar supply, and (ii) dmNa2CO3-Si was invariably above drNa2CO3-Si. Given 

that Al, Fe, Mg concentrations decreased with increasing extraction time 

(Figure 3-6a-d), we hypothesize that minerals have formed during the 

extraction. In contrast, this hypothesis is not valid for single gibbsite, biochar 

and basalt samples. Using appropriate entering conditions within PHREEQC 

3.4.0-12927, chlorite (Mg5Al2Si3O10(OH)8) and goethite (FeOOH) could have 

started to precipitate after 15 min, which could be in line with the decrease 

in Al, Fe, Mg concentrations in Na2CO3 beyond that time. Unlike that, Na2CO3-

Si did not decrease before 300 min. Our results thus suggest that Na2CO3 

extraction data of single components cannot simply be added to each other 

once these components are mixed.  

3.4.5 Allophane and Al hydroxide partly dissolve in Na2CO3 

Methods 1, 2 and 3 were applied to samples tsBA350 and tsFO396 (see the 

DCB and oxalate extraction data in Table 3-S2). The dmNa2CO3-Si and -Al 

values are shown in Table 3-3 while Si, Al, Fe, Mg concentrations in Na2CO3 

as plotted against extraction time are illustrated in Figure 3-8. Fe and Mg 

concentrations are negligible, whatever the method used. At each extraction 

Figure 3-7: drNa2CO3-Si (∆) and dmNa2CO3-Si (▲ ) concentrations as plotted against 

gibbsite content (5, 10, 15, 20%) in the various biochar:basalt:gibbsite mixtures 

(47.5:47.5:5, 45:45:10, 42.5:42.5:15, 40:40:20). Lowercase letters indicate a 

significant difference at p < 0.05 level. The difference was tested with a t-test with the 

pairwise.t.test function of the R programming language. 
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time and for each method, Si concentration is systematically below Al 

concentration, the dmNa2CO3-Si/dmNa2CO3-Al atomic ratio being invariably 

below 0.50, denoting a prominently aluminous character of the Na2CO3 

extract whatever the method. From method 1 to 3, dmNa2CO3-Si decreased 

in tsBA350 from 5.0 to 1.4 g kg-1, whereas dmNa2CO3-Al decreased from 18.2 

to 5.7 g kg-1.  

In tsFO396, dmNa2CO3-Si varied little between methods 1 and 2 (3.3, 3.5 g 

kg-1), and slightly decreased after method 3 (2.9 g kg-1). In contrast, 

dmNa2CO3-Al strongly decreased from method 1 (17 g kg-1) to 2 and 3 (7.2-

6.9 g kg-1) for tsFO396. Gibbsite and SRO PSi minerals (allophanic 

constituents) partly dissolve in Na2CO3 (Jackson, 1956; Huang et al., 2002; 

Kamatani and Oku, 2000; Wada, 1977, 1989). SRO PSi minerals selectively 

Figure 3-8: Plots of the concentrations of Si (▲ ), Al (●), Fe (♦), and Mg (■) in Na2CO3 

against extraction time for sample tsBA350 (a,c,e) and sample tsFO390 (b,d,f) for 

method 1 (a,b), 2 (c,d), and 3 (e,f). 
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dissolve in dark oxalate buffered at pH3 (Dahlgren, 1994; Parfitt and Childs, 

1988), but not gibbsite (McKeague and Day, 1966). Thus, here, apart from 

(Fe, Al)-humus, ferrihydrite and allophanic substances, dark oxalate most 

likely extracted poorly crystalline Al hydroxide (Huang et al., 2002). Following 

Wada and Greenland (1970), we hypothesize the occurrence of poorly 

crystalline Al hydroxide that could dissolve in both dark oxalate and Na2CO3. 

The increase in the dmNa2CO3-Si/dmNa2CO3-Al atomic ratio from method 1 

to 2 supports our hypothesis in tsFO396, particularly rich in SOM (Table 3-1). 

We propose that strong desilication and high SOM content have promoted 

the formation of a continuum humus-Al – poorly crystalline Al hydroxide – 

gibbsite (Huang et al., 2002). In this continuum, organic matter has likely 

impeded the crystallization of Al hydroxide (Huang et al., 2002), and the 

formation of allophanic substances through anti-gibbsitic and anti-allophanic 

effects (Churchman and Lowe, 2012; Ndayiragije and Delvaux, 2003; Shoji et 

al., 1993). The allophane content in tsFO396 was indeed 2.8 times lower than 

in tsBA350 whereas SOM content in tsFO396 was twice as high as in tsBA350. 

Table 3-3: Contents of Na2CO3-extractable Si and Al as deduced from the DeMaster 

technique (DeMaster, 1981) and respective values of the Na2CO3-Si/Na2CO3-Al atomic 

ratio following the three methods: (1) no pretreatment, (2) dark oxalate 

pretreatment, (3) H2O2 + DCB + dark oxalate pretreatment for samples tsBA350 and 

tsFO396. Italic lowercase letters indicate if the difference between the different 

methods and samples is significant (at p < 0.05 level) for Na2CO3-Si, Na2CO3-Al, and 

Na2CO3-Si/Na2CO3-Al atomic ratio. Difference was tested with a t-test with the 

pairwise.t.test function of the R programming language. 

Topsoil (ts) 
Sample 

Method dmNa2CO3-Si dmNa2CO3-Al Na2CO3-
Si/Na2CO3-Al 

  mg kg-1 mg kg-1 atomic ratio 

tsBA350 1 5080 a 18250 a 0.27 a 
 2 2340 bd 6830 b 0.33 a 
 3 1380 d 5730 b 0.23 b 
     
tsFO396 1 3280 bc 17000 a 0.18 c 
 2 3470 c 7210 b 0.46 d 
 3 2890 bcd 6900 b 0.40 d 

3.4.6 Does H2O2–DCB give added value? 

From Table 3-3, both dmNa2CO3-Si and dmNa2CO3-Al did not differ between 

methods 2 and 3.  



Part I 

 70 

Thus, the removal of SOM (H2O2) and free iron (DCB) did not significantly 

modify dmNa2CO3-Si and dmNa2CO3-Al, but could slightly decrease them. We 

hypothesize that a part of the dmNa2CO3-Si pool could dissolve in DCB 

because of the relatively high temperature (75°C) and alkalinity (pH~9) that 

enhance phytolith dissolution (Fraysse et al., 2009, 2006). The slight decrease 

in dmNa2CO3-Al from method 2 to 3 could indicate that a small part of Al 

hydroxides could dissolve in 

DCB. The decrease in the 

dmNa2CO3-Si/dmNa2CO3-Al 

atomic ratio from method 2 

to 3 indicates a relative 

concentration of alkaline 

extractable Al-bearing phases 

after H2O2 and DCB, 

suggesting a possible 

dissolution of phytoliths 

during DCB extraction at 

pH~9. The abrupt decrease in 

the Si/Al atomic ratio of the 

Na2CO3 extract from method 

3 at early steps of alkaline 

extraction supports the 

hypothesis of a rapid 

phytolith dissolution (Figure 

3-9). Considering residual 

minerals after pretreatments 

in methods 2 and 3 (Figure 

3-2), phytoliths and poorly crystalline Al hydroxide might have been the two 

main contributors of Si and Al released at early alkaline extraction steps for 

both the methods 2 and 3. From our data, we thus point that (i) phytolith 

content was largest after method 2; (ii) phytoliths readily dissolve within the 

first 15 min of Na2CO3 extraction; (iii) the proportion of phytoliths that 

dissolved after 15 min was larger in method 3 than 2, which is likely due to 

the relatively lower phytolith pool for method 3 samples than for method 2 

samples. 

Figure 3-9: Plot of the Si/Al atomic ratio in Na2CO3 

0.1 M extracts against time for tsB350 (a) and 

tsF390 (b) for method 1 (●), 2 (●), and 3 (●). 
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3.4.7 Silicate precipitation during Na2CO3 extraction did not occur 

Both the low Si/Al atomic ratio and the negligible concentrations of Fe and 

Mg in Na2CO3 (Figure 3-8), suggest a very low reserve in  weatherable SRO 

LSi minerals (volcanic glass) that could dissolve in Na2CO3, which is in perfect 

line to the advanced weathering stage of the studied soils. Besides, even 

after the removal of SRO aluminosilicates, part of poorly crystalline Al 

hydroxide, and Al-humus (methods 2 and 3), a substantial Na2CO3–Al pool is 

still extracted (Table 3-3), and attributed here to gibbsite (Figure 3-6e) and 

poorly crystalline Al oxide (Jackson, 1956; Wada, 1977) that were not 

removed by pretreatments. Unlike for biochar:basalt:gibbsite mixtures, 

dissolved Na2CO3–Al did not precipitate, likely because LSi minerals are 

almost exhausted in the studied soils, limiting the release of Mg and further 

precipitation of silicates during the extraction. 

3.5 Conclusion 

The perhydrated Andosols studied here are strongly weathered and 

desilicated. Their secondary products are SOM, (Fe, Al)-humus, allophane, 

ferrihydrite, gibbsite and possibly poorly crystalline gibbsite, denoting a 

prominently aluminous character of secondary minerals. We first showed 

that the release of Si from crystalline phases in Na2CO3 could be non-linear, 

which is not considered in the DeMaster procedure. We therefore proposed 

a dissolution rate procedure that could address the possible non-continuous 

dissolution of crystalline minerals in Na2CO3. We have further shown on 

synthetic mixtures of phytolithic biochar, fresh basalt and gibbsite that 

Na2CO3 dissolved primary weatherable silicate minerals and gibbsite and that 

secondary products could precipitate during alkaline extractions.  

In the studied Andosols, the phytolith quantification through alkaline 

extraction might be hazardous because the soil contained SRO silicate 

minerals that dissolve partly in Na2CO3. Furthermore, the use of Si/Al atomic 

ratio was also hazardous. Indeed, attributing unequivocally Na2CO3 

extractable Si to specific silica phases is hampered for at least two reasons. 

Firstly, gibbsite and possibly poorly crystalline Al hydroxide, which occur in 

the studied soils, dissolved in Na2CO3. Secondly, secondary silicate phases 

may precipitate during alkaline extraction. We thus recommend to quantify 

phytoliths in soils using the Na2CO3 kinetic extraction after removal of SRO 

silicate minerals by dark oxalate buffered at pH3. 
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 Land use impact on the Si cycle 
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 The weathering stage of tropical soils 
affects the soil-plant cycle of silicon, but 
depending on land use 

 

Abstract 

Plants take up silicon (Si) from soil solution, and form biogenic silica bodies 

(phytoliths) that return to soil with plant debris. Since phytolith dissolution 

releases plant available Si, the soil-plant Si cycle tremendously influences the 

global Si cycle. Si plant uptake ranges from 0.7 to 1470 kg ha-1 yr-1 among 

different terrestrial ecosystems depending on soil properties and processes, 

climate, plant species, and management practices. The humid tropics shelter 

a huge variety of soils. Many of them are strongly weathered and desilicated, 

and exhausted in plant nutrients. Nevertheless, these soils support 

evergreen forests with the greatest biodiversity and biomass because of an 

intense pumping of nutrients. This pumping involves non-essential Si, and 

further governs the soil-plant Si cycle, which is perturbed after converting 

forest area into cropland. Here, we used literature data quantifying the Si 

soil-plant cycle in natural forest areas and croplands established on soils that 

differ in weathering stage. We particularly focused on comparing forest to Si-

accumulating rice crop. We show that the impact of soil weathering stage on 

the soil-plant Si cycle markedly differs depending on land use in the tropics. 

In slightly or moderately weathered soils, cultivated plants take up Si in larger 

amounts than forest trees do, likely because the former are stimulated to 

pump nutrients and dissolve Si from less soluble lithogenic and pedogenic 

silicates. With increasing soil weathering and desilication, Si plant uptake 

increases in natural forest ecosystems while it decreases in cultivated 

ecosystems. Four factors may explain this discrepancy: (i) since they are more 

soluble than lithogenic and pedogenic silicates, phytoliths make the pool of 

plant available Si; (ii) forest litter, which is densely exploited by roots, is a 

place of intense mineral pumping; (iii) deep rooting of forest trees enhances 

pumping too; (iv) crop harvesting exports Si out of cultivated ecosystems. 

Charles Vander Linden and Bruno Delvaux, Published in Geoderma
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Converting forest into cropland in the tropics: what impact for silicon? 

©Frans Lanting /Lanting.com 
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4.1 Introduction 

Silicon (Si) is the second mass abundant element in the Earth's crust (28.8% 

wt) after oxygen (Wedepohl, 1995). In soils, total Si content ranges from 5 to 

470 g kg-1 depending on soil mineralogy (McKeague and Cline, 1963) whereas 

the content of plant available Si varies from 3x10-3 to 4.5x10-1 g Si kg-1 (Liang 

et al., 2015). In shoot plant tissues, the mean Si concentration ranges 

between 1 and 100 g Si kg-1 and may exceed that of major nutrients (Hodson 

et al., 2005). 

Despite the huge silicate mineral reserve in the Earth's crust, only a small 

portion of Si is mobile within the biogeochemical cycle of Si (Conley, 2002; 

Sommer et al., 2006). This cycle plays numerous ecological roles related to 

eminent global problematics and provision of ecosystem services, as 

illustrated through three examples. The global Si cycle is linked to the carbon 

(C) cycle (a.o. Goudie and Viles, 2012; Street-Perrott and Barker, 2008; 

Tréguer and Pondaven, 2000; Tréguer et al., 2018). In terrestrial ecosystems, 

mineral weathering consumes carbonic acid from dissolved carbon dioxide 

(CO2) and releases monosilicic acid (H4SiO4
0 or dissolved silicon - DSi) and 

other solutes. Once DSi is transferred to watersheds and reaches marine 

ecosystems, it acts as a major nutrient for diatoms, and thus impacts the 

capacity of oceans to fix C (a.o. Ragueneau et al., 2006; Tréguer and 

Pondaven, 2000; Tréguer et al., 2018). In coastal areas, the ratio of Si to 

nitrogen (N) and phosphorus (P) in continental waters is a crucial factor in 

eutrophication (Cloern, 2001; Schelske and Stoermer, 1971). Eventually, Si is 

beneficial in protecting plants against biotic and abiotic stresses (see Coskun 

et al. 2019 for a review). 

In a pioneer work, Bartoli (1983) reported the crucial role of plants in the 

biogeochemical cycle of Si and related soil weathering processes in 

temperate deciduous forests. He demonstrated that the biological cycling of 

Si controlled Si release from mineral weathering. Further studies confirmed 

the importance of the biological pumping in controlling the biogeochemical 

Si cycle (Alexandre et al., 1997; Derry et al., 2005; Lucas et al., 1993; Meunier 

et al., 1999). Compiling literature data, Cornelis and Delvaux (2016) proposed 

that plant impact depended on soil weathering stage in natural ecosystems, 

highlighting an increased biological Si feedback loop with increasing 

weathering stage. 
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The conversion of forest areas into croplands alters the biogeochemical cycle 

of Si (a.o. Clymans et al., 2011; Guntzer et al., 2012; Keller et al., 2012; Struyf 

et al., 2010; Vandevenne et al., 2011). Actually, this transition results in the 

exhaustion of the soil phytolith pool (Barão et al., 2014; Guntzer et al., 2012; 

Struyf et al., 2010; Vandevenne et al., 2015). It also decreases the plant 

available Si pool (Klotzbücher et al., 2015; Savant et al., 1996; Struyf et al., 

2010), and the Si fluxes to watersheds (Struyf et al., 2010), thus affecting the 

ecological functions of Si. Thus, in croplands, the biological Si feedback loop 

would decrease with increasing soil weathering stage. Indeed, in tropical 

banana and rice croplands, plant accumulation of Si decreases with 

increasing soil weathering stage (Henriet et al., 2008a, 2008b; Klotzbücher et 

al., 2015a; Tavakkoli et al., 2011). In natural ecosystems, on the contrary, the 

biological feedback loop of Si increases with increasing degree of alteration 

(Cornelis and Delvaux, 2016).  

Here we test the idea that land use may affect the relationship between plant 

Si accumulation and soil weathering stage in the tropics. We use published 

data collected in humid tropical regions worldwide. We particularly focus on 

comparing forest to Si-accumulating rice crop. We first recall that the soil-

plant cycle of Si is constrained by the dissolution of weatherable minerals in 

slightly to moderately weathered soils (section 4.2) and by that of phytoliths 

in highly weathered soils (section 4.3). Next, we focus more specifically on 

the control of the Si soil-plant cycle in natural ecosystems (section 4.4) and 

then in croplands (section 4.5). Finally, we discuss the impact of soil 

weathering stage and land use on the soil-plant cycle of Si. 

Our methodological approach is based on the use of published data and their 

statistical processing. In particular, we have identified Si uptake data, as well 

as climate and soil types in tropical regions. The soils have been categorized 

according to their weathering stage, identifiable via the mineral reserve or 

taxon. We performed descriptive statistics, mainly using the ggplot function 

of the R programming language. We then discuss the data based heavily on 

well-known mechanisms and soil processes. 



Chapter 4 

 

79 

4.2 Mineral dissolution controls the Si soil-plant cycle in 
slightly to moderately weathered soils 

As illustrated in Figure 4-1, the continental cycle of Si is mainly based on the 

Si soil-plant cycle where the original source of Si is the reserve of primary 

weatherable lithogenic silicates (LSi) (Alexandre et al., 1997; Henriet et al., 

2008b; McKeague and Cline, 1963). In soils undergoing net acidification (van 

Breemen et al., 1983), LSi dissolution releases aqueous H4SiO4
0 (dissolved Si: 

DSi), aluminum (Al), iron (Fe) and other solutes. The fate of DSi may take four 

main routes: (i) leaching and export to watersheds; (ii) synthesis of pedogenic 

silicates (PSi) through the formation of clay minerals (Garrels and Christ, 

1965) and/or amorphous silica (Drees et al., 1989); (iii) adsorption on Fe and 

Al oxides (Beckwith and Reeve, 1963; Jones and Handreck, 1963; McKeague 

and Cline, 1963); (iv) uptake by plant roots (Jones and Handreck, 1965). 

According to Cornelis and Delvaux, (2016), both the LSi dissolution and PSi 

neoformation [routes (i) and (ii)] govern the mobility of Si in slightly to 

moderately weathered soils. At advanced weathering stage, Al and Fe oxides 

accumulate whereas silica exhaustion vanishes the contribution of LSi and 

PSi silicates to the pool of plant available Si [route (iv)]. The latter pool is fed 

Figure 4-1: Dissolved Si (DSi) originates from the inorganic Si and biogenic Si pools. DSi 
it can follow four routes: (i) leaching and export to watersheds; (ii) PSi synthesis 
through the formation of clay minerals and/or amorphous silica; (iii) adsorption on Fe 
and Al oxides; (iv) uptake by plant roots. Adapted from Cornelis and Delvaux (2016). 
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through phytolith dissolution (Lucas et al., 1993), hence creating a biological 

Si feedback loop, thus inducing a steady state (Alexandre et al., 1997). 

4.3 The biological Si feedback controls the Si soil-plant cycle 
in highly weathered soils 

The biological Si feedback loop encompasses the processes of plant uptake 

of Si, phytolith formation in plant tissues, return to soil, and dissolution to 

feed the plant available Si reservoir (Alexandre et al., 1997). 

Briefly, once taken up by plant roots, H4SiO4
0 is translocated to shoots 

through the transpiration stream (Mitani and Ma, 2005). At transpiration 

sites, water evaporation provokes H4SiO4
0 oversaturation with respect to 

amorphous Opal A silica (SiO2.nH2O) named phytolith (PhSi) (Piperno, 1988; 

Raven, 2001, 1983; Sangster and Hodson, 1986).  

Plant species take up Si through: active, passive or rejective mechanisms (Ma 

et al., 2001, 2006; Ma and Takahashi, 2002), and are classified as Si high-, 

intermediate-, or non-accumulating plant species, respectively. Thus, plant 

Si uptake considerably varies from 0.7 to 1470 kg ha-1 yr-1 (Table 4-1). In 

temperate forest ecosystems, it ranges from 2 to 44 kg Si yr-1 depending on 

tree species and soil type (Bartoli, 1983; Cornelis et al., 2010; Farmer et al., 

2005; Fulweiler and Nixon, 2005; Gérard et al., 2008; Markewitz and Richter, 

1998; M. Sommer et al., 2013). In humid tropical forests, Si uptake by trees 

varies from 7 to 76 kg ha-1 yr-1 (Alexandre et al., 1997; Lucas, 2001; Lucas et 

al., 1993; Meunier et al., 2010), and even from 450 to 957 kg ha-1 yr-1 in the 

particular case of bamboo forest (Li et al., 2006; Meunier et al., 1999). The Si 

uptake by grasses ranges from 12 to 67 kg ha-1 yr-1 in dry and humid 

temperate grasslands (Blecker et al., 2006; White et al., 2012), and from 98 

to 552 kg ha-1 yr-1 in intertropical savannas (Alexandre et al., 2011; Melzer et 

al., 2010). In croplands, Si uptake by cultivated plants varies widely from 0.7 

to 1470 kg ha-1 yr-1 depending on plant species and environmental conditions 

(Desplanques et al., 2006; Guntzer et al., 2012; Klotzbücher et al., 2016; 

Makabe et al., 2009; Prakash et al., 2011; Ross et al., 1974; Tubana et al., 

2016; Vandevenne et al., 2011; Yang and Zhang, 2018). 

The global annual production of phytogenic Si by higher plants ranges from 

1.7 to 5.6 x 1012 kg Si yr-1 (Conley, 2002; Laruelle et al., 2009), and rivals with 
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that of biogenic Si (BSi) production by diatoms in oceans (6.7 x 1012 kg Si yr-1) 

(Treguer et al., 1995).  

The quantity of soil PhSi commonly ranges from <1 to 30 g kg-1 on a total soil 

basis (Drees et al., 1989), but is above 50 g kg-1 in a number of soils (Clarke, 

2003). Actually, it depends on soil type, but also on the type of terrestrial 

ecosystem, which influences the Si cycling. The largest PhSi amounts are 

measured in soils of coastal and inland swamps, flood plains, grasslands and 

forests (Clarke, 2003). In natural climax ecosystems, the annual Si returns 

from plant to soil matches the annual Si plant uptake, hence reaching steady 

state (e.g. Alexandre et al., 1997; Sommer et al., 2013). Once climax is not 

reached, and if net above-ground biomass productivity is above biomass 

return to soil, PhSi return is generally below plant Si uptake (Meunier et al., 

2010). In agricultural ecosystems, crop harvesting reduces the restitution of 

PhSi to soil (Vandevenne et al., 2011).  

PhSi particles readily dissolve at common soil solution pH values (Fraysse et 

al., 2010, 2009). Their dissolution rate is 1 to 100 order of magnitude higher 

than that of LSi and PSi minerals, and decreases with increasing acidity 

(Fraysse et al., 2010, 2009, 2006), as well as increasing salinity (Loucaides et 

al., 2008). Thus, only a small part of annual PhSi deposition remains 

undissolved (~ 8% in tropical forests (Alexandre et al., 1997)). Since phytolith 

dissolution depends also on plant species (Alexandre et al., 1997; Blecker et 

al., 2006; Li et al., 2014; Wilding and Drees, 1974), the origin of phytoliths 

influences the contribution of PhSi to the DSi pool at given pH. For example, 

the proportion of DSi released from phytolith dissolution ranges from ~10-

30% in pine forests and forest tundra (Bartoli, 1983; Pokrovsky et al., 2005), 

but to ~90% in forested Hawaiian watersheds (Derry et al., 2005; Street-

Perrott and Barker, 2008). 
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Table 4-1: Experimental values of Si uptake by plants in forest, grass and cultivated ecosystems. 

Ecosystem Si uptake (kg 

ha-1 yr-1) 

References Ecosystem Si uptake (kg 

ha-1 yr-1) 

References 

Forest ecosystems   Cultivated ecosystems   
Tropical forest 7 Meunier et al. (2010) Triticale 36-44 Vandevenne et al. (2011) 
Tropical forest 21 Lucas (2001) Flax 0.7-0.9 Vandevenne et al. (2011) 
Tropical forest 40-50 Lucas (2001) Barley 15-24 Vandevenne et al. (2011) 
Tropical forest 58 Alexandre et al. (1997) Barley 99 Tubana et al. (2016) 
Tropical forest 76 Alexandre et al. (1997) Maize 112-127 Vandevenne et al. (2011) 
Bamboo forest 450-670 Meunier et al. (1999) Maize 129 Tubana et al. (2016) 
Bamboo forest 957 Li et al. (2006) Oat 19-27 Vandevenne et al. (2011) 
Bamboo forest 77-330 Umemura and Takenaka 

(2014) 
Oat 48 Tubana et al. (2016) 

Coniferous forest (Black 
pine) 

2.3 Cornelis et al. (2010) Sorghum 62 Tubana et al. (2016) 

Coniferous forest (Douglas 
fir) 

30.6 Cornelis et al. (2010) Soybean 59 Tubana et al. (2016) 

Coniferous forest (Spruce) 43.5 Cornelis et al. (2010) Sugar beet 3-8 Vandevenne et al. (2011) 
Coniferous forest (Fir) 35.7 Farmer et al. (2005) Sugar beet 1408 Tubana et al. (2016) 
Coniferous forest (Pine) 7.9 Farmer et al. (2005) Wheat 37-113 Vandevenne et al. (2011) 
Coniferous forest 8 Bartoli (1983) Wheat 108 Tubana et al. (2016) 
Coniferous forest (Douglas 
fir) 

44.4 Gérard et al. (2008) Wheat 94 Guntzer et al. (2012) 

Mixed forest beech and pine 35 Sommer et al. (2013) Weath 20 Guntzer et al. (2012) 
Mixed forest beech and fir 25.8 Farmer et al. (2005) Rice 329 Tubana et al. (2016) 
Deciduous forest (Beech) 23.3 Cornelis et al. (2010) Rice 270 Desplanques et al. (2006) 
Deciduous forest (Oak) 18.5 Cornelis et al. (2010) Rice 500 Makabe et al. (2009) 
Deciduous forest (Beech) 36.5-46.3 Farmer et al. (2005) Rice 218 Yang and Zhang (2018) 
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Deciduous forest 26 Bartoli (1983) Rice 1470 Klotzbücher et al. (2016) 
Grass ecosystems   Rice 1140 Klotzbücher et al. (2016) 
Temperate grassland 87-215 Melzer et al. (2010) Rice 600 Klotzbücher et al. (2016) 
Temperate grassland 22 Blecker et al. (2006) Rice 600 Klotzbücher et al. (2016) 
Temperate grassland 26 Blecker et al. (2006) Rice 360 Klotzbücher et al. (2016) 
Temperate grassland 55 Blecker et al. (2006) Rice 28-390 Klotzbücher et al. (2016) 
Temperate grassland 56 Blecker et al. (2006) Rice 370-470 Klotzbücher et al. (2016) 
Temperate grassland 58 Blecker et al. (2006) Rice 234 Prakash et al. (2011) 
Temperate grassland 59 Blecker et al. (2006) Rice 130 Prakash et al. (2011) 
Temperate grassland 67 Blecker et al. (2006) Sugarcane 160 Tubana et al. (2016) 
Temperate grassland 12 White et al. (2012) Sugarcane 248 Ross et al. (1974) 
Temperate grassland 18 White et al. (2012) Sugarcane 408 Ross et al. (1974) 
Temperate grassland 23 White et al. (2012) Sugarcane 379 Samuels (1969) 
Temperate grassland 46 White et al. (2012)    
Temperate grassland 48 White et al. (2012)    
Tropical savanna 98-552 Melzer et al. (2010)    
Tropical savanna 127 Alexandre et al. (2011)    
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Figure 4-2 illustrates that the biological Si feedback loop progressively takes 

over the mineral contribution to Si plant uptake (Table 1 in Cornelis and 

Delvaux, 2016).  

Based on this model, we redraw the Q-I relationship for natural ecosystems 

in Figure 4-3b. In slightly weathered soils, LSi/PSi mineral 

dissolution/neoformation processes control the activity of H4SiO4
0, and thus 

govern the Si soil-plant cycle (Figure 4-3b-(1)). LSi depletion leads to the 

progressive increase in the PhSi pool, which is largest in highly desilicated 

soils (Figure 4-3b – from (1) to (4)).  

Humid tropical regions conditions of temperature and rainfall promote 

mineral weathering and loss of silica. A number of soils in the humid tropics 

are highly weathered, since they cover more than 50% of the humid tropical 

areas (Sanchez, 2019), notably in central Africa. Their mineral assemblage 

consists of residual unalterable primary minerals, and neoformed secondary 

minerals typical for desilicated soils such as kaolinite, gibbsite, hematite, and 

goethite. In the humid tropics, slightly weathered soils mostly occur in areas 

Figure 4-2: Impact of soil weathering stage on plant Si uptake as measured in various 
natural ecosystems: forest and prairie in Leptosol, Regosol, Kastanozem; forest in 
Cambisol, prairie in Chernozem and Phaeozem; rainforest and tall savanna in Ferralsol 
and Lixisol, bamboo forest in Podzol. In each box, the arrow represents the range of 
values; the figure is the average value of Si uptake as computed from Table 1 in 
Cornelis & Delvaux (2016). 
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affected by recent tectonic faulting and subsequent rock outcropping, and/or 

volcanic activity (e.g. the African Great Lakes Region, Carribean, Central and 

South America, Indonesia, Philippines…).  

Highly weathered soils in the humid tropics are well-known to support the 

growth and development of the densest forests with the greatest biomass 

and biodiversity in the world (Beer et al., 2010; Laliberté et al., 2013; Myers, 

1988) because mineral fertility is concentrated in forest biomass and litter. 

Once deforested and used for cropping, these ferrallitic soils are widely 

recognized as unfertile soils (Sanchez, 2019). In contrast, little weathered 

soils in the humid tropics are highly fertile and productive, and they can 

support high yielding crops (Sanchez, 2019). Thus, in the tropics, soils may 

react differently to the conversion of forest to cropland according to their 

weathering stage. In particular, the soil-plant Si cycle may differ depending 

on weathering stage but also on land use. 

Figure 4-3: (a) The Si quantity-intensity (Q-I) relationship exclusively considers the 
mineral contribution. With increasing weathering, successive LSi (A) and PSi (B, C) 
dissolution controls the activity of aqueous H4SiO4

0 at different levels (>10-4M). Upon 
PSi exhaustion, secondary oxides are devoid of Si (D), hence the activity of aqueous 
H4SiO4

0 is very low (<10-4M). (b) The Si Q-I relationship considers both the mineral 
contribution and biological Si feedback loop, the concomitant evolution (1-4) of the 
ecosystem being schematized. (1) At early stage of weathering, LSi/PSi mineral 
dissolution/neoformation governs plant Si uptake. Upon gradual development of 
forest ecosystem (2-3) and intermediate weathering stage, biological pumping and 
soil PhSi pool increase. At advanced weathering (4), the PhSi pool is largest, while the 
forest climax stage is reached. The biological Si feedback loop takes over the mineral 
contribution, and the PhSi pool alleviates natural soil desilication (Lucas et al., 1993). 
The size of each rectangle represents the related Si stock. Adapted from Cornelis and 
Delvaux (2016). 
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4.4 The Si soil-plant cycle in humid tropical forests  

4.4.1 In forests on slightly weathered soils, mineral dissolution 
controls the Si soil-plant cycle 

In the young volcanic soil of the Marelongue reserve (Réunion Island), the 

soil-plant Si cycle was not dominated by the biological Si feedback loop 

because basalt weathering and wood storage of nutrients were still active 

processes (Meunier et al., 2010) (Table 4-2). The input from dying trunks was 

not significant in such a young forest unlike older tropical forest (Lucas et al., 

1996). The elemental biocycling in the Marelongue reserve depended on 

plant species for both the litterfall and wood storage (Meunier et al., 2010). 

The four tree species that contributed mostly to litterfall (70%) represented 

only 45% of the annual Si biocycling, while one species contributing to 2% of 

the litterfall represented 13.2% of the annual Si biocycling. In this ecosystem, 

the leaching output of Si was 15 kg ha-1 yr-1, i. e. about twice the restitutions 

of Si by litterfall. Meunier et al. (2010) explained it by a combination of two 

factors enhancing weathering: the basaltic nature of the parent-rock rich in 

weatherable silicates, and the hot and wet conditions. In agreement with 

Meunier et al (2010), Yang and Zhang (2018) demonstrated that the Si cycle 

in forests on slightly altered Leptosols and Cambisols was more dependent 

on the dissolution of LSi minerals than on the recycling of Si by plants (Table 

4-2). In these little weathered humid tropical soils, the Si cycle was thus 

characterized by high LSi dissolution rates that led to large Si outputs by 

leaching, and a virtually absent biological Si feedback loop. 

4.4.2 In forests on highly weathered soils, the biological Si feedback 
loop controls the soil-plant Si cycle 

At advanced stage of weathering in humid tropical conditions, the soil 

mineralogical assemblage includes residual LSi minerals that resist to 

weathering (e.g. quartz, muscovite), kaolinite and secondary Al and Fe oxides 

(e.g. gibbsite, goethite, hematite). Ferralsols, Lixisols, Acrisols, and Podzols 

are typical highly weathered soils of the humid tropics. Alexandre et al. 

(1997) and Lucas et al. (1993) showed that the biological Si feedback loop 

was crucial to maintain the Si “fertility” in the topsoils of Ferralsols. Cornu 

(1995), Cornu et al. (1998), and Lucas et al. (1993) studied the Si cycle in 

neighboring forests on a Ferralsol and a Podzol. In both soils (Table 4-2), the 

biological pumping and subsequent biocycling of Si were crucial since plants 
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took up Si in deep soil horizons and returned it to the topsoil, where DSi 

governed clay formation. In the Ferralsol, the availability of Al and Si 

promoted the formation of kaolinite whereas in the Podzol, the leaching of 

Al as mobile Al-humus complex led to a relative accumulation of residual 

quartz. Meunier et al. (1999) measured an exceptional Si uptake in a bamboo 

forest (Nastus borbonicus, high Si-accumulating) that developed on a Podzol 

overlying a strongly weathered Andosol. The Si biocycling was so active that 

the bamboo forest recycled huge quantities of phytoliths that accumulate in 

soil to eventually build up a bleached phytolithic E horizon over a spodic Bhs 

horizon. In this case, the loop was partial because of soil phytoliths 

accumulation (Meunier et al. 1999). 

4.5 The impact of agricultural land use on the Si soil-plant 
cycle 

Agricultural practices impact the silicon cycle through (i) harvesting plant 

parts that contain phytoliths (Guntzer et al., 2012; Vandevenne et al., 2011), 

(ii) changing soil pH (Fraysse et al., 2006; Guntzer et al., 2012; Haynes and 

Zhou, 2018), (iii) promoting erosion (Clymans et al., 2015b), (iv) using silicate 

amendments (e.g. Haynes and Zhou, 2018; Ross et al., 1974; Savant et al., 

1996, 1999), (v) altering soil aggregates through tillage practices (Li, 2019). 

Agriculture especially impacts the silicon soil-plant cycle since the five most 

cultivated crops - sugarcane, maize, rice, wheat, and barley - (ranked by mass 

produced globally, FAO 2018) are high-Si-accumulating plant species. Carey 

and Fulweiler (2012) assessed that the total BSi produced in cultivated lands 

was 29.4 Tmol yr-1 namely 35% of total BSi produced annually by terrestrial 

plants (84±29 Tmol yr-1 globally). In the humid tropics, sugarcane and rice, 

which are particularly efficient in Si accumulation, are the two main 

cultivated crops.  
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Table 4-2: Experimental values of Si uptake, Si restitution and Si export rates, and Si in standing biomass in various forest and agricultural 
ecosystems as measured in the above-ground plant parts. Values for croplands are given for soils that did not receive any Si amendments. Si 
uptake are lower for the tropical forests on slightly weathered soils than for the tropical forests established on highly weathered soils. Inversely, 
values of Si uptake are globally larger for the croplands on slightly weathered soils than for the croplands on highly weathered soils. The data 
present here below are published experimental data from field studies. 

Ecosystem Climate (MAP in 
mm) 

Soil weathering 
degree 

Location Si uptake 
(kg ha-1 yr-1) 

Si restitution 
(kg ha-1 yr-1) 

Si export 
(kg ha-1 yr-1) 

Si in standing 
biomass (kg ha-1) 

  WRB class TRBa      

Weakly weathered soils 
Rain forest1 Tropical humid 

(4200) 
Leptosol  Reunion Island 7 7 0 17.76 

Coniferous 
forest2 

Subtropical 
monsoon (1585) 

Leptosol 
Cambisol 

 Anhui Province 
(China) 

28 17.5 0  

Rice2 Subtropical 
monsoon (1585) 

Cambisol  Anhui Province 
(China) 

218 177.4 41  

Rice3 Tropical monsoon 
(2050) 

 168 Luzon Island 
(Philippines) 

1470 230 1240 560-760 

Rice3 Tropical monsoon 
(2050) 

 176 Luzon Island 
(Philippines) 

1140 240 900 510-630 

Rice3 Tropical humid 
(3670) 

 167 Luzon Island 
(Philippines) 

600 50 550 600 

Highly weathered soils 
Rain forest4 Tropical humid 

(2100) 
Ferralsol  Manaus (Brazil) 41 41 0 834 

Rain forest5 Tropical humid 
(2100) 

Ferralsol  Manaus (Brazil) 51 51 0  
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Rain forest6 Tropical humid 
(1500) 

Ferralsol  Mayombé 
(Congo) 

58-76 58-76 0  

Campinarana7 Tropical humid 
(2100) 

Podzol  Manaus (Brazil) 21 21 0  

Bamboo forest8 Tropical humid Podzol  Reunion Island 453-644 453-644 0  

Rice3 Subtropical warm 
humid (1676) 

 94 Northern 
Vietnam 

600 110 490 230-370 

Rice3 Subtropical warm 
humid (1676) 

 31 Northern 
Vietnam 

360 90 270 150-210 

Rice3 Subtropical warm 
humid (2840) 

 90 Northern 
Vietnam 

280-390 50-60 230-330 280-390 

Rice3 Tropical 
monsoonal (1930) 

 89 Southern 
Vietnam 

370-470 90-140 280-330 170-240 

Rice9 Tropical humid 
(3300) 

Acrisol  Karnataka (South 
India) 

234.3 0-189b 45.5-234.3  

Rice9 Tropical humid 
(3390) 

Acrisol  Karnataka (South 
India) 

129.5 0-108b 21.05-129.5  

Rice10 Subtropical warm 
humid (1680) 

Acrisol  Northern 
Vietnam 

   107 

Sugarcane11 Tropical humid Ferralsol  Mauritius Island 248    

1(Meunier et al., 2010); 2(Yang and Zhang, 2018); 3(Klotzbücher et al., 2016) ; 4(Lucas et al., 1993) ; 5(Cornu, 1995); 6(Alexandre et al., 1997); 7(Cornu et al., 

1998); 8(Meunier et al., 1999); 9(Prakash et al., 2011); 10(Marxen et al., 2016); 11(Ross et al., 1974).
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4.5.1 Plant Si uptake is largest in croplands established on slightly 
weathered soils 

In slightly weathered soils, plant available DSi is constrained by the reserve 

of LSi minerals (Figure 4-3 andFigure 4-4). High Si-accumulating plants (e.g. 

rice, sugarcane or banana) take up very large amounts of Si ranging from 218 

to 1470 kg ha-1 yr-1 (Henriet et al., 2008a, 2008b; Klotzbücher et al., 2016, 

2015b; Yang and Zhang, 2018) (Table 4-2 and Table 4-3). Here, the 

management of non-edible plant parts is crucial as it largely influences the 

soil-plant Si cycle (Klotzbücher et al., 2015b; Savant et al., 1999, 1996). Rice 

straws are often removed from the field in South and Southeast Asia, where 

most of the rice is grown worldwide, for various purposes such as animal 

fodder, fuel for stoves, or burning (Savant et al., 1996; Seyfferth et al., 2013). 

As rice straws contain about 86% of total plant Si (Klotzbücher et al., 2015a), 

their removal strongly influences the soil-plant Si cycle by disrupting the 

biological silicon feedback loop and therefore enhancing soil desilication 

(Seyfferth et al., 2013) and LSi/PSi weathering (Yang and Zhang, 2018). The 

harvest of sugarcane generally involves the export of the stalks while the 

leaves return to soil either green or burned. As stalks contain about 15-20% 

of the total plant Si (Ayres, 1966; Kingston, 2008), little Si amount is usually 

exported in sugarcane croplands. In slightly weathered soils, the biological Si 

feedback loop is thus very active if high Si-accumulating plants are used, and 

if non-edible plant parts return to soil. 
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Table 4-3: Plant Si content in rice, banana, and sugarcane from different cultivated 
plots established on soils differing in weathering stage. The mean Si concentration is 
generally larger in the slightly weathered soils than in the highly weathered soils, but 
some values do not follow this trend. 

Plant Soil type Plant part Si % 

Weakly weathered soil 

Rice1 Vertisol Plant composite 3.4-3.61 

Rice2 Cambisol Straw 3.051 

Rice3 Cambisol, Luvisol, and Nitosol Straw 7.6-9.1 

Rice3 Cambisol, Nitisol, and Vertisol Straw 6.3-8.1 

Rice3 Nitosol, and Acrisol Straw 7.6 

Banana4 Andosol Leaf 1.3 

Banana4 Cambisol Leaf 1.2 

Strongly weathered soil 

Rice5 Acrisol Straw 5.4 

Rice3 Gleysol Straw 4-4.1 

Rice3 Acrisol Straw 4-4.3 

Rice3 Acrisol Straw 4.4-4.8 

Rice3 Gleysol, and Fluvisol Straw 2.8-3.2 

Rice6 Acrisol Straw 2.6 

Rice6 Acrisol Straw 1.53 

Rice1 Ferralsol Plant composite 0.24-0.42 

Sugarcane7 Ferralsol Leaf 0.42-0.61 

Sugarcane8 Ferralsol Plant composite 0.7 

Banana4 Nitisol Leaf 0.75 

Banana4 Ferralsol Leaf 0.56 

1(Tavakkoli et al., 2011); 2(Yang and Zhang, 2018); 3(Klotzbücher et al., 2016) ; 4(Henriet et al., 

2008a) ; 5(Marxen et al., 2016); 6(Prakash et al., 2011); 7(Ross et al., 1974); 8(Rodrigues, 1997). 
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4.5.2 Plant Si uptake is lowest in croplands established on highly 
weathered soils 

In highly weathered, desilicated soils, the pool of bioavailable Si is low. The 

annual Si uptake by rice plant varies between 129.5 and 600 kg ha-1 yr-1 (Table 

4-2) (Klotzbücher et al., 2016; Prakash et al., 2011). These values are 

relatively low (Henriet et al., 2008a, 2008b; Klotzbücher et al., 2015b; Miles 

et al., 2014) compared to Si uptake by plants cropped on slightly weathered 

soils (Table 4-2 and Table 4-3, Figure 4-3b). Si is thus considered as “deficient” 

in highly weathered soils. Si supply has a positive impact on sugarcane and 

rice crop yields through Si fertilizers (Allorerung, 1989; Ayres, 1966; 

D’Hotman and Villiers, 1961; Foy, 1992; Kawaguchi, 1966; A. Klotzbücher et 

al., 2018; Ross et al., 1974; Savant et al., 1999, 1996; Takijima and 

Gunawardena, 1969) as well as phytolithic biochar (Li et al., 2018). 

4.5.3 Land use change impacts hydrology and related Si fluxes 

Land use changes greatly impact the hydrology of the soil-plant system 

(Carlson and Traci Arthur, 2000; Davidson et al., 2012; Kosmas et al., 1997; 

Piao et al., 2007; Sanchez, 2019), in particular in the tropics (Piao et al., 2007; 

Sanchez, 2019). Deep rooting of trees in tropical evergreen forests allows to 

pump deep soil water, and limit water losses (Nepstad et al., 2004, 1994). 

Moreover, the very large leaf area index of evergreen forest’s canopy 

increases rainfall interception, limiting water losses from the soil-plant 

system by runoff and infiltration (Bruijnzeel and Sampurno, 1990; Sanchez, 

2019).  

Converting forest into cropland drastically decreases rooting depth, hence 

deep soil exploration by roots (Canadell et al., 1996; Jackson et al., 1996; 

Kleidon and Heimann, 1998), and leaf area index (Sanchez, 2019). This leads 

to substantial decreases in evapotranspiration and water interception by 

canopy, hence increasing water losses through runoff and infiltration 

(Davidson et al., 2012; Piao et al., 2007; Sanchez, 2019). In addition, soil 

compaction resulting from tillage practices can lead to increased runoff. 

Finally, irrigation practices in croplands may constitute significant additional 

water and nutrients inputs, especially for flooded rice (Desplanques et al., 

2006; Klotzbücher et al., 2015b; Riotte et al., 2018b). We distinguish here Si 

inputs to soil from rainfall and irrigation, and Si output by leaching and runoff 
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(Table 4-4). They are controlled by water fluxes and associated Si 

concentrations.  

Si input from rainfall. Si concentrations in rainfall waters are generally very 

low (Alexandre et al., 1997; Klotzbücher et al., 2015b; Meunier et al., 2010; 

Riotte et al., 2018b), leading to negligible Si inputs by rainfall (Table 4-4) 

(Alexandre et al., 1997; Meunier et al., 2010).  

Si input from irrigation. While absent in forests, Si input can be large in 

flooded rice croplands (Desplanques et al., 2006; Klotzbücher et al., 2015a; 

Riotte et al., 2018b), in which it depends on irrigation dose and frequency 

(Klotzbücher et al., 2015b) (Table 4-4). It may also depend on the reserve of 

weatherable minerals in the catchment area upstream of the irrigated 

perimeters, since it strongly impacts DSi concentration in rivers downstream 

(see Cornelis et al. 2011 for a review). Unfortunately, to the best of our 

knowledge, no experimental data for flooded/irrigated rice croplands are 

available in highly weathered soils of the humid tropics to test this 

hypothesis. Riotte et al. (2018a) measured irrigation inputs of Si in 

moderately weathered soils under a tropical savanna climate (Koppen 

classification, Mean Annual Rainfall 970mm), i.e. not in the humid tropics. Si 

irrigation input amounted to 153 kg Si ha-1 season-1 (Riotte et al., 2018a), 

which is similar to the values reported by Klotzbücher et al. (2015b) in weakly 

weathered soils under monsoon climate.  

Increase in Si release upon flooding. Such an increase was reported in pot and 

field experiments under rice cropping (Ma and Takahashi, 1989; Marxen et 

al., 2016), likely on moderately weathered soils. In the study conducted by 

Marxen et al. (2016), redox potential rapidly decreased to ~ -160 mV within 

the first 6 days after flooding. Actually, flooding induces reduction reactions, 

which involve electron exchange and proton (H+) consumption, thus inducing 

pH increase. Regardless of their original pH, most soils reach pH values of 

6.5–7.2 rapidly after flooding and remain at that level while submerged: the 

increase in pH in flooded acid soils may reach 3 pH units in a week 

(Ponnamperuma, 1972; Sanchez, 2019). Such a pH increase undoubtedly 

reduces mineral weathering, and thus limits the release of Si from LSi and/or 

PSi mineral dissolution whereas it may considerably enhance phytolith 

dissolution in solution (Fraysse et al., 2009) and soil (Li et al., 2019). The 

impact of flooding on the coupled increase in pH and Si release from 
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phytolith is, however, unknown, despite its importance on Si fluxes in paddy 

fields. 

Si outputs by leaching or runoff. Si output by leaching or runoff tends to 

increase when converting forest into rice cropland in weakly weathered soils, 

except for one very low Si output value due to soil impermeability 

(Klotzbücher et al., 2015b). Using hydrological modelling, Nguyen et al. 

(2016) attributed an exceptionally high leachate output of Si (10,000 kg Si ha-

1 yr-1 (Table 4-4)) to high water infiltration rate in soil. In contrast, in natural 

forests on highly weathered soils, leachate outputs of Si were relatively low 

(4-26 kg Si ha-1 yr-1), and in the same range as the value reported by Meunier 

et al. (2010) for a forest on a little weathered soil. Thus, available literature 

data do not allow us to infer about the impact of soil weathering stage on Si 

output through leaching. As far as land use is concerned, literature data 

suggest that leachate output of Si should be limited in forests regardless of 

soil weathering stage, whereas data for rice croplands in highly weathered 

soils are missing. We therefore hypothesize that Si output through leaching 

from highly weathered soils is below that in weakly weathered soils since DSi 

concentration in soil solution decreases with increasing soil weathering stage 

in cultivated ecosystems (Henriet et al., 2008a, 2008b; Klotzbücher et al., 

2015a; Makabe et al., 2009). 
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Table 4-4: : Experimental values of Si input by rainfall, Si input by irrigation, and Si output by leaching or lateral flow in various forest and 
agricultural ecosystems. 

Ecosystem Climate (MAP in mm) Soil weathering 
degree 

Location Si input by 
rainfall (kg ha-1 

yr-1) 

Si input by 
irrigation (kg ha-

1 yr-1)a 

Si output by 
leaching or lateral 
flow (kg ha-1 yr-1) 

  WRB class TRB     

Weakly weathered soils 
Rain forest1 Tropical humid (4200) Leptosol  Reunion Island 1.9 0 15 
Rice2 Monsoon tropical 

(2050) 
 168 Luzon Island 

(Philippines) 
0 78b 274 

Rice2 Monsoon tropical 
(2050) 

 168 Luzon Island 
(Philippines) 

0 100c 3 

Rice2 Monsoon tropical 
(2050) 

 168 Luzon Island 
(Philippines) 

0 644d 805 

Rice3 Tropical humid (>1600) Fluvisols  Nothern Vietnam nd nd 10,000 
Strongly weathered soils 
Rain forest4 Tropical humid (2100) Ferralsol  Manaus (Brazil) nd 0 11 
Rain forest5 Tropical huid (2100) Ferralsol  Manaus (Brazil) nd 0 26 
Rain forest6 Tropical humid (1500) Ferralsol  Mayombé 

(Congo) 
1 0 16 

Campinarana7 Tropical humid (2100) Podzol  Manaus (Brazil) nd 0 4.5 
Dry deciduous 
forest8 

Tropical subhumid 
(1100) 

Ferralsol  Southern India nd 0 19.8 

1(Meunier et al., 2010); 2(Klotzbücher et al., 2015b); 3(Nguyen et al., 2016); 4(Lucas et al., 1993); 5(Cornu, 1995); 6(Alexandre et al., 1997); 7(Cornu et al., 1998); 

8(Riotte et al., 2018a). 
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4.6 Soil weathering stage affects the soil-plant cycle of 
silicon, but depending on land use 

Figure 4-4 illustrates graphically the Si plant uptake data presented in Table 

4-2 for forest and rice crop, excluding other crops (mainly sugarcane) and 

bamboo forest: the former are too scarce to draw conclusions, the latter is 

an exceptional case (Meunier et al., 1999). Si plant uptake is always larger for 

rice crop than for natural forest (Figure 4-4a), the difference being 

particularly important on slightly weathered soils. With increasing soil 

weathering stage, the Si uptake decreases for rice crop (Figure 4-4b) whereas 

it increases for natural forest (Figure 4-4c). These facts are illustrated in 

Figure 4-5, which provides a schematic view of the biological Si feedback 

loop. On slightly weathered soils, this loop involves much lesser amounts of 

Si under forest than rice crop established (Figure 4-5a-b). This much less 

intense loop is likely because the forest ecosystem shelters few high Si-

accumulating plants whereas rice is a high Si-accumulator. Besides, cropping 

stimulates plant growth and development through fertilizer use and plant 

protection techniques whereas N and P generally limit the primary 

production of forest developing on slightly weathered soils (Laliberté et al., 

2013). The biological Si feedback loop under rice farming is thus stimulated 

because of increasing plant growth. In highly weathered soils, the biological 

Si feedback loop is comparable between forest stands and rice croplands, but 

Si restitutions may be importantly lowered by rice straw exports. A very 

interesting fact is that soil desilication involves an increase of the biological 

feedback loop of Si in forests, but a reduction of this loop in cropland. This 

discrepancy is likely due to the following factors: (i) readily soluble phytoliths 

make the pool of plant available Si; (ii) forest litter is densely explored by fine 

roots pumping mineral elements; (iii) deep rooting of forest trees enhances 

mineral pumping and limits the leaching of dissolved Si; (iv) crop harvesting 

exports Si out of cultivated ecosystems. Humid tropical forest is one of the 

biomes with the deepest rooting depth and largest root biomass (Canadell et 

al., 1996; Jackson et al., 1995, 1996; Kleidon and Heimann, 1998; Nepstad et 

al., 2004; Schenk and Jackson, 2005, 2002). In contrast, cropland is one of the 

biomes with the shallowest rooting depth and lowest root biomass (Canadell 

et al., 1996; Jackson et al., 1996; Kleidon and Heimann, 1998). Maximum 

rooting depth and root biomass for tropical evergreen forests are 7.3 ± 2.8 

m (Canadell et al., 1996) and 5 kg m-² (Jackson et al., 1996), respectively; 

while they are 2.1 ± 0.2 m (Canadell et al., 1996) and < 1.5 kg m-² (Jackson et 
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al., 1996), respectively, for croplands. For rice plants, 82% to 99% of the roots 

are located in the first 30 cm of the soil (Yoshida and Hasegawa, 1982). For 

Figure 4-4: Annual Si uptake values for (a) natural forest ecosystems and rice crops, 

(b) rice crops, and (c) natural forests, established on soils that are slightly (left) or 

strongly (right) weathered in the humid tropics. The figures from Table 2 (excluding 

bamboo and sugarcane) were computed with the ggplot function of the R 

programming language. The graph (a) allows comparison between forest and rice 

cropping. Graph (b) compares slightly and highly weathered soils for rice crop. Graph 

(c) compares slightly and highly weathered soils for natural forest ecosystems. Boxes 

extent represents the values from the first quartile to the third quartile. The line 

cutting the box is the median. The vertical lines (whiskers) represent the range of 

values. From (a) we note that rice crop has always larger Si uptake than forest. From 

(b) we observe that Si uptake by rice plant decreases when soil desilication increases. 

From (c) we conclude that Si uptake by forest plants increases with increasing soil 

weathering. 



Part II 

 

 98 

tropical evergreen forests, 69% of the roots are in the first 30 cm of the soil. 

In forest ecosystems, tree roots are deep enough to absorb nutrients from 

deep and slightly weathered horizons (Jobbágy and Jackson, 2001; Lucas et 

al., 1993). Moreover, in the forest ecosystem, the litter forms an 

environment with a very dense root network in which limiting nutrients are 

concentrated (Jobbágy and Jackson, 2001), the turnover of C and nutrient 

cycling is large (Greenland and Nye, 1959), and the dissolution of phytoliths 

is rapid (Fraysse et al., 2010). This strongly minimizes the loss of elements by 

leaching (see section 1.5.3) (Lucas et al., 1993), which explains why such 

weathered soils support evergreen forests with the greatest biodiversity and 

biomass (Beer et al., 2010; Laliberté et al., 2013; Myers, 1988). Two Si sinks 

thus occur in natural forest ecosystems while they strongly decrease in 

croplands: the subsoil LSi pool that is exploited by the deep roots of forest 

trees; the topsoil PhSi pool that is directly exploited by a very dense root 

network. 

In cropping systems established on highly weathered soils, Si management is 

thus crucial to substantially increase crop yields in a sustainable way (a.o. 

Guntzer et al., 2012; Klotzbücher et al., 2018, 2015b, 2015a; Li et al., 2019).  

4.7 The impact of liming on the soil-plant Si cycle depends 
on soil weathering stage 

Liming is a common agricultural practice that increases soil pH, depending on 

soil buffer capacity (Li et al., 2019). The impact of the increase in soil pH on 

the soil-plant Si cycle is still unclear. Increasing pH either decreases the 

bioavailability of Si because of increasing Si adsorption (Berthelsen et al., 

2003; Haynes and Zhou, 2018; Savant et al., 1999; Tavakkoli et al., 2011), or 

increases Si bioavailability (Camargo et al., 2007; Li et al., 2019; Mantovani 

et al., 2016; Miles et al., 2014). As a matter of fact, studies on the impact of 

liming on the Si soil-plant cycle are still scarce (Guntzer et al., 2012; Haynes 

and Zhou, 2018; A. Klotzbücher et al., 2018; Tavakkoli et al., 2011), despite 

soil pH can strongly control Si bio-availability (Meunier et al., 2018).  

In humid tropical conditions, LSi and PSi minerals dissolve through acidic 

hydrolysis (Lindsay, 1979). Increasing soil pH by liming would therefore limit 

the dissolution of these silicates since the added alkaline agent becomes the 

privileged consumer of protons. In contrast, increasing soil pH by liming 
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would increase the dissolution of phytoliths (Fraysse et al., 2010, 2009, 2006; 

A. Klotzbücher et al., 2018). Besides, increasing soil pH may promote the 

deprotonation of H4SiO4
0 but only at very high pH value since it is a very weak 

acid (pKa = 9.8), and deprotonation may theoretically favor Si adsorption onto 

Al and Fe oxides (Haynes and Zhou, 2018; Tavakkoli et al., 2011). The impact 

of liming on the soil-plant Si cycle depends on four factors: (i) soil buffering 

capacity, (ii) the reserve of LSi and PSi minerals, (iii) the PhSi pool, and (iv) 

the pool of secondary Al and Fe oxides; that are all impacted by soil 

weathering stage. Soil weathering stage may thus influence the impact of 

liming on the soil-plant Si cycle. However, increasing soil pH may decrease 

the magnitude of positive charges born by Fe and Al oxides, and thus 

decrease Si adsorption (Uehara and Gillman, 1981). Considering all the 

factors influenced by liming that control the Si bioavailability (soil buffer 

capacity, the reserve in LSi, PSi, PhSi, and secondary Al and Fe oxides), it is 

extremely complex to predict the impact of liming on the soil-plant Si cycle. 

Especially for highly weathered soils, whose composition varies greatly 

depending on the parent material, and the management of non-edible plant 

parts at harvest. Another alternative is to amend soil with Si fertilizers such 

as a.o. blast furnace slag (Haynes and Zhou, 2018), ground basalt (Beerling et 

al., 2018; Haynes and Zhou, 2018), or phytolith-rich biochar (Li et al., 2018; Li 

et al., 2019). A concomitant increase in soil pH and bioavailable Si pool was 

observed following application to soils of slags (Camargo et al., 2007; Haynes 

and Zhou, 2018; Mantovani et al., 2016) and phytolith-rich biochar (Li et al., 

2019).  
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Figure 4-5: Schematic view of the soil-plant cycle of Si under forest (a,c) and rice crop 
(b,d). (a) and (b) concern the bio-cycling of Si in less weathered soils. (c) and (d) 
concern the bio-cycling of Si in highly weathered soils. All figures refer to Si fluxes 
except the values in italics, which refer to reservoirs. Little weathered soil horizons 
are in grey color while the strongly weathered/desilicated ones are in orange. Soil 
horizons at intermediate stage of weathering are in brown. In slightly weathered soils, 
the biocycling of Si is lower in forests than in rice cropland. In highly weathered soils, 
the biocycling of Si is comparable between forest and rice fields, but Si restitution to 
soil may be importantly lowered by straw exports out of rice fields. Si in standing 
biomass evolves in the following order: Forest on highly weathered soil > Rice on 
slightly weathered soil > Rice on highly weathered soil > Forest on slightly weathered 
soil. In natural ecosystems, the biocycling of Si is larger for strongly weathered soils 
while in croplands, the biocycling of Si is larger for slightly weathered soils. References 
are given in Tables 5-2 and 5-4. 
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4.8 The transition from forest to rice crop – the Q-I 
relationship 

From all these observations, the Si quantity-intensity relationship can be 

redrawn for rice cropping systems (Figure 4-6).  

In slightly weathered soils, converting forest areas into rice croplands results 

in enhancing the weathering of LSi because of the large uptake of Si by rice 

(Yang and Zhang, 2018). The LSi pool therefore decreases. The PhSi pool 

strongly depends on the management of rice straws (Klotzbücher et al., 2016, 

2015b; Marxen et al., 2016; Seyfferth et al., 2013). In highly weathered soils, 

that conversion likely leads to the decrease in the PhSi pool if rice straws are 

exported out of the field (Klotzbücher et al., 2016, 2015b; Marxen et al., 

2016; Seyfferth et al., 2013). In this case, the activity of H4SiO4
0 could rapidly 

Figure 4-6: Si quantity-intensity (Q-I) relationship under forest and rice field in slightly 
and highly weathered soils. In slightly weathered soils, converting forest (1) to rice 
cropland (2) decreases the LSi pool through mineral weathering, which is accelerated 
because of large Si uptake by rice. The PhSi pool depends on the management of rice 
straws (the red area corresponds to the potential PhSi pool if rice straws are restituted 
to soil). In highly weathered soils, converting forest area (3) into rice cropland (4) 
decreases the PhSi pool. The export of rice straws strongly influences the PhSi pool 
(red area). If rice straws are exported from the field, the activity of H4SiO4

0 would 
abruptly drop from p to d level. Eventually, when Si fertilizers are used (5), a new Si 
pool (grey area) is created and increases the H4SiO4

0 activity from d to f. The PhSi pool 
could therefore slightly increase if straws are not exported as plant Si uptake 
increases. The size of each rectangle represents the related Si stock. 
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drop since the LSi pool is exhausted and can no longer maintain high H4SiO4
0 

concentrations. Finally, Si fertilizer use (Figure 4-6(5)) would increase the 

H4SiO4
0 activity from d to f in Figure 4-6 (Haynes and Zhou, 2018). In this case, 

the PhSi pool could slightly increase if straws are not exported as the plant 

uptake of Si increases (Savant et al., 1999, 1996).  

4.9 Conclusion 

The biological silicon feedback loop strongly differs between natural and 

cultivated environments in the humid tropics. Soil weathering stage has an 

opposite impact on the biological silicon feedback loop in natural and 

cultivated environments. In the former environments, the increase in soil 

weathering stage tends to raise the importance of the biological silicon 

feedback loop at the expense of the mineral one. In cultivated environments, 

an increase in soil weathering stage leads to a decrease in Si biocycling. The 

conversion of forest into cropland has thus a tremendous impact on the Si 

soil-plant cycle. The differences between forest area and cropland are 

attributed to very different rooting depths, litter composition, soil cover, 

recycling or export of plant parts, density of high Si-accumulating plant 

species, soil and soil fertility management. Until now, studies on the Si cycle 

in cultivated ecosystems in the tropics have mostly focused on rice and 

sugarcane, two high Si-accumulating plant species. Furthermore, our 

conclusions are only based on the few studies available so far for rice 

croplands and forest ecosystems in weakly and highly weathered soils in the 

humid tropics. We expect that the impact of the agricultural land use on the 

Si cycle would largely differ for non Si-accumulating plants. Further studies 

are needed to understand deeper the impact of agricultural land use on the 

Si soil-plant cycle. Taking soil weathering stage into account seems, however, 

very important to understand the impact of agricultural land use on the Si 

cycle.  
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 Banana and sugarcane crops control the 
bio-availability of the silicon in a gibbsitic Andosol3 

 

Abstract 

Silicon-accumulating plant species are recognized to impact the soil-plant 

silicon (Si) cycle. Crop harvests may lead to large Si exports and accelerate 

soil desilication. For banana and sugarcane crops, inedible plant parts are 

typically restituted to soil. Their impact could therefore strongly differ from 

that of other Si-accumulating crops whose crop residues are exported out of 

cultivated fields. The aim of this study is to quantify the soil-plant Si cycle of 

banana and sugarcane croplands. Unlike most intensive crops, crop residues 

of these crops are not exported.  The specific view of this chapter is therefore 

to determine if the crop residues returns to soil could mitigate the impact of 

agricultural land use on the pool of bioavailable Si in soil. 

We selected the banana and sugarcane fields on perhydrated, gibbsitic 

Andosols in Guadeloupe. Plant, soil, and soil solution samples were collected 

and analyzed to quantify the soil-plant Si fluxes and pools. 

Plant Si uptake, Si export by harvest, and Si returns to soil through crop 

residues were larger for sugarcane (457.1; 55.3; 401.8 kg ha-1 yr-1 

respectively) than for banana (171.4; 10.06; 161.3 kg ha-1 yr-1 respectively). 

Resulting impacts of the biological Si feedback loop on mineral dissolution 

were larger for sugarcane than for banana. Si exports through leaching 

amounted to 104.8 and 98.06 kg ha-1 yr-1 in banana and sugarcane plots, 

respectively. In both plots, dissolved Si concentrations first decreased from 

Ap to Bw horizons, then increased from Bw to BC horizons. 

We showed that the biological Si feedback loop was particularly active for 

these two crops. The very large Si uptake, especially for sugarcane, increased 

mineral weathering. Since inedible plant parts are restituted, Si exports by 

harvest were limited. In contrast, Si returns to soil were large. The phytogenic 

Si pool therefore controlled the plant available pool in the topsoil. Our data 

                                                           

3 Manuscript in preparation for submission in an international peer-reviewed journal. 
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highlight the crucial importance of the management of crop residues from 

Si-accumulating plant species.
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5.1 Introduction 

Lucas et al. (1993) first demonstrated the very important role played by plant 

nutrients cycling in controlling soil mineralogy. In particular, they 

demonstrated that plants alleviate soil desilication in highly weathered soils 

by taking up silicon (Si) in soil through root absorption and returning it as 

soluble amorphous silica bodies called phytoliths (PhSi). Si absorption, 

deposition, dissolution and reabsorption define a biological Si feedback loop 

within the Si soil-plant cycle (Cornelis and Delvaux, 2016). Further, Derry et 

al. (2005) demonstrated that that loop strongly controls the Si fluxes in rivers 

from highly weathered watersheds in Hawaii. Si fluxes from continent to 

ocean greatly influence the oceanic diatom population who represents about 

40% of marine primary productivity (Tréguer et al., 2018), and the following 

capacity of oceans to store carbon (Ragueneau et al., 2006; Tréguer and 

Pondaven, 2000). Later, studies of Conley et al. (2008) and Struyf et al. (2010) 

demonstrated for the first time that the conversion of natural forest 

ecosystems into croplands could greatly influence Si fluxes to the oceans. The 

harvest of straws of Si-accumulating crops has been pointed out by several 

authors as the main factor influencing the soil-plant Si cycle under 

agricultural land use (Barão et al., 2014; Clymans et al., 2011; Guntzer et al., 

2012; Vandevenne et al., 2011).  

In natural forest ecosystems developed on highly weathered soils, the litter 

forms an environment with a very dense root network in which limiting 

nutrients are concentrated (Jobbágy and Jackson, 2001), the turnover of C 

and nutrient cycling is large (Greenland and Nye, 1959), and the dissolution 

of phytoliths is rapid (Fraysse et al., 2010). In such soils, when forest is 

replaced by cropland, the mineralomass that was concentrated in litter and 

biomass rapidly decreases because of soil erosion and plant exports (Cerdan 

et al., 2010; Montgomery, 2007; Reusser et al., 2015; Vanacker et al., 2019, 

2007). Fertility losses are then compensated by fertilizer use. About Si, 

silicate fertilizers are rarely used and natural desilication of soil aggravates 

(Chapter 4). At least, this is true for a.o. rice, wheat, barley for which inedible 

plant parts are commonly harvested (Guntzer et al., 2012; Klotzbücher et al., 

2016; Vandevenne et al., 2011). For sugarcane and banana croplands, two Si-

accumulating plants, inedible plant parts are commonly restituted to soils. 

The study of the Si soil-plant cycle under these crops would therefore allow 

to determine if the long-term restitution of inedible plant parts on the soil 
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can prevent soil desilication as first observed by Lucas et al. (1993) in natural 

ecosystems. This study thus aims to quantify the soil-plant Si cycle in banana 

and sugarcane croplands on plots that were long cultivated in order to assess 

the role of restitution of crop residues in alleviating or preventing soil 

desilication.  

5.2 Environmental framework 

The studied zone is located on the Pères River catchment on the east flank 

of La Soufrière volcano in the south east of the Basse-Terre Island in 

Guadeloupe (16°N, 61°W) (Figure 5-2a,b). La Soufrière active volcano is 

mostly surrounded by Andosols that are poorly weathered on the west flank 

of the volcano (Vitric Andosols) and already well developed on the east flank 

(Silandic Andosols) with high desilication degree as depicted by the presence 

of gibbsite (Chapter 2). The very humid trade winds blowing from east to 

west are intercepted by the volcanic chain of the Basse-Terre Island, 

generating an orographic lift that promotes the formation of clouds and 

rainfalls on windward slopes. The mean annual rainfall (MAR) evolves from 

2500 mm at the sea level to up to 7000 mm at the top of the volcano. Soils 

formed from pyroclastic deposits (30,000 to 18,000 years BP) of andesitic-

dacitic composition with plagioclase, pyroxene and volcanic glass as the 

dominant weatherable minerals (Boudon et al., 1987; Dagain, 1981; 

Komorowski et al., 2005; Ndayiragije, 1996). Under such climatic conditions, 

these volcanic deposits quickly weathered, especially volcanic glasses that 

are completely weathered in the surface horizon on the studied catchment 

(Chapter 2). Croplands and forests cover 56.7% and 17.4% of the total surface 

of the catchment respectively. The intensive banana production and the 

intensive sugarcane production represent 60.1% and 11.4% of the croplands. 

The catchment is probably mostly cultivated since the late seventeenth 

century AD (Doumenge, 1985). 

5.3 Material and methods 

5.3.1 Studied plots and general sampling scheme 

A banana (Musa acuminata L. cv. JAFFA) plot and a sugarcane (Saccharum 

officinarum L. cv. B69.566) plot have been selected next to each other at 

mean altitude of 173 m above sea level (asl) (plot BA-173) and 180 m asl 
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respectively (plot SC-180) (Figure 5-2b,c). MAR is 3220 mm under the BA-173 

plot and 3280 mm under the SC-180 plot. 

"L’Habitation Le Fromager" is an ancient, long-established sugar industry 

built in 1669 belonging to Nicolas Leroy Dumé. The lands of the studied 

watershed were most probably cultivated with sugarcane from that period. 

An orthophoto map confirms the presence of sugarcane in both studied plots 

in 1950. IGN© maps also confirm the presence of sugarcane in both plots in 

1963 and 1969. Land use maps of 1976 (Colmet-Daage, 1977) and 1980 

(Bernard et al., 1980), IGN© map of 1985, and orthophoto maps of 1984, 

2000 and 2004 allowed us to identify banana crop on the studied plots during 

that period. An orthophoto map of 2006 showed that sugarcane replaced the 

banana crop on the SC-180 plot between 2004 and 2006. An interview with 

the farmer confirmed that plot SC-180 has been cultivated with sugarcane 

since 2006 The BA-173 plot is cultivated with banana (including some fallows 

between cultivation cycles) since at least 1976 (Colmet-Daage, 1977). 

Therefore, we can consider that both plots studied had similar land uses 

except since 2006 (Figure 5-1). 

For each plot, plant, soil and gravity water were sampled in order to estimate 

pools and fluxes of the soil-plant Si cycle

Figure 5-1: Historic of the land use of the two studied plots: BA-173 and SC-180. The 

green color refers to sugarcane land use and the yellow color to the banana land use. 



Part II 

 

 108 

5.3.1.1 Plant sampling 

 BA-173 plot 

Thirty banana plants were randomly selected and divided into five groups to 

constitute composite samples by group. Plant samples were regularly 

collected from May 2016 to December 2016. Once one of the 30 banana 

plants reached harvesting stage: banana fruits, leaves, pseudostem and 

peduncle were weighed. For each plant part, a sample was collected, 

weighted, washed with deionized water, dried in a stove at 70°C during one 

week, and weighted after drying. For banana fruit, a banana of the second 

hand of the bunch was prevailed. For the leaves, length and width of each 

leaf were measured in the field to assess their total fresh weight (Figure 5-2k) 

thanks to a relation established based on measurements on 70 leaves of 

Figure 5-2: (a) Location of the Pères River watershed on the Basse-Terre Island; (b) 
Land use map of the Pères River watershed and location of the studied plots; (c) 
Location of the selected banana plants, sugarcane subplots, lysimeters, and soil 
pedons; (d) path separating the two plots; (e) a sugarcane zone after dead leaves 
sampling; (f) the sugarcane soil profile; (g) the banana soil profile; a lysimeter (i) with 
and (h) without its protective sheath, (j-k-l) a fungal diseased banana leaf sampling. 
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diverse sizes taken randomly in the BA-173 plot just before the sampling 

period (FW = 0.58 x L x W, R²=0.96; FW = fresh weight (kg), L = length (m), W 

= width (m)). The central part of each leaf was then collected (Figure 5-2l). 

For the pseudostem, a slice of 5 cm of thickness was collected at half the 

length of the pseudostem. For the peduncle, a slice of 5 cm of thickness was 

sampled at half the length of the peduncle. Moreover, leaves affected by 

fungal diseases were also collected every two weeks with the same 

measurement and sampling method as at harvest. For each plant part, all the 

samples belonging to the same group were assembled to form one 

composite sample per group and per plant part for further analyses.  

 SC-180 plot 

Five sugarcane subplots of 3 m2 were delimited in different parts of the SC-

180 plot to be as representative as possible of the entire SC-180 plot and 

easily accessible to facilitate regular sampling as well (Figure 5-2c). For each 

of this subplot, dead leaves were collected every month between May 2016 

and April 2017 (Figure 5-2e). At each sampling time, all the collected leaves 

were weighted to determine the total fresh weight on each subplot. Then, 

for each subplot, 5 leaves were randomly selected, washed with deionized 

water and weighted before and after drying at 70°C during 1 week to 

determine the water content. Just before the harvest of the SC-180 plot by 

the farmer, all the stalks and leaves of each subplot were prevailed. Leaves 

were separated in green leaves and dead leaves as different Si 

concentrations are expected between these two groups. All the stalks, green 

leaves and dead leaves were then weighted. Then, a piece of 10 cm long of 

each stalk was prevailed at half the length of the later, washed with deionized 

water and weighted before and after drying at 70°C during 1 week to 

determine the water content. Thirty green leaves and thirty dead leaves 

were randomly selected for each subplot, washed with deionized water and 

weighted before and after drying in a stove at 70°C to determine the water 

content. For each plant part, all the samples belonging to the same subplot 

were assembled to form one composite sample per subplot and per plant 

part for further analyses. In total, 25 composite samples for the BA-173 plot 

and 15 composite samples for the SC-180 plot were generated. 

5.3.1.2 Soil sampling 
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 BA-173 plot 

 One sample of the 20 first cm of soil was prevailed at 40 cm of the foot of 

each of the thirty selected banana plants. The thirty soil samples were then 

assembled into composite samples respecting the same grouping as for the 

plant samples. A soil profile has also been described and sampled down to 

130 cm depth. Each horizon was sampled leading to a total of 7 samples. 

Undisturbed soil samples were collected (Kopecky) to determine bulk 

density: one Kopecky at the foot of each selected banana plant and three in 

each soil horizon. Bulk density was measured at field soil moisture and dry. 

 SC-180 plot 

Six topsoil samples (00-20 cm) were collected in each selected subplot, then 

further assembled to form one composite sample for each subplot. A soil 

profile has also been described and sampled down to 130 cm depth. Each 

horizon was sampled leading to a total of 6 samples. Undisturbed soil was 

collected (Kopecky) in each selected subplot and in each of soil horizon to 

determine soil bulk density, both at field soil moisture and after drying at 

105° during 48 h. 

5.3.1.3 Drainage water sampling 

In each plot, 10 no-suction lysimeters have been settled to collect drainage 

water from the 60 first cm as most of the banana and sugarcane rooting 

systems develop in the corresponding volume (Gousseland, 1983a; Smith et 

al., 2005). Water was collected every ~200 mm of rainfall from July 2016 to 

April 2017. Water was then filtered through a 0.2 m polycarbonate 

membrane and acidified at 0.25% Suprapur nitric acid. For each plot, 20 

samples collected at two different times were then selected for analyses. 

5.3.2 Plant analysis 

For the 40 plant composite samples, mineral analysis was carried out after 

calcination at 450°C for 1 day and fusion in Li-metaborate + Li-tetraborate at 

1,000°C (Chao and Sanzolone, 1992), followed by ash dissolution with 

Suprapur HNO3. Nutrient and Si concentrations were measured by 

inductively coupled plasma-atomic emission spectrometry (ICP-AES). 
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5.3.3 Soil analyses 

5.3.3.1 Basic analyses.  

Analyses were carried on the fine earth (<2 mm) of the 23 composite soil 

samples. The following parameters were measured. pH was measured in H2O 

and 1M KCl solution in 1:5 soil:solution suspensions. Cation exchange 

capacity (CEC) and exchangeable bases by the 1 M ammonium acetate 

(NH4OAc) pH 7 method (Olsen et al., 1982). Total C and N contents were 

determined by high temperature dry combustion using a Vario EL Cube 

elemental analyzer. The phosphate retention was measured according to 

Blakemore (1983). Total elemental contents by ICP-AES after fusion in Li-

metaborate and Li-tetraborate at 1000°C (Chao and Sanzolone, 1992). The 

contents of major alkaline and alkaline-earth cations were summed up to 

compute the Total Reserve in Bases (TRB) (Herbillon 1986). 

Dark oxalate-extractable (o), dithionite-citrate-bicarbonate (DCB) 

extractable (d) and pyrophosphate-extractable (p) contents of Si, Al and Fe 

were determined in the respective extracts by ICP–AES following the 

methods compiled in Dahlgren (1994). These selective extractions estimate 

the contents of different soil components. Using the values of (Alo-Alp)/Sio 

allowed to estimate allophane contents (Parfitt and Wilson, 1985). Feo 

estimates ferrihydrite content (Mizota and Van Reeuwijk, 1989). Fet, Fed and 

Feo estimate the quantity of Fe in silicate minerals (Fet-Fed) and in crystalline 

Fe oxides (Fed-Feo), and the degree of individualization of free iron (Fed/Fet). 

Alp refers to the quantity of Al that is adsorbed onto the soil organic matter. 

5.3.3.2 Specific Si extraction.  

The bio-available Si content was estimated by an extraction with a CaCl2 0.01 

M solution (4g of soil for 40 ml of solution) (Sauer et al., 2006) and will further 

be called CaCl2-Si. After 6h of shaking, the soil-solution suspension was 

centrifuged at 4000 rpm during 10 min after what 1 ml of the supernatant 

was prevailed, diluted 10 times and neutralized by 50 l of a 15 M HNO3 

solution to finally measure the Si content by ICP-AES. 

The phytolithic Si pool was estimated by a kinetical extraction method 

modified from DeMaster (1981). Forty milligrams of soil pretreated by a dark 

oxalate extraction (Dahlgren, 1994) and by a 6h rinsing with a CaCl2 0.01 M 
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solution was mixed with 40 ml of 0.1 M Na2CO3 at 85°C during 7h (Chapter 3) 

One milliliter of solution was prevailed after 15, 60, 120, 180, 240, 300, 360, 

and 420 min, diluted with 9 ml of deionized water and acidified with 50 µl of 

Suprapur HNO3. Si, Al, Fe, and Mg concentrations were measured at each 

time. From the kinetical extraction, the amorphous Si pool was estimated 

using the dissolution rate method presented in Chapter 3. 

The here quantified amorphous Si pool – further called ox-Na2CO3-Si – 

includes the phytogenic Si, and may be represented by some lithogenic 

silicates (LSi) (Chapter 3). Until now, no method allows to discern phytolithic 

Si and lithogenic Si pools in such soils. We therefore decided to consider the 

ox-Na2CO3-Si pool as mainly represented by PhSi in surface horizons and LSi 

in deeper horizons. 

5.3.4 Drainage water analysis 

Major element concentrations (Al, Fe, Si, Ca, Mg, K, Na, Mn, P and S) were 

determined by ICP-AES. Detection limit (ppb) was 10, 2, 5, 10, and 10 for Si, 

Ca, Mg, K, and Na respectively, and precision is <0.5%. 

5.3.5 Calculation of the pools and fluxes 

5.3.5.1 Estimation of Si pools  

Three Si pools of the soil were quantified (Figure 5-3). The soil inorganic Si 

pool that includes the lithogenic and pedogenic Si pools, the phytolithic Si 

pool, and the dissolved Si pool. The phytolithic Si and dissolved Si pools per 

hectare were estimated with the Equation (1).  

𝑃𝑜𝑜𝑙𝑖  = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑖 × 𝜌𝑑  ×  𝑑𝑒𝑝𝑡ℎ × 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 [𝑘𝑔 ℎ𝑎−1]  𝐸𝑞 (1) 

Pooli is the Si pool of the component i (kg ha-1); Concentrationi is the Si 

concentration of the component i (kg [kg of dry soil]-1); ρd is the dry soil bulk 

density (kg m-³); depth is the depth of the soil considered (in our case 20 cm); 

surface is the surface considered (in our case 1 ha or 10,000 m²). For the PhSi 

pool, concentration was estimated by the mean ox-Na2CO3-Si concentration 

in the 00-20 cm soil layer. The ox-Na2CO3-Si pool thus represented the 

phytolithic Si pool since amorphous pedogenic Si (PSi) pools were previously 

removed by a dark oxalate extraction (Chapter 2 and Chapter 3). The 
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concentration of dissolved Si (DSi) was estimated by the mean CaCl2-Si 

concentration. 

The inorganic Si (ISi) pool was estimated by Equation (2). 

𝐼𝑆𝑖 = 𝑇𝑆𝑖 − 𝑃ℎ𝑆𝑖 [𝑘𝑔 ℎ𝑎−1]    𝐸𝑞 (2) 

ISi represents the inorganic Si pool in the 00-20 cm soil layer (kg ha-1); TSi is 

the total Si pool in the 00-20 cm soil depth (kg ha-1); PhSi is the phytolithic Si 

pool in the 00-20 cm soil layer as estimated by ox-Na2CO3-Si (kg ha-1). 

The Si in standing biomass at harvest was estimated with Equation (3). 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑆𝑖 =  ∑(𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑆𝑖

𝑛

𝑗=1

 × 𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)𝑗  [𝑘𝑔 ℎ𝑎−1]    𝐸𝑞 (3) 

BiomassSi is the mineralomass of Si at harvest (kg ha-1); ConcentrationSi,j is the 

mean concentration of Si in the plant part j at harvest (kg [kg of plant part j]-

1); Dry weightj is the mean total dry weight of the plant part j at harvest ([kg 

of plant part j] ha-1). The sum of the n different plant parts estimates the total 

mineralomass.  

For BA-173, the mean dry weight was estimated for each plant part per plant. 

The total dry weight was then calculated by multiplying the mean dry weight 

Figure 5-3: Conceptual scheme of Si pools and fluxes in the soil-plant system (adapted 
from Cornelis and Delvaux (2016)). Fluxes are represented by arrows and italic text. 
Pools are represented by boxes and bold text. Equation numbers are given for each 
pool and flux. 
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of each plant part per plant by the planting density of 1800 plants ha-1 used 

by the farmer. For SC-180, two methods were used to estimate the dry 

weight for each plant part: M1 and M2. For M1, the mean dry weight per ha 

was extrapolated from the measurements of weights at harvest on the five 3 

m2 subplots. For M2, the mean [green leaves weight/stalk weight] and [dead 

leaves weight/stalk weight] ratios at harvest were estimated through the 

weight measurements at harvest. The total stalk weight at harvest was 

furnished by the farmer as the harvested stalks were weighed when arriving 

at the distillery. The green leaves and dead leaves weights at harvest were 

therefore estimated thanks to the [green leaves weight/stalk weight] and 

[dead leaves weight/stalk weight] ratios at harvest. M2 has the advantage of 

being more representative of the whole plot. 

5.3.5.2 Estimation of Si fluxes 

Quantified Si fluxes are illustrated in Figure 5-3. Si fluxes were estimated 

considering a steasy-state Si cycle (Alexandre et al., 2011, 1997; Blecker et 

al., 2006). The steady-state Si cycle is based on the hypothesis that annual 

DSi outputs equal annual DSi inputs. Annual DSi outputs include (i) the uptake 

of the DSi by plants and (ii) the lixiviation of DSi towards the hydrosphere. 

Annual DSi inputs include: (i) the dissolution of phytoliths and (ii) the mineral 

weathering of the LSi pool. Si inputs from rainfall and dusts can also be 

considered but we decided to ignore them in this study as they were 

negligible in most of the studies in which they were quantified (Bernhard 

Reversat et al., 1978; Desplanques et al., 2006; Klotzbücher et al., 2015b; 

Lucas et al., 1993; Michael Sommer et al., 2013; Yang and Zhang, 2018).  

Fluxes from plants to soil or exported by harvest were estimated with 

Equation (4). 

𝐹𝑙𝑢𝑥𝑆𝑖  = ∑(𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑆𝑖

𝑛

𝑗=1 ×  𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)𝑗  [𝑘𝑔 ℎ𝑎−1𝑦𝑟−1]       𝐸𝑞 (4) 

FluxSi is the flux of Si (kg ha-1 yr-1); ConcentrationSi,j is the mean concentration 

of Si in the plant part j (kg [kg of plant part j]-1); Dry weightj is the mean total 

dry weight of the plant part j that is restituted on soil or exported with 

harvest ([kg of plant part j] ha-1 yr-1). The sum of the n different plant parts 

estimates the total annual flux.  
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For the BA-173 plot, the mean dry weight was estimated for each plant part 

per plant. Plant parts concerned by Si fluxes from plants to soil are (i) the 

leaves at harvest, (ii) the leaves affected by fungal disease, (iii) the 

pseudostem, and (iv) the peduncle. Plant part concerned by Si exports by 

harvest is the banana bunch. The total dry weight was then calculated by 

multiplying the mean dry weight of each plant part per plant by the planting 

density of 1800 plants ha-1 used by the farmer. For the SC-180 plot, the mean 

dry weights were estimated using M1 and M2 described for the calculation 

of the Si pool in the standing biomass at harvest. The only difference is that 

dead leaves collected during the year were included in the [dead leaves 

weight/stalk weight] ratio. Plant parts concerned by Si fluxes from plants to 

soil are (i) green leaves and (ii) dead leaves. Plant part concerned by Si 

exports by harvest is the stalk. 

The annual absorption of DSi by plants was estimated with Equation (5). 

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐻𝑎𝑟𝑣𝑒𝑠𝑡 + 𝑅𝑒𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛  [𝑘𝑔 ℎ𝑎−1𝑦𝑟−1]  𝐸𝑞 (5) 

The PhSi storage flux was estimated with Equation (6).  

𝑃ℎ𝑆𝑖 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 𝑅𝑒𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛 

× % 𝑜𝑓 𝑃ℎ𝑆𝑖 𝑠𝑡𝑜𝑟𝑒𝑑 [𝑘𝑔 ℎ𝑎−1𝑦𝑟−1]   𝐸𝑞 (6) 

The PhSi dissolution flux was estimated with Equation (7). 

𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑃ℎ𝑆𝑖 = 𝑅𝑒𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛 − 𝑃ℎ𝑆𝑖 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 [𝑘𝑔 ℎ𝑎−1𝑦𝑟−1] 𝐸𝑞 (7) 

Fluxes with drainage waters were estimated with the Equation (8). 

𝐹𝑙𝑢𝑥𝑆𝑖  = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑆𝑖   

×   𝑊𝑎𝑡𝑒𝑟 𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑘𝑔 ℎ𝑎−1𝑦𝑟−1] 𝐸𝑞 (8) 

Fluxi is the flux of Si (kg ha-1 yr-1); ConcentrationSi is the mean concentration 

of Si in the drainage water (kg l-1); Water infiltation is the total volume of 

water that infiltrates annually per ha on the respective plot (l ha-1 yr-1).  

The water infiltration was estimated based on MAR, evapotranspiration and 

runoff data (Equation (9)). 
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𝑊𝑎𝑡𝑒𝑟 𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

= 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 – 𝐸𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛

− 𝑅𝑢𝑛𝑜𝑓𝑓 [𝑚3ℎ𝑎−1𝑦𝑟−1] 𝐸𝑞 (9) 

Evapotranspiration (ET) was assessed following Crabit et al. (2016). In 

particular, actual ET is considered equal to ET0 as (i) the plots were covered 

by crops for which the crop coefficient Kc was equal to unity (1), and (ii) the 

soils were never dry during the year, so the water stress coefficient Ks was 

equal to 1 (Cattan et al., 2007; Charlier, 2007; Crabit et al., 2016). The annual 

ET0 was then estimated for each plot by using the relationship defined by 

Vittecoq et al. (2010) and calibrated using the ET0 at the Neufchâteau station 

using the relation found by Morell and Jérémie (1994) (Equation 10). 

𝐸𝑇0 =  −0.7205 𝐴 + 1406 [𝑚𝑚 𝑦𝑟−1] 𝐸𝑞 (10) 

ET0 is the annual reference evapotranspiration, and A is the altitude. 

Equation 9 and the mean altitude of each plot were used to compute the 

annual ET0 of each plot. 

To simplify the model, we hypothesized that runoff was negligible on the 

studied plots. Indeed, measurements of infiltration at saturation with double 

ring infiltrometer (method in: Bouwer, 1986) showed very high infiltration 

capacity (39.9 ± 7.7 mm h-1) as measured on similar soils in Guadeloupe 

(Cattan et al., 2007; Charlier et al., 2008).  

Fluxes corresponding to the weathering of the inorganic Si pool taking into 

account the neoformation of the secondary minerals were estimated by 

considering a steady state of the Si soil-plant cycle with Equation (11).  

𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝐼𝑆𝑖 = (𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 + 𝐿𝑖𝑥𝑖𝑣𝑖𝑎𝑡𝑖𝑜𝑛)

− 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑃ℎ𝑆𝑖 [𝑘𝑔 ℎ𝑎−1𝑦𝑟−1]  𝐸𝑞 (11) 

5.3.6  Statistical analyses 

The significance of the difference between the different concentrations, 

pools and fluxes has been tested thanks to ANOVA 1 statistical tests 

performed with the aov function of the R programing language. 



Chapter 5 

 

117 

5.4 Results 

5.4.1 Soil properties 

Table 5-1 gives the results of the main physico-chemical analyses of the 

different horizons of BA-173 and SC-180 soil pedon. Soil pedons of BA-173 

and SC-180 were quite similar. Within the soil pedons, two ash layers were 

identified. Soil texture was clay and clay loam. Soil bulk density was < 0.9 g 

cm-3 in all horizons. pH H2O values ranged from 5.5 to 5.7 in the BA-173 

pedon, and from 5.4 and 6.1 in the SC-180 pedon. pH KCl values were always 

lower than pH H2O values. Carbon content was the largest in surface horizon 

and then decreased with depth. CEC values were comprised between 47 and 

58 cmolc kg-1 in the BA-173 pedon, and 51 and 62 cmolc kg-1 in the SC-180 

pedon. Calcium was the dominant cation on the exchange complex (from 

0.66 to 5.4 cmolc kg-1 in the BA-173 pedon, and from 0.59 and 5.4 cmolc kg-1 

in the SC-180 pedon), followed by Mg (from 0.69 to 2.8 cmolc kg-1 in the BA-

173 pedon, and from 0.56 and 4.8 cmolc kg-1 in the SC-180 pedon). The 

exchange complex was desaturated in all horizons. Allophane content 

increased with soil depth and ranged from 13.7% to 34.7% in the BA-173 

pedon, and from 10.5% to 26.8% in the SC-180 pedon. Fed/Fet ratios showed 

decreasing values with increasing soil depth and ranged from 0.50 to 0.37 in 

the BA-173 pedon and from 0.58 to 0.44 in the SC-180 pedon. In contrast, 

TRB increased with increasing soil depth and ranged from 89.5 to 161 cmolc 

kg-1 in the upper ash layer and from 75.7 to 87.6 cmolc kg-1 in the buried ash 

layer of the BA-173 pedon, and from 73.5 to 121 cmolc kg-1 in the upper layer 

and 97.8 cmolc kg-1 in the buried layer of the SC-180 pedon. The DSi 

concentrations were relatively large in the Ap horizons (2.63 x 10-3 and 2.68 

x 10-3 mol l-1 for BA-173 and SC-180 respectively), AB horizons (2.73 x 10-3 mol 

l-1 and 1.89 x 10-3 mol l-1 for BA-173 and SC-180 respectively), and BC horizons 

(2.27 x 10-3 and 2.13 x 10-3 mol l-1 for BA-173 and SC-180 respectively), while 

they were relatively low in Bw horizons (<2 x 10-3 mol l-1).
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Table 5-1: Basic soil properties of soil horizons of banana plot (BA-173) and sugarcane plot (SC-180) profiles: texture, bulk density, pH, contents 
of organic C, allophane, ferrihydrite, CEC, and contents of exchangeable bases, Fed/Fet, Total Reserve in Bases (TRB), and CaCl2-extractable Si 
(CaCl2-Si). 

Hor Depth Texture (%) Bulk 
density 

pH C CEC Exch Bases (cmolc kg-1) Allo-
phanea 

Ferri-
hydriteb 

Fed/Fet TRB CaCl2-Si 
c 

 cm clay silt sand g cm-3 KCl H2O % cmolc 
kg-1 

Ca Mg K Na % %  cmolc 
kg-1 

log10(Si) 
mol l-1 

BA-173 profile 

Ap 0-12 48 21 31 0.62 4.7 5.5 6.01 58 5.4 2.8 2.0 0.10 13.7 2.93 0.50 89.5 -2.58 

AB 12-23 38 23 39 0.67 4.7 5.5 4.39 47 1.8 1.2 1.3 0.07 15.8 3.14 0.50 86.6 -2.56 
Bw 24-45 55 14 31 0.59 5.0 5.4 2.52 52 0.66 0.69 0.15 0.16 23.6 3.39 0.45 97.7 -2.81 
BC 46-62 39 18 43 0.64 5.3 5.5 0.94 49 0.86 1.2 0.20 0.23 34.7 3.23 0.43 161 -2.64 

2Bw1 63-80 nd nd nd 0.64 5.0 5.6 1.19 58 1.8 2.3 0.79 0.67 19.1 2.32 0.49 75.7 -2.70 
2Bw2 81-95 nd nd nd 0.60 5.3 5.6 0.98 56 1.5 2.0 0.47 0.33 27.8 2.93 0.44 84.7 -2.80 
2BC 96-128 nd nd nd n.d. 5.3 5.7 1.05 52 1.5 1.8 0.95 0.53 28.6 2.42 0.37 87.6 n.d. 

SC-180 profile 

Ap 0-5 52 28 20 0.54 4.6 5.7 8.06 62 5.4 4.8 2.6 0.19 10.5 2.64 0.58 73.5 -2.57 
AB 6-24 56 16 28 0.66 4.6 5.7 4.95 51 2.0 1.8 1.8 0.14 12.4 2.87 0.52 74.1 -2.72 

Bw1 25-36 56 21 23 0.81 4.5 5.7 3.68 52 0.75 0.61 0.49 0.27 14.7 2.73 0.50 78.7 -2.86 
Bw2 37-63 nd nd nd 0.70 4.5 5.4 2.22 54 0.59 0.56 0.64 0.32 20.7 2.42 0.47 98.5 -2.76 
BC 64-85 61 15 24 0.70 4.9 5.5 1.08 56 0.92 1.2 1.5 0.23 26.8 2.11 0.40 121 -2.67 

2Bw1 86-110 nd nd nd n.d. 5.5 6.1 1.22 62 2.2 1.6 2.5 0.23 23.9 2.46 0.44 97.8 n.d. 
aAllophane content was estimated according to Parfitt and Wilson (1985), using (Alo-Alp)/Sio ratios (results of the total analyses, oxalate, DCB, and 
pyrophosphate analyses are presented in Table 5-S1). 
bFerrihydrite content was estimated according to Parfitt and Childs (1988) assuming complete dissolution with dark acid oxalate, using 1.7 x Feo. 
c CaCl2-Si concentration was determined from CaCl2-Si content in soil and soil moisture content at sampling time. 
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5.4.2 Plant analyses 

Table 5-2 and Table 5-3 show the results that concern the plant analyses from 

BA-173 and SC-180 plots respectively. The Si concentrations, the mass fluxes, 

the Si fluxes, and the Si mineralomass are given for the different plant parts. 

For the SC-180 plot, mass fluxes, Si fluxes, and Si mineralomass are given for 

method 1 (M1) and method 2 (M2) as here-above explained (see Section 

5.3.5).  

Table 5-2: Average Si concentrations, mass fluxes (dry weight), Si fluxes, and Si 

mineralomass at harvest of the different banana plant parts. 

 Banana fruits Harvest 

leaves 

Pseudostem Peduncle FDa leaves 

Si conc 

(g kg-1) 

0.77 (0.03) 21.47 (2.20) 5.56 (0.21) 6.90 (0.25) 8.99 (0.16) 

Mass flux 

(t ha-1 yr-1) 

-13.10 (0.72) 2.36 (0.35) 8.01 (0.32) 0.46 (0.03) 6.99 (0.37) 

Si fluxes 

(kg ha-1 yr-1) 

-10.06 (0.99) 50.64 (12.68) 44.56 (3.48) 3.19 (0.30) 62.89 (4.25) 

Si in biomass 

(kg ha-1) 

5.03 (0.49) 25.32 (6.34) 22.28 (1.74) 1.60 (0.15) 0 

aFD corresponds to Fungal Disease. 
Values in parentheses are standard errors. 
Minus indicate fluxes going out of the studied soil-plant system (harvested parts). 

For the BA-173 plot (Table 5-2), the Si concentration in plant increased in the 

sequence banana fruits < peduncle < pseudostem < fungal diseased leaves < 

harvest leaves. Differences were always significant (p-value < 0.01). Mass 

fluxes increased in the sequence peduncle < harvest leaves < fungal diseased 

leaves < pseudostem < banana fruits. Si fluxes increased in the sequence 

peduncle < banana fruits < pseudostem < harvest leaves < fungal diseased 

leaves. The addition of all the positive Si fluxes gives the total Si flux that is 

restituted on soil (see Table 5-5). The restituted Si flux was significantly larger 

than the exported Si flux (p-value < 0.001). The addition of the Si 

mineralomass of all the plant parts gives the total Si in standing biomass at 

harvest. It amounted to 54.24 kg ha-1. 

For the SC-180 plot (Table 5-3), the Si concentration in plant increased in the 

sequence stalks < green leaves < dead leaves. Concentrations of stalks and 

dead leaves or green leaves were both significantly different (p-value < 

0.001). Concentrations of dead leaves and green leaves were not significantly 
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different. Mass fluxes evolved in the sequence dead leaves ~ green leaves < 

stalks for both M1 and M2 that were not significantly different. Si fluxes 

increased in the sequence stalks < green leaves ≤ dead leaves for both M1 

and M2 even if differences between dead leaves and green leaves were not 

significant. Si fluxes estimated with M1 and M2 were not significantly 

different. The addition of the green leaves and dead leaves Si fluxes gives the 

total Si flux that is restituted on soil. The restituted Si flux was significantly 

larger than the exported Si flux (p-value < 0.001). The addition of the Si 

mineralomass of all the plant parts gives the total Si in standing biomass at 

harvest. It amounted to 310.4 and 264.5 kg ha-1 with M1 and M2 respectively. 

Table 5-3: Average Si concentrations, mass fluxes (dry weight) estimated with method 
1 (M1) and method 2 (M2), Si fluxes estimated with M1 and M2, and Si mineralomass 
at harvest estimated with M1 and M2 of the different sugarcane plant parts. 

 Stalks Dead leaves Green leaves 

Si concentration (g kg-1) 2.96 (0.37) 25.67 (0.94) 20.36 (3.58) 

Mass flux M1 (t ha-1 yr-1) -21.94 (3.68) 9.58 (0.97) 10.03 (1.62) 

Mass flux M2 (t ha-1 yr-1) -18.69 8.89 (1.27) 8.53 (0.44) 

Si fluxes M1 (kg ha-1 yr-1) -64.93 (18.93) 246.0 (33.85) 204.3 (68.83) 

Si fluxes M2 (kg ha-1 yr-1) -55.30 (6.855) 228.2 (40.84) 173.6 (39.42) 

Si mineralomass M1 (kg ha-1) 64.93 (18.93) 41.14 (11.40) 204.3 (68.83) 

Si mineralomass M2 (kg ha-1) 55.30 (6.855) 35.64 (6.787) 173.6 (39.42) 

Minus indicate fluxes going out of the studied soil-plant system (harvested parts). 
Values in parentheses are standard errors. 

5.4.3 Soil Si pools  

The quantified soil Si pools are the ISi pool that includes the LSi and PSi pools, 

the ox-Na2CO3-Si pool mainly composed by the PhSi pool, and the CaCl2-Si 

pool that represents the DSi pool. All these pools are given for the 20 first cm 

of soil of the BA-173 and SC-180 plots in Table 5-4. The ISi pool was 

significantly larger in the BA-173 soil (188.7 t ha -1 20 cm-1) than in the SC-180 

soil (175.3 t ha-1 20 cm-1). The ox-Na2CO3-Si pools in BA-173 and SC-180 plots 

amounted to 3659 and to 3907 t ha-1 20 cm-1, respectively, and did not 

significantly differ. The DSi pool was significantly larger in BA-173 (56.35 t ha-

1 20 cm-1) than in SC-180 soil (32.74 t ha-1 20 cm-1).
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Table 5-4: Average contents of total Si, ox-Na2CO3-Si, inorganic (LSi + PSi), and CaCl2-
Si pools in the topsoil (00-20 cm) in the banana (BA-173) and sugarcane (SC-180) plots. 

 Total Si ox-Na2CO3-Si LSi + PSi CaCl2-Si 

 t ha-1 t ha-1 t ha-1 kg ha-1 

BA-173 194.3 (3.39) 3.66 (0.22) 190.6 (3.53) 56.35 (4.77) 

SC-180 180.6 (4.59) 3.91 (0.25) 176.7 (1.97) 32.74 (1.21) 

Values in parentheses are standard errors.  

5.5 Discussion 

5.5.1 Andosol properties of the soil and soil weathering stage 

Analyses of the soil pedons pointed both soils as Aluandic Dystric Andosols 

according to the WRB classification system (IUSS 2014). TRB values were 

quite low (< 100 cmolc kg-1 excepted in the BC horizons) showing the 

advanced soil weathering stage despite pyroclastic deposits were relatively 

recent (Boudon et al., 1987; Dagain, 1981; Komorowski et al., 2005). This 

demonstrated that in such climatic conditions (high rainfall and 

temperatures), soil desilication and weathering were rapid (Chadwick et al., 

2003) for lapilli pyroclasts; especially for the volcanic glasses as observed in 

other studies on relatively young soils in Guadeloupe (Jongmans et al., 1999; 

Ndayiragije and Delvaux, 2003). Increasing TRB values and decreasing 

degrees of individualization of free iron (Fed/Fet ratios) (Table 5-1) with soil 

depth down to BC horizons both indicated that weathering was the most 

advanced at surface horizon. Beneath BC, TRB decreased while Fed/Fet 

increased in both profiles, testifying that these horizons originated from a 

buried Andosol. The increase in C content in soil horizons beneath BC also 

supported this statement. The following discussion will only concern the 

upper layer (horizons Ap, AB, Bw and BC). In BC horizons, Mg was the 

dominant cation in TRB (76% in TRB for BA-173 and 83% in TRB for SC-180) 

followed by Ca (16% and 10% in TRB for BA-173 and SC-180 profiles, 

respectively), Na (5.5% and 4% in TRB for BA-173 and SC-180 profiles, 

respectively), and K (2.5% and 3% in TRB for BA-173 and SC-180 profiles, 

respectively). This cation distribution corresponds to the mineralogical 

composition of unweathered parent pyroclasts (mainly pyroxenes, 

plagioclases and volcanic glasses) (Dagain, 1981).  
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Allophane content increased with depth in both profiles (from 13.7% to 

34.7% in the BA-173 profile and from 10.5% to 26.8% in the SC-180 profile) 

while Alp/Alo drastically decreased at depth in both profiles (from 0.25 to 0.04 

in the BA-173 profile and from 0.36 to 0.05 in the SC-180 profile). Moreover, 

allophane and carbon contents were inversely correlated (r = -0.83 p-value < 

0.001). This indicates that, in A and AB horizons, Al was mostly complexed 

with organic matter causing an anti-allophanic effect (Shoji et al., 1993) while 

in Bw and BC horizons, Al was incorporated in allophane. Contrasting 

allophane contents between A and B horizons is usual in Andosols in which 

organic matter content in the A horizon may induce an anti-allophanic effect 

(Adjadeh and Inoue, 1999; Madeira et al., 1994; Mizota and Van Reeuwijk, 

1989; Ndayiragije and Delvaux, 2003). 

5.5.2 Si accumulating plants 

The Si repartition between the different plant samples (Table 5-2: Banana 

fruit < pseudostem < peduncle < fungal disease leaf < harvest leaf for the 

banana plant, and Table 5-3: stalks < green leaf < dead leaf for the sugarcane 

plant) illustrates that the transpiration stream carries monosilicic acid from 

roots towards shoot transpiration termini (Henriet et al., 2006; Raven, 2001, 

1983). Si concentrations in old leaves (harvest leaves for banana and dead 

leaves for sugarcane) were larger than Si concentrations in relatively young 

leaves (FD leaves for banana and green leaves for sugarcane) as older leaves 

have evaporated water over a longer period of time than younger leaves 

(Henriet et al., 2006). Banana and sugarcane plants are known as Si-

accumulating species as active mechanisms of Si absorption have been 

demonstrated for these plants (Henriet et al., 2006; Hodson et al., 2005; Ma 

and Takahashi, 2002; Savant et al., 1999). The large Si concentrations in the 

banana leaves (0.9% in fungal disease leaves and 2.2% in harvest leaves), and 

in the sugarcane leaves (2.0% in the green leaves and 2.6% in the dead 

leaves) corroborate the Si active absorption mechanisms of these plant 

species.  

5.5.3 The soil PhSi pool 

The PhSi pools of BA-173 and SC-180 soils did not significantly differ. Since 

soils were cultivated (about 347 years BP), sugarcane is probably the crop 

that was mainly cultivated. Land use was likely different between both plots 
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since 2006 only (see Section 5.3.1). It is therefore not surprising that soil PhSi 

pools were not significantly different between the two plots. 

Part of phytoliths that are returned to soil is stabilized in soil and may further 

migrate at depth (Alexandre et al., 2011, 1997). The PhSi storage flux may be 

estimated by quantifying the PhSi pool evolution with soil depth (Alexandre 

et al., 2011, 1997). At depth, the PhSi pool generally decreases progressively 

until reaching a constant value which represents the stable pool of PhSi 

(Alexandre et al., 2011, 1997; Blecker et al., 2006; Yang and Zhang, 2018). 

The proportion of PhSi that is annually stabilized is therefore estimated with 

the ratio [PhSi pool in depth/PhSi pool in surface] (Alexandre et al., 1997). 

However, for the studied soils, there is no method to quantify the PhSi pool 

in deep horizons. The ox-Na2CO3-Si pool may be composed of PhSi and 

amorphous LSi in proportions that we were unable to determine. Therefore, 

we were not able to quantify the evolution of the PhSi pool at depth.  

The PhSi storage in soil depends on climatic factors (Blecker et al., 2006), on 

phytoliths morphology (Alexandre et al., 2011), and on plant species (Bartoli, 

1983; Gérard et al., 2008; Sommer et al., 2013; Yang and Zhang, 2018). 

Blecker et al. (2006) reported that the percentage of phytoliths that was 

annually stabilized was inversely proportional to annual rainfall. Alexandre 

et al. (2011) found a strong relationship between the globular granulate 

phytolith pool and the total phytolith pool, demonstrating that this particular 

phytolith morphotype stabilized in soil. Comparison between different 

studies reveals that coniferous phytoliths are particularly stable in soils 

(Bartoli, 1983; Gérard et al., 2008; Yang and Zhang, 2018).  

In the absence of quantifiable data for PhSi storage in soils, two scenarios 

were assumed based on literature data (Table 5-5; Figure 5-4), as follows: 

Scenario (1): PhSi storage of 8%, the lowest PhSi storage reported in 

literature (Alexandre et al., 1997); Scenario (2): PhSi storage of 31%, the 

largest PhSi storage reported in literature (Blecker et al., 2006) excluding 

coniferous. We decided to exclude data from coniferous species as they are 

out of the range of other studies. 

Depending on the scenario, PhSi storage ranged from 12.91 (Scenario 1) to 

50.02 kg ha-1 yr-1 (Scenario 2) for the BA-173 plot, and from 32.14 (Scenario 

1) to 124.6 kg ha-1 yr-1 (Scenario 2) for the SC-180 plot. Resulting PhSi 
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dissolution (see Equation 6, Section 5.3.5) ranged from 111.3 (Scenario 2) to 

148.4 kg ha-1 yr-1 (Scenario 1) for the BA-173 plot, and from 277.2 (Scenario 

2) to 369.7 kg ha-1 yr-1 (Scenario 1) for the SC-180 plot. Phytolith dissolution 

contributes more to the DSi pool in the SC-180 soil than in the BA-173 soil 

because the phytolith input from plants to soil was greater in the SC-180 plot. 

Considering that banana and sugarcane phytoliths may exhibit similar 

dissolution rates, a greater soluble phytolith pool was thus returned on soil 

in the SC-180 soil. 

Table 5-5: Si fluxes estimated for the banana (BA-173) and sugarcane (SC-180) plots 
assuming PhSi storage of 8 and 31%. 

 PhSi 

stor

age 

DSi 

uptake 

by 

plants 

PhSi 

input to 

soil 

PhSi 

output by 

harvests 

PhSi 

dissolution 

in soil 

DSi output 

by 

lixiviation 

Mineral 

dissolution1 

 % kg ha-1 yr-1 

BA-173 8 171.4 

(21.70) 

161.3 

(20.71) 

10.06 

(0.99) 

148.4 

(19.05) 

106.3 

(5.65) 

129.3  

(8.30) 

BA-173 31 171.4 

(21.70) 

161.3 

(20.71) 

10.06 

(0.99) 

111.3 

(14.29) 

106.3 

(5.65) 

166.4  

(13.06) 

SC-180 8 457.1 

(87.12) 

401.8 

(80.26) 

55.30 

(6.86) 

369.7 

(73.84) 

99.80 

(9.52) 

187.2  

(22.80) 

SC-180 31 457.1 

(87.12) 

401.8 

(80.26) 

55.30 

(6.86) 

277.2 

(55.38) 

99.80 

(9.52) 

279.7  

(41.26) 

5.5.4 The inorganic Si pool 

The inorganic Si pool was significantly larger (p < 0.01) in the BA-173 soil 

(190.6 t ha-1) than in the SC-180 soil (176.7 t ha-1). Both plots studied had 

similar land uses except since 2006. From 2006 to 2016, the SC-180 plot was 

cultivated with sugarcane while the BA-173 plot was cultivated with banana. 

As DSi output by leaching were not significantly different between BA-173 

and SC-180 plots, we can consider that, on that period of time, the larger 

annual Si uptakes by the sugarcane plants favored the dissolution of the 

inorganic Si pool. From 2006 to 2016, supplementary 690 kg of Si ha-1 were 

released from the dissolution of the inorganic Si pool in the SC-180 plot 

compared to the BA-173 plot. As the difference between the inorganic Si pool 

of the BA-173 and SC-180 plots amounted to 13,400 kg of Si, we understand 
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that the difference in land use on the last 10 years can not explain the 

difference in size of the ISi pools. The larger MAR on the SC-180 plot is the 

most likely factor that could have significantly impacted the ISi pool 

(Chadwick et al., 2003). We must recall here that these two neighbouring 

plots share an identical soil cover, the same soil mapping unit as identified 

by a detailed soil survey (Colmet-Daage et Lagache, 1965; Colmet-Daage et 

Lagache, 1969). Besides they exhibit similar basic soil properties as shown in 

the present study. 
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Figure 5-4: Steady-state soil-plant Si cycle established for the BA-173 (a,b) and SC-180 (c,d) plots assuming (a and c) 8% of PhSi storage, and (b 
and d) 31% of PhSi storage. 
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5.5.5 Impact of the plant Si cycling on the mineral dissolution 

Plants favor the mineral dissolution through the uptake of Si from the soil 

solution (Alexandre et al., 1997; Blecker et al., 2006; J-T Cornelis et al., 2011; 

Drever, 1994; Moulton et al., 2000). Under sugarcane the Si uptake by plants 

amounted to 457 kg ha-1 yr-1 which was significantly larger than the quantity 

of Si taken up by the banana plants (171 kg ha-1 yr-1). The reason why the 

absorption of Si was more important for sugarcane was twofold. Firstly, the 

above ground biomass production was larger for sugarcane plants (416 t ha-

1 yr-1 with M1 and 361 t ha-1 yr-1 with M2) than for banana plants (309 t ha-1 

yr-1). Secondly, the mean Si concentration in sugarcane plant (M1: 1.24% and 

M2: 1.27%) was larger than the mean Si concentration in the banana plant 

(0.55%). Si uptakes by sugarcane plants in literature amounted to 160 kg ha-

1 yr-1 (Tubana et al., 2016), 248 kg ha-1 yr-1 (Ross et al., 1974), 300 kg ha-1 yr-1 

(Meyer and Keeping, 2005 from Tubana et al., 2016), 379 kg ha-1 yr-1 

(Samuels, 1969), or even 408 kg ha-1 yr-1 and 509 kg ha-1 yr-1 (Ross et al., 1974) 

when Si amendments were brought to soil. In our study, Si uptake by 

sugarcane plants was thus important as compared to literature data. Si 

uptake by banana plant has never been quantified yet. Therefore, we can not 

compare our results to literature data.  

When phytolith dissolution is not sufficient to match annual plant Si uptake, 

Si from mineral dissolution compensates (Blecker et al., 2006). Since part of 

absorbed Si was mostly stored for long periods, and formed a stable phytolith 

pool in soil (Alexandre et al., 2011, 1997; Blecker et al., 2006; Yang and Zhang, 

2018), phytolith dissolution did not match Si quantities taken up by plants. 

Therefore, plant Si cycling favored mineral dissolution (Alexandre et al., 

2011, 1997; Bartoli, 1983; Blecker et al., 2006; Lucas et al., 1993; Yang and 

Zhang, 2018). In the studied plots, without any plant Si cycling, mineral 

dissolution would amount to 106.3 and 99.80 kg Si ha-1 yr-1 for the BA-173 

and SC-180 plots respectively.  

However, when we considered plant Si cycling, depending on the scenario, 

ISi dissolution fluxes ranged from 129.3 (Scenario 1) to 166.4 kg ha-1 yr-1 

(Scenario 2) for BA-173, and from 187.2 (Scenario 1) to 279.7 kg ha-1 yr-1 

(Scenario 2) for SC-180. Sugarcane plants were particularly efficient to 

accelerate the ISi dissolution as very important amounts of Si were prevailed 

by plants. Table 5-6 (adapted from Blecker et al. 2006) illustrates the impact 
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of the biological Si feedback loop on mineral dissolution. Cultivated 

environments indeed promote mineral dissolution. The impact of the 

biological Si feedback loop on mineral weathering decreases in the order: 

sugarcane (with large PhSi storage) > sugarcane (with low PhSi storage) > 

savanna (with high Si exports) > banana (with large PhSi storage) > rice > 

savanna (with low Si exports) > banana (with low PhSi storage) > subtropical 

forest > tall grass > mixed grass > short grass ≥ deciduous temperate forest ≥ 

tropical rainforest > coniferous forest.  

The cultivated plants are particularly efficient in enhancing mineral 

weathering because they are high Si-accumulators and because harvest of 

plant parts that contain Si increases the difference between the Si uptake 

and Si release by phytolith dissolution. Alexandre et al. (2011) have 

particularly evidenced the impact of the amplitude of the Si exports on 

mineral dissolution. Comparing scenarios of ash exports after savanna 

burning, these authors have shown that, the more the exports, the more the 

mineral dissolution. Considering a steady state cycle, the principle is 

applicable to exports through the harvest of plant parts that contain 

phytoliths in cultivated environments (see Equations 6 and 9 in section 5.3.5). 

In rice fields for example, the export of Si –rich rice straws can be very high 

(up to 1240 kg ha-1 yr-1 (Klotzbücher et al., 2016)), and strongly impact 

mineral weathering. The subtropical forest in Table 5-6 particularly enhances 

mineral dissolution as bamboo, a well-known high Si accumulator (e.g. Li et 

al., 2006), is present in the studied forest (Yang and Zhang, 2018). Differences 

between different grasslands is due to differences in biomass production 

between the tall, mixed, and short grasses (Blecker et al., 2006; Cornelis and 

Delvaux, 2016). Grasses are particularly efficient in taking up Si in soil, and 

therefore in accelerating mineral dissolution, because of the high density of 

high Si accumulators. In forest ecosystems, the impact of the biological Si 

feedback loop mainly depends on plant species, but also on soil weathering 

degree (Cornelis and Delvaux, 2016).
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Table 5-6: Comparison of the impact of the biological Si feedback loop on mineral 
dissolution of Si between the studied plots and other ecosystems on an annual basis 
(adapted from Blecker et al. 2006). 

 Mineral dissolution (kg Si ha-1 yr-1) 

 Without plant 
cycling Inputs – 

Outputs 

With plant cycling 
(Input + Phytolith 

dissolution) – 
(Outputs + plant 

uptake) 

Phytolith 
dissolution – plant 

uptake 

Sugarcane Scenario 1 -99.80 -187.2 -87.4 
Sugarcane Scenario 2 -99.80 -279.7 -179.9 

Banana Scenario 1 -106.3 -129.3 -23.0 
Banana Scenario 2 -106.3 -166.4 -60.1 

Subtropical forest + 
ricea 

-50.1 -86.4 -36.3 

Subtropical forest + 
ricea 

-50.5 -77.9 -27.3 

Savannab -9 -85 -76 
Savannab -9 -62 -53 
Savannab -9 -33 -24 
Tall grassc -9 -25 -16 
Tall grassc -4.3 -14.3 -10 

Mixed grassc 1.7 -11.3 -13 
Mixed grassc 0.5 -11.5 -12 
Mixed grassc 0.3 -3.7 -4 
Short grassc 1.8 -7.2 -9 
Short grassc 1.5 -4.5 -6 

Subtropical foresta -48.7 -69.5 -20.8 
Deciduous forestd n.d. n.d. -6.0 
Coniferous forestd -24.5 -28.5 -4.0 
Tropical rainforeste -15.0 -21.0 -6.0 

Positive values represent a net increase in Si; however this is not to imply that mineral 
weathering is not occurring. Negative values represent a hypothesized increase in mineral 
dissolution. (Inputs = atmospheric deposition; outputs = leaching export; phytolith dissolution 
= Si addition through dissolution of labile phytoliths; plant uptake = Si uptake stored in 
aboveground biomass). Here. n.d. denotes not determined due to insufficient data. 
aYang and Zhang (2018) ; bAlexandre et al. (2011) ; cBlecker et al. (2006) ; dBartoli (1983) ; 
eAlexandre et al. (1997) 

5.5.6 Desilication due to harvest 

Harvest exports of Si are problematic for some Si accumulating species as it 

could accelerate soil desilication and impact crop yields (e.g. rice or 

sugarcane – Berthelsen et al., 2001; Klotzbücher et al., 2016). Si exports for 

sugarcane are known to be less problematic than for other crops as stalks is 

generally the only plant organ that is exported while leaves are typically 

returned on the ground (Ayres, 1966; Kingston, 2008). For banana, only the 
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banana bunch is exported while other plant parts return to soil. Si exports by 

sugarcane stalks amounted to 55 kg ha-1 yr-1. Si exports by banana bunches 

amounted to 10 kg ha-1 yr-1. For rice, Si exports by straw harvest can reach 

1240 kg ha-1 yr-1 (Klotzbücher et al., 2016), but are commonly comprised 

between 50 and 500 kg ha-1 yr-1 depending on the straw management and 

the size of the bio-available Si pool (Klotzbücher et al., 2016; Prakash et al., 

2011; Yang and Zhang, 2018). For maize, wheat, triticale, oat, barley, potato, 

sugar beet, and flax, Si exports (kg ha-1 yr-1) can be 112-127, 37-113, 36-44, 

19-27, 15-24, 3-7, 3-8, and 1, respectively (Vandevenne et al., 2011). Si 

exports by banana harvests were thus relatively low and in the same range 

as low Si-accumulators. This can be explained by the low proportion of 

absorbed Si that was exported through harvest (5.9%) as compared to the 

proportion that was restituted to soil (94.1%). Banana fruits have extremely 

low Si concentrations (Table 5-2) compared to leaves that are restituted to 

soil. Sugarcane harvest exported slightly larger Si quantities but still low as 

compared to Si quantities returned to soil (12% of the total absorbed Si was 

exported while 88% was restituted to soil). Banana and sugarcane are thus 

relatively low “desilicating” crops. 

5.5.7 Control of the DSi concentration in the soil solution 

The DSi concentration in the soil solution along the banana and sugarcane 

soil pedons first decreased with soil depth from the Ap to Bw horizons, and 

then increased in BC horizons (Figure 5-5). Regarding the evolution of TRB 

and considering the solubility of amorphous silica (0.002 mol l-1), we can 

interpret the DSi concentration in soil solution of BC horizons as being 

controlled by the LSi pool. However, the large DSi concentration in soil 

solution from topsoil was likely controlled by the PhSi pool (Georgiadis et al., 

2013). As depicted by low TRB values and high Fed/Fet, the easily weatherable 

primary minerals were probably exhausted in topsoil horizons (see XRD 

patterns – Figures 5-S1 and 5-S2), and unlikely controlled large DSi 

concentrations. Moreover, in Bw horizons, where TRB values were 

comparable to the one of Ap and AB horizons and in which the PhSi pool was 

probably negligible, DSi concentrations were low (< 2 mol l-1) and probably 

controlled by the PSi pool. Expected DSi concentration without biological Si-

cycling were therefore lower than actual DSi concentrations in Ap and AB 

horizons (Figure 5-5). Our results therefore highlight the importance of the 

biological Si feedback loop in maintaining large DSi concentration and soil 
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fertility in topsoil horizons. This plant characteristic was first observed in a 

tropical forest in the Amazon basin (Lucas et al., 1993), and was further 

described in other natural environments (a.o. Alexandre et al., 1997; Gérard 

et al., 2008; Sommer et al., 2013) as well as in banana croplands established 

on basaltic ash soils (Opfergelt et al., 2010). We think that this was 

particularly due to two facts. First, the dominance of Si-accumulating plants 

over the three last centuries (mainly sugarcane) on that plots. Second, the 

large proportion of the Si absorbed by plants that was returned on soil 

instead of being exported in harvest products as it is commonly done for 

other crops. This demonstrated the importance of the management of the 

inedible plant part of Si accumulating crops at harvest.  

Figure 5-5: CaCl2-Si concentration and total reserve in bases (TRB) in the soil horizons 
of the (a) BA-173 and (b) SC-180 soil pedons. The color of the horizon indicates what 
soil component controls the CaCl2-Si concentration. The dotted lines represent the 
solubility of amorphous silica (0.002 mol l-1). The blue lines illustrate the expected 
evolution of CaCl2-Si concentrations with soil depth without any biological Si cycling as 
calibrated from TRB values. 
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5.6 Conclusion 

The distributions of Si among the banana and sugarcane plant parts were 

explained by the differences of total evaporated water volumes.  

We showed that the biological Si feedback loop was highly active in the 

studied soil-plant system involving Si accumulating plant species and 

Andosols at advanced weathering stage. This active loop significantly 

accelerated mineral weathering. In the studied cultivated plots, DSi 

concentrations in topsoil solution were controlled by phytolith dissolution. 

We attribute this to two main facts. Firstly, the dominance of Si accumulating 

crops on the three last centuries. Secondly, the restitution of the inedible 

plan parts on soil. The management of the inedible plant parts at harvest is 

therefore a key factor to maintain large DSi concentrations in the top soil 

horizons and soil fertility. 
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 The silicon soil-plant cycle in a tropical 
rainforest and a nearby banana field4 

Abstract 

Land use impacts the soil-plant cycle of silicon (Si). In particular, the transition 

from forest into cropland may lead to a drastic decrease of the soil 

phytogenic Si pool due to crop harvest. However, this decrease is related to 

the management of inedible plant parts in cultivated ecosystems. The aim of 

this chapter is to determine the impact of the transition from an evergreen 

tropical forest to an intensive banana cropland on the soil-plant Si cycle 

developing on desilicated Andosols. 

We studied the soil-plant Si cycle in an evergreen tropical forest on the 

Eastern flank of La Soufrière volcano in Guadeloupe. Si taken up by plants 

was measured for leaves of Swietenia macrophylla (the dominant species), 

Myrcia deflexa (the species with the largest Si concentrations), and of all the 

other species mixed, and for non-foliar samples. Si leached out was also 

measured through lysimetry. Si in standing biomass was estimated. Soil Si 

pools were quantified with specific chemical extractions. Si fluxes were 

further compared to the one of a banana plot located 2.8 km from the forest 

plot. Soil Si pools were compared to the one of a banana plot located 0.4 km 

from the forest plot.  

Total Si uptake by plants amounted to 43 kg ha-1 yr-1 in the forest plot. 

Swietenia macrophylla and Myrcia deflexa uptakes represented ~70% and 

~17% of the total Si uptakes respectively, while other species leaves and non-

foliar items only represented ~7% and ~6% of the total Si uptakes 

respectively. Si in standing biomass amounted to 836 kg ha-1. Plant Si uptake 

in the banana plot amounted to 171 kg ha-1 yr-1. Si in standing biomass in the 

banana plot at harvest was 54 kg ha-1. The soil-plant Si cycle of the studied 

tropical evergreen forest is strongly controlled by two species. When forest 

is transformed into banana cropland, Si in standing biomass greatly 

decreases while the Si bio-cycling becomes much more intense, which 

increases the dissolution of the lithogenic and pedogenic Si pools.

                                                           

4 Manuscript in preparation for submission in an international peer-reviewed journal. 
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6.1 Introduction 

The soil-plant silicon (Si) cycle widely differs among Earth’s ecosystems 

depending on soil properties and processes, climate, plant species, and 

human management practices. Vegetation is well known to impact the soil-

plant Si cycle through the absorption of dissolved Si (DSi) in the soil solution, 

the formation of amorphous silica bodies called phytolith (PhSi), and the 

return of highly soluble phytolith on soil by litterfall (a.o. Alexandre et al., 

1997; Bartoli, 1983; Lucas et al., 1993; Meunier et al., 1999). Si taken up by 

plants ranges from 0.7 to 1470 kg Si ha-1 yr-1 among different terrestrial 

ecosystems (Chapter 4) depending mainly on plant species (Cornelis et al., 

2010; Meunier et al., 2010), soil weathering stage (Cornelis and Delvaux, 

2016; Henriet et al., 2008a; Chapter 4), and climate conditions (Blecker et al., 

2006; Quigley et al., 2017). The impact of plant species is particularly 

highlighted in environments rich in high Si-accumulating species such as 

bamboo forests (Li et al., 2006; Meunier et al., 1999), or rice croplands 

(Desplanques et al., 2006; Klotzbücher et al., 2016; Makabe et al., 2009). 

Converting evergreen tropical forest into rice croplands changes the soil-

plant Si cycle (Klotzbücher et al., 2016; Yang and Zhang, 2018). The density 

of high Si-accumulating species drastically increases, crop harvest exports 

large amounts of Si, and irrigation can constitute important inputs of Si (a.o. 

Desplanques et al., 2006; Klotzbücher et al., 2015, 2016, 2018; Riotte et al., 

2018). However, little is known about the impact of deforestation at the 

expense of other crops in tropical environments. In particular, the impact of 

the conversion of tropical evergreen forest into banana crop is still unknown. 

To fill this gap, we compared the soil-plant Si cycle of an evergreen tropical 

forest to that of neighboring banana plantations. 

6.2 Environmental framework 

This study was conducted in the Southern part of the volcanic island of Basse-

Terre in Guadeloupe (16°N, 61°W) (Figure 6-1a). This region was shaped by 

The Grande Découverte Volcanic Complex (GDVC) from about 200 ka BP to 

1440 AD (Carlut et al., 2000; Komorowski et al., 2005; Samper et al., 2007). 

Soil weathering stage of the flanks of the volcano depends mainly on the age 

of the pyroclastic deposits, and on mean annual rainfall (MAR). Soils are 

slightly weathered on the Western flank of the volcano (Vitric Andosol) and 

already well developed on the Eastern flank (Silandic Andosols) with high 
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desilication degree as depicted by the presence of gibbsite (Chapter 2). Soils 

formed from pyroclastic deposits of andesitic-dacitic composition with 

plagioclase, pyroxene and volcanic glass as the dominant weatherable 

minerals (Boudon et al., 1987; Dagain, 1981; Komorowski et al., 2005; 

Ndayiragije, 1996).  

6.3 Material and methods 

6.3.1 Studied plots and general sampling scheme 

An evergreen tropical forest plot (0.73 ha) at mean altitude of 396 m above 

sea level (asl) (FO-396) and a banana (Musa acuminate L. cv. ASIA) plot (0.5 

ha) at mean altitude of 343 m asl (BA-343) close to each other were selected 

on the Eastern flank of the volcanic massif (Figure 6-1a, b). MAR is 4400 mm 

under the FO-396 plot and 4200 mm under the BA-343 plot. Soils are 

described as perhydrated Andosols on the soil map (Colmet-Daage and 

Lagache, 1969) and developed from lapilli pyroclastic deposits of andesitic-

dacitic composition of 30,000 to 18,000 year old. The cultivated plots of this 

area are called “the concessions” because they were granted to former 

slaves following the abolition of slavery in Guadeloupe in 1848. We can 

therefore estimate that the BA-343 plot is cultivated since at least this date 

even if banana plantations did not appear before the beginning of the 

twentieth century. Before being planted for bananas, these plots were 

probably used for household food production. They were therefore probably 

relatively diversified: orchards, vegetable gardens, livestock, etc. 

Mahogany (Swietenia macrophylla) were planted on the FO-396 plot in the 

1960s for logging. However, this logging has never been exploited and is now 

abandoned. Plant species were inventoried and trees with a diameter at 

breast height (dbh) of more than 10 cm were counted (Table 6-1). Thirty-four 

different plant species were identified. Three species were largely dominant 

in term of population size. Swietenia macrophylla (35%), Cyathea muricata 

(22%), Sterculia caribaea (12%). One species was not very present in the tree 

stratum (dbh > 10 cm) but was predominant in the shrub stratum (Myrcia 

deflexa).  
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For the FO-396 plot, plant, soil and drainage water samples were collected in 

order to estimate pools and fluxes of the soil-plant Si cycle. For the BA-343 

plot, plant and soil samples were collected in order to measure the Si 

concentration in banana leaves, and estimate the soil Si pools. 

Figure 6-1: (a) Location of the Pères River watershed on the Basse Terre Island; (b) 
Land use map of the Pères River watershed and location of the studied plots; (c) 
Location of the litterfall traps, lysimeters, and soil pedon on the FO-396 plot; (d) 
Location of the selected banana plants, and soil pedon on the BA-343 plot; pictures 
of (e) the FO-396 soil pedon, (f) FO-396 plot, (g) a litterfall trap, (h) a lysimeter without 
its protective sheath, (i) a lysimeter with its protective sheath. 
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Table 6-1: Inventory of the plant species of the forest plot, and, for each species, the 
number of trees with a diameter at breast height (dbh) above 10 cm. 

Species Number of tree with dbh > 
10 cm 

Aniba bracteata 0 
Asplundia rigida 0 
Aspnudia insignis 0 
Byrsonima trinitensis 0 
Cecropia schreberiana 6 
Cedrela odorata 0 
Chimarrhis cymosa 12 
Cordia sulcata 3 
Cyathea muricata 141 
Eugenia trinervia 0 
Garcinia humilis 1 
Guatteria caribaea 0 
Inga ingoides 2 
Miconia mirabilis 10 
Myrcia deflexa 1 
Nephrolepis rivularis 0 
Ocotea leucoxylon 2 
Ormosia monosperma 2 
Philodendron gigantea 0 
Phyllanthus mimosoides 0 
Prestoea montana 36 
Psychotria urbaniana 0 
Richeria grandis 0 
Rudgea citrifolia 5 
Salpichlaena volubilis 0 
Sapium glandulosum 1 
Selaginnalla flabellata 0 
Simarouba amara  17 
Sloanea dentata 12 
Sloanea massonii 17 
Sterculia caribaea 75 
Swietenia macrophylla 226 
Tapura latifolia 8 
Thelypteris reticulata 0 

6.3.1.1 Plant sampling 

 FO-396 plot 

Fifteen litterfall traps (0.75cm x 0.75cm) were randomly set so that there was 

at least 10 meters between them (Figure 6-1c,d). They were sampled 

regularly (maximum 3 weeks between two sampling) during 9 months from 

January 2017 to October 2017. Litterfall traps were randomly divided into 
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five groups. At sampling, litterfall traps were collected in bags corresponding 

to their group. At the laboratory, foliar samples were separated from non-

foliar one. Leaves were then separated into three groups: Swietenia 

macrophylla (SM) leaves, Myrcia deflexa (MD) leaves, and other species (OS) 

leaves. SM leaves were separated from other species as SM was the 

dominant species. MD leaves were separated because of their particular high 

Si concentration. All other leaves were gathered into one composite samples 

because they had intermediate Si concentrations. Samples were weighted 

fresh, washed with deionized water, and weighted after drying in a stove at 

70°C for one week. At the end of the sampling period, all samples belonging 

to the same group were gathered for analysis. Twenty composite samples 

were therefore generated: 5 non-foliar samples, 5 SM leaves samples, 5 MD 

leaves samples, and 5 OS leaves samples. 

 BA-343 plot 

We selected fifteen banana plants of similar crop yield potential at flowering 

stage (Figure 6-1d). For each plant, we sampled the center (100 mm width) 

of the antepenultimate leaf (leaf III), following the international standard set 

up for banana foliar diagnosis (Martin-Prével, 1980). The fifteen plants were 

further randomly divided in five groups. Samples belonging to the same 

group were mixed up as a composite leaf sample.  

6.3.1.2 Soil sampling 

 FO-396 plot 

Two topsoil (00-20 cm) samples were collected close to each litterfall trap. 

The thirty soil samples were then assembled into composite samples 

respecting the same group as for the litterfall samples. A soil pedon was also 

described and sampled down to 120 cm depth. Each horizon was sampled, 

leading to a total of 7 samples. Undisturbed soil samples were collected 

(Kopecky) to determine the soil bulk density, at field soil moisture and dry. 

 BA-343 plot 

Two topsoil (00-20 cm) samples were collected at 40 cm of the foot of each 

of the fifteen selected banana plants. The thirty soil samples were then 

assembled into composite samples respecting the same grouping as for the 
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plant samples. A soil pedon was also described and sampled down to 80 cm 

depth. Each horizon was sampled, leading to a total of 4 samples. 

Undisturbed soil samples were collected (Kopecky) to determine soil bulk 

density, at field soil moisture, and dry. 

6.3.1.3 Sampling of gravity water under forest 

Five zero-tension lysimeters were settled to collect gravity water at 60 cm 

depth. Water was collected in the lysimeters every ~200 mm of rainfall from 

January 2017 to July 2017. Collected water was then filtered through a 0.2 

m polycarbonate membrane and acidified at 0.25% Suprapur nitric acid. For 

each plot, 20 samples collected at two different times were then selected for 

analyses. 

6.3.2 Plant analysis 

For the 25 plant composite samples (20 for the FO-396 plot and 5 for the BA-

343 plot), mineral analysis was carried out after calcination at 450°C for 1 day 

and fusion in Li-metaborate + Li-tetraborate at 1,000°C (Chao and Sanzolone, 

1992), followed by ash dissolution with Suprapur HNO3. Nutrient and Si 

concentrations were measured by inductively coupled plasma-atomic 

emission spectrometry (ICP-AES). 

6.3.3 Soil analysis 

6.3.3.1 Basic analyses  

Analyses were carried on the fine earth (<2 mm) of the 21 soil samples. pH 

was measured in H2O and 1 M KCl in 1:5 soil:solution suspensions. Cation 

exchange capacity (CEC) and exchangeable bases were measured using a 1 

M ammonium acetate pH 7 solution (Olsen et al., 1982). Total C contents 

were determined by high temperature dry combustion using a Vario EL Cube 

elemental analyzer. Total elemental contents were measured by inductively 

coupled plasma-atomic emission spectrometry (ICP-AES) after fusion in Li-

metaborate and Li-tetraborate at 1000°C and further dissolution of the 

cooled melt in 2 M Suprapur HNO3 (Chao and Sanzolone, 1992). The contents 

of major alkaline and alkaline-earth cations were summed up to compute the 

Total Reserve in Bases (TRB) (Herbillon 1986). Dark oxalate-extractable (o), 

dithionite-citrate-bicarbonate (DCB) extractable (d) and pyrophosphate-

extractable (p) contents of Si, Al and Fe were determined in the respective 
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extracts by ICP–AES following the methods compiled in Dahlgren (1994). 

These selective extractions are used to estimate the amounts of different soil 

components. Using the (Alo-Alp)/Sio values allowed to estimate allophane 

content (Parfitt and Henmi, 1982; Parfitt and Wilson, 1985). Feo values 

estimate the ferrihydrite content (Mizota and Van Reeuwijk, 1989). Fet, Fed 

and Feo values estimate the quantity of Fe in silicate minerals (Fet-Fed) and in 

crystalline sesquioxides (Fed-Feo) and the degree of individualization of free 

iron (Fed/Fet). Alp refers to Al complexed by organic matter. 

6.3.3.2 Specific Si extractions 

CaCl2. CaCl2-extractable Si content (CaCl2-Si) is considered to assess the 

bioavailable Si pool in soils (Haysom and Chapman, 1975; Sauer et al., 2006). 

It was estimated in a 0.01 M CaCl2 solution (4g of soil for 40 ml of solution) 

after 6h of shaking (Cornelis et al., 2011; Sauer et al., 2006). Si concentration 

is measured by ICP-AES after having diluted 10 times and acidified the 

solution. 

Na2CO3. Na2CO3 extractable Si (Na2CO3-Si) was estimated by a kinetical 

extraction method modified from DeMaster (1981). Forty milligrams of soil 

pretreated by a dark oxalate extraction (Dahlgren, 1994) and by a 6h rinsing 

with a CaCl2 0.01 M solution was mixed with 40 ml of 0.1 M Na2CO3 at 85°C 

during 7h (Chapter 3). One milliliter of solution was collected after 15, 60, 

120, 180, 240, 300, 360, and 420 min, diluted with 9 ml of deionized water 

and acidified with 50 µl of Suprapur HNO3. Si, Al, Fe, and Mg concentrations 

were measured at each time. From the kinetical extraction, the amorphous 

Si content was estimated using the dissolution rate method presented in the 

Chapter 3 of this thesis. This content is named ox-Na2CO3-Si. The ox-Na2CO3-

Si pool only includes the PhSi pool and possibly Na2CO3 extractable lithogenic 

silicates (LSi) as amorphous pedogenic silicates (PSi) were removed by dark 

oxalate extraction. Until now, no method allows to discern PhSi and Na2CO3 

extractable LSi pools in such soils. We therefore decided to consider the ox-

Na2CO3-Si pool as mainly composed of PhSi in surface horizons and LSi in 

deeper horizons. 
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6.3.4 Drainage water analysis 

Major element concentrations (Al, Fe, Si, Ca, Mg, K, Na, Mn, P and S) were 

determined by ICP-AES. Detection limit (ppb) was 10, 2, 5, 10, and 10 for Si, 

Ca, Mg, K, and Na respectively, and precision is <0.5%. 

6.3.5 Calculation of the Si pools and fluxes 

6.3.5.1 Si pools. 

The soil Si pool that includes the LSi and PSi pools, PhSi pool, and DSi pool 

were quantified as described in the Chapter 5 of this thesis (Equation 1). 

𝑃𝑜𝑜𝑙𝑖  = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑖 × 𝜌𝑑  ×  𝑑𝑒𝑝𝑡ℎ × 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 [𝑘𝑔 ℎ𝑎−1]       𝐸𝑞 (1) 

Pooli is the Si pool of the component i (kg ha-1); Concentrationi is the Si 

concentration of the component i (kg [kg of dry soil]-1); ρd is the dry bulk 

density of the soil ([kg of dry soil] m-³); depth is the depth of the soil 

considered (in our case 20 cm); surface is the surface considered (in our case 

1 ha or 10,000 m²). For the PhSi pool, the concentration was the mean ox-

Na2CO3-Si concentration in the topsoil (00-20 cm). The ox-Na2CO3-Si pool in 

the topsoil is mainly represented by the PhSi pool as Na2CO3 extractable PSi 

pools have been previously removed by dark oxalate, and Na2CO3 extractable 

LSi pools can be neglected in topsoil samples (as discussed in Chapter 2 and 

Chapter 3). The DSi concentration was the mean CaCl2-Si concentration. 

The inorganic Si (ISi) pool was roughly estimated with Equation (2). 

𝐼𝑆𝑖 = 𝑇𝑆𝑖 − 𝑜𝑥𝑁𝑎2𝐶𝑂3𝑆𝑖  [𝑘𝑔 ℎ𝑎−1]  𝐸𝑞 (2) 

The Si in standing biomass was estimated for the FO-396 plot by multiplying 

the standing biomass reported for hygrophile forest in Guadeloupe (747 t ha-

1 FAO, 2010) to the concentration of Si in non-foliar samples. 

6.3.5.2 Si fluxes of the forest 

Si fluxes in the soil-plant system are: Si absorbed by plants, PhSi restituted to 

soil, PhSi dissolution, dissolution of LSi and PSi minerals including PSi 

neoformation, and the leaching of DSi to the hydrosphere. We can directly 

quantify the PhSi restitution to soil, and the Si leached out. The amount of Si 

absorbed by the plants was estimated by considering an annual net primary 
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productivity of zero and no exports of plant materials. The quantity of Si 

released by the dissolution of PhSi and by the dissolution of the ISi pool was 

thereafter estimated by considering a steady-state soil-plant Si cycle. 

Fluxes from plants to soil were estimated with Equation (3). 

𝐹𝑙𝑢𝑥𝑆𝑖  = ∑(𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑆𝑖 ×  𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)𝑗

𝑛

𝑗=1

  [𝑘𝑔 ℎ𝑎−1𝑦𝑟−1]  𝐸𝑞 (3) 

FluxSi is the flux of Si (kg ha-1 yr-1); ConcentrationSi,j is the mean concentration 

of Si in the sample j (kg [kg of sample j]-1); Dry weightj is the mean total dry 

weight of the sample j that is restituted on soil ([kg of sample j] ha-1 yr-1). The 

sum of the n different samples allowed to estimate the total annual flux.  

Fluxes with drainage waters were estimated by Equation (4). 

𝐹𝑙𝑢𝑥𝑆𝑖  = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑆𝑖   

×   𝑊𝑎𝑡𝑒𝑟 𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑘𝑔 ℎ𝑎−1𝑦𝑟−1] 𝐸𝑞 (4) 

FluxSi is the flux of Si (kg ha-1 yr-1); ConcentrationSi is the mean concentration 

of Si in the drainage water (kg l-1); Water infiltation is the total volume of 

water that infiltrates per ha on the respective plot (l ha-1 yr-1). 

The water infiltration is estimated based on mean annual rainfall, 

evapotranspiration and runoff data (Equation (5)). 

𝑊𝑎𝑡𝑒𝑟 𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

= 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 – 𝐸𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛

− 𝑅𝑢𝑛𝑜𝑓𝑓 [𝑚3ℎ𝑎−1𝑦𝑟−1]  𝐸𝑞 (5) 

Evapotranspiration (ET) was assessed following Crabit et al. (2016) and as 

explained in the Chapter 5 of this thesis (Equation 6). 

𝐸𝑇0 =  −0.7205 𝐴 + 1406 [𝑚𝑚 𝑦𝑟−1] 𝐸𝑞 (6) 

ET0 is the annual reference evapotranspiration, and A is the altitude. 

Equation 6 and the mean altitude of the FO-396 plot were used to compute 

the annual ET0. 
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To simplify the model, we hypothesized that runoff is negligible on the 

studied plot. Indeed, infiltration at saturation of soils of the studied zone is 

large and runoff is a rare phenomenon (Cattan et al., 2007; Charlier et al., 

2008).  

6.3.6 Statistical analyses 

The significance of the difference between the different concentrations, 

pools and fluxes were tested through ANOVA 1 statistical tests performed 

with the aov function of the R programing language.  

6.4 Results 

6.4.1 Soil properties 

The main physico-chemical characteristics of soil horizons under forest and 

banana are given in Table 6-2. In the forest soil pedon, pH-H2O increased at 

depth from 4.1 in Ah1 to 5.7 in Bw2, and 5.6 in 2BC. pH-KCl followed the same 

trend and is always below pH H2O. In the banana soil pedon, pH-H2O was 

rather constant in all horizons (from 5.3 to 5.5), and pH-KCl followed the 

same trend being always below pH-H2O. Soil organic carbon (SOC) content 

decreased at depth in the two pedons: from 167 g kg-1 in Ah1 to 6.1 g kg-1 in 

2BC under forest, and from 6.42 g kg-1 in AB to 0.92 g kg-1 in BC under banana. 

In the forest soil pedon, CEC ranged between 35.8 and 61.3 cmolc kg-1. In the 

banana soil pedon, CEC ranged between 45.1 and 52.1 cmolc kg-1. The 

exchange complex was desaturated in all horizons. Ca and Mg were the 

dominant cations on the exchange complex. In the forest soil pedon, 

allophane content was very low in Ah1, Ah2, and AB horizons, and relatively 

high in Bw1, Bw2, and 2BC horizons. In the banana soil pedon, allophane 

content increased from 7.2% in AB to 33.2% in BC. TRB fluctuated along the 

forest soil pedon from 67 to 173 cmolc kg-1. In the banana soil pedon, TRB 

(cmolc kg-1) increased from 123 in AB to 165 in Bw, and 152 in BC. Fed/Fet was 

minimal in 2BC of the forest soil pedon (0.24), and fluctuated between 0.52 

and 0.60 in the other horizons. In the banana soil pedon, Fed/Fet decreased 

from 0.53 in AB to 0.37 in BC and 2A horizons. Mg was the dominant cation 

on the TRB in all horizons (from 67.8% to 84.8%), followed by Ca (from 10.1% 

to 25.8%), Na (from 3.20% to 7.01%), and K (from 1.60% to 6.21%).
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Table 6-2: Main soil properties of soil horizons of forest plot (FO-173) and banana plot (BA-343) pdeons: Texture, bulk density, pH, contents of 
OC, allophane, ferrihydrite and TRB with the cation proportions in TRB, Fed/Fet ratio, CEC and contents of exchangable bases. 

Hor Depth Texture (%) Bulk 

density 

pH C CEC Exch Bases (cmolc kg-1) Allo-

phanea 

Ferri-

hydriteb 

Fed/Fet Alp/ 

Alo 

TRB Contribution on TRB (%)c 

 cm clay silt sand g cm-3 H2O KCl g 

kg-1 

cmolc 

kg-1 

Ca Mg K Na % %   cmolc 

kg-1 

Ca Mg K Na 

 FO-396 soil pedon 

Ah1 0-8 36 46 18 0.28 4.2 4.1 167 61.3 2.32 1.37 0.32 0.31 1.9 3.35 0.60 0.79 173 25.8 67.8 1.60 4.72 

Ah2 8-16 45 32 23 0.32 4.4 4.2 112 54.1 0.45 0.30 0.20 0.22 2.6 3.71 0.60 0.75 102 14.6 73.4 5.19 6.89 

AB 16-30 56 26 18 0.37 5.0 4.6 62.7 35.8 0.13 0.13 0.14 0.15 4.9 4.61 0.52 0.59 119 14.3 77.4 3.94 4.44 

Bw1 30-55 65 20 15 0.52 5.2 4.9 43.4 49.2 0.05 0.07 0.09 0.17 24.0 5.43 0.61 0.18 67 12.3 74.9 6.21 6.60 

Bw2 55-70 51 23 26 0.46 5.7 5.4 25.0 50.0 0.03 0.05 0.15 0.10 35.3 4.28 0.55 0.08 99 13.5 73.8 6.06 6.66 

2BC 70-88 34 22 37 nd 5.6 5.2 6.1 42.9 0.22 0.26 0.09 0.15 18.7 1.64 0.24 0.05 116 10.1 84.8 1.92 3.20 

3A 88-90 62 21 17 nd 5.3 4.2 7.2 41.9 1.19 3.28 0.09 0.52 5.9 1.41 0.53 0.18 106 14.1 72.2 6.75 7.01 

3 Bw 90-120 nd nd nd nd 5.3 5.4 23.4 nd nd nd nd nd 22.9 0.91 nd 0.07 nd nd nd nd nd 

 BA-343 soil pedon 

AB 0-45 48 12 24 nd 5.3 4.6 64.2 52.1 2.04 0.79 0.55 0.19 7.2 2.61 0.53 0.49 123 15.6 74.3 4.90 5.12 

Bw 45-55 47 40 13 nd 5.5 5.0 12.1 49.6 0.74 0.57 0.54 0.17 15.3 1.45 0.51 0.18 165 16.6 75.8 3.69 3.99 

BC 55-70 46 30 24 nd 5.5 5.4 9.2 53.9 0.33 0.28 0.16 0.09 33.2 2.68 0.37 0.04 152 16.4 76.3 3.73 3.50 

2A 70-80 66 13 16 nd 5.4 4.4 12.9 45.1 1.06 1.39 0.55 0.53 8.2 1.63 0.37 0.14 133 11.8 77.9 4.75 5.63 

Values in parentheses are standard errors.  
aAllophane content was estimated according to Parfitt and Wilson (1985), using (Alo-Alp)/Sio ratios. Results of DCB, oxalate, and pyrophosphate analyses are 
presented in Table 6-S1. 
bFerrihydrite content was estimated according to Parfitt and Childs (1988) assuming complete dissolution with dark acid oxalate, using 1.7 x Feo. 
cContribution on TRB were calculated using total contents of Ca, Mg, K, and Na (results of total analysis are given in Table 6-S2).
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6.4.2 Plant analyses 

Plant mineral contents are given in Table 6-3, where Si concentrations, mass 

fluxes and Si fluxes are given. Si concentration (g kg-1) increased in the order: 

non-foliar (1.119±0.3331) < other species leaves (1.620±0.0959) < banana 

leaves III (5.583±0.825) < Swietenia macrophylla leaves (9.575±3.128) < 

Myrcia deflexa leaves (40.61±5.739). Mass flux from plant to soil (kg ha-1 yr-

1) increased in the order: Myrcia deflexa leaves (174.9±33.44) < other species 

leaves (1816±363.6) < non-foliar (2473±606.2) < Swietenia macrophylla 

leaves (3102±1509). Resulting Si fluxes from plants to soil (kg ha-1 yr-1) 

increased in the order: non-foliar (2.767±1.502) < other species leaves 

(2.942±0.7633) < Myrcia deflexa leaves (7.104±2.362) < Swietenia 

macrophylla leaves (29.71±24.15). In the FO-396 plot, the total Si flux from 

plant to soil amounted to 42.52 kg ha-1 yr-1. The Si in standing biomass of the 

FO-396 plot was 836 kg ha-1. 

Table 6-3: Si concentrations, mass fluxes, and Si fluxes of the different plant samples 

of the forest. 

 Non-foliar SMa leaves MDb leaves OSc leaves Banana leaves 

Si concentration  

(g kg-1) 

1.12 (0.33) 9.58 (3.13) 40.61 (5.74) 1.62 (0.10) 5.58 (0.83) 

Mass flux  

(kg ha-1 yr-1) 

2473  (606.2) 3103 (1509) 174.9 (33.44) 1816 (363.6) nd 

Si fluxes  

(kg ha-1 yr-1) 

2.77 (1.50) 29.71 (24.15) 7.10 (2.36) 2.94 (0.76) nd 

aSM corresponds to Swietenia macrophylla, bMD corresponds to Myrcia deflexa, cOS 
corresponds to other species. 
Values in parentheses are standard errors 

6.4.3 Soil Si pools  

The quantified soil Si pools are the ISi pool that includes the LSi and PSi pools, 

the ox-Na2CO3-Si pool mainly composed of the PhSi pool, and the CaCl2-Si 

pool that represents the DSi pool. All these pools are given for the topsoil 

(00-20 cm) of the FO-396 and BA-343 plots in Table 6-4. All these pools were 

significantly (p < 0.001) larger in the banana topsoil than in the forest topsoil. 

However, the PhSi and DSi concentrations (mg kg-1) were larger in the forest 

topsoil (6001 and 14.35, respectively) than in the banana topsoil (5024 and 
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12.72, respectively); the ISi concentration (g kg-1) was larger in the banana 

topsoil (139.4) than in the forest topsoil (121.7). 

Table 6-4: Average inorganic (LSi + PSi), phytogenic (PhSi), and dissolved Si (DSi) pools 
in the topsoil (00-20 cm) in the FO-396 and BA-343 plots. 

 ISi (LSi + PSi) PhSi (ox-Na2CO3-
Si) 

DSi (CaCl2-Si) 

 t ha-1 g kg-1 kg ha-1 mg kg-1 kg ha-1 mg kg-1 

FO-
396 

68.15  
(1.337) 

121.7 
(2.387) 

3361 
(181.8) 

6002 
(324.6) 

8.035 
(0.3995) 

14.35 
(0.7135) 

BA-
343 

170.8 
(8.409) 

139.4 
(6.859) 

6160 
(661.9) 

5024 
(539.9) 

15.59 
(1.021) 

12.72 
(0.8331) 

Values in parentheses are standard errors. 

6.5 Discussion 

6.5.1 Andosol properties 

Analyses of the soil pedons pointed the forest soil as an Aluandic Hydric 

Dystric Andosol (Fulvic), and the banana soil as Silandic Dystric Andosol 

according to the WRB classification system (IUSS 2014). In the forest soil, the 

very large content in SOC in Ah1, Ah2, and AB horizons greatly influenced the 

properties of these horizons. Aluminum cation was mainly complexed with 

soil organic matter (SOM), preventing the formation of short range-ordered 

(SRO) minerals (Shoji et al., 1993) as illustrated by the high Alp/Alo ratios, and 

the low allophane content (<5%). Micro-aggregation involving organo-

mineral associations as well as SRO minerals resulted in a low bulk density. 

In mineral horizons, allophane content was larger as the SOC content 

decreased. The soil exchange complex was desaturated in all horizons. In 

Ah1, exchangeable and total Ca, Mg, and K cations were larger than in other 

horizons (Table 6-2 and 6-S2). This is likely due to the uptake of these cations 

by plants that further return it on the topsoil by litterfall. 

TRB and Fed/Fet can be used as indicators of the soil weathering stage 

(Herbillon, 1986). The regular decrease in SOC from Ah1 to Bw2 suggests that 

these horizons could belong to the same weathered ash layer. The 

progressive decrease in TRB from Ah1 to Bw1 may account for an enrichment 

of fresh ash in the topsoil or the biological cycle of nutrients (Jobbágy and 

Jackson, 2001). From Bw2 to 3Bw, TRB varies in a narrow range (99-116 cmolc 

kg-1). The depth-variation of Fed/Fet supports that the sequence Ah1-Bw2 
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(Fed/Fet = 0.5-0.6) belongs to the same weathered ash deposit. This ratio 

abruptly decreased in 2BC (0.24), then increased in 3A (0.53). 

The banana pedon had a thick AB horizon resulting from tillage practices. SOC 

progressively decreased from AB to BC.  

6.5.2 In the forest, the biological Si feedback loop is controlled by 
two species 

In the studied forest, the annual Si uptake by plants (kg ha-1 yr-1) amounted 

to 42.52. Annual Si uptakes by tropical forests (kg ha-1 yr-1) amounted to 7 

(Meunier et al., 2010), 21-50 (Lucas, 2001), 58-76 (Alexandre et al., 1997), or 

even 450-670 in the particular case of a bamboo forest (Meunier et al., 1999). 

In our study, Si plant uptake was thus in the same range as that reported by 

Alexandre et al. (1997) and Lucas (2001) for tropical forests that developed 

on Ferralsols. In our case, two species (Myrcia deflexa and Swietenia 

macrophylla) contributed to 86.6% of total Si uptake and Si restitution on 

soil. Myrcia deflexa was rather negligible in terms of mass fluxes, but 

accumulated important amounts of Si. Swietenia macrophylla was the 

dominant species in terms of mass fluxes, and accumulated important 

amounts of Si, and therefore contributed to 69.9% of the total Si bio-cycling. 

In the studied forest, Si bio-cycling therefore greatly depended on Swietenia 

macrophylla as dominant species. As Swietenia macrophylla trees were 

planted about fifty years ago, we can consider that Si bio-cycling is strongly 

disturbed by human forest management. Excluding this species, Si bio-cycling 

would amount to 12.81 kg ha-1 yr-1, which is closer to the Si bio-cycling 

measured by Meunier et al. (2010) in a tropical forest that developed on 

poorly weathered volcanic soils. Therefore, Si fluxes in the studied forest are 

controlled by plant species because of human forest management. The 

abundance of high Si-accumulating species in forest ecosystems is thus a very 

important factor impacting plant Si uptakes. Extreme cases are bamboo 

forests, the natural environments with the highest density of high Si-

accumulating plants. They recycle the largest Si quantities through plant 

uptake and litterfall (Li et al., 2006; Meunier et al., 1999; Umemura and 

Takenaka, 2014), and may impressively impact the PhSi storage in soil 

(Meunier et al., 1999). 
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6.5.3 The PhSi storage in soil and resultant Si fluxes 

Part of the phytoliths returned to soil is stabilized in soil and may further 

migrate in the soil profile (Alexandre et al., 2011, 1997; Blecker et al., 2006). 

However, we were not able to estimate this part in the studied soils (Chapter 

5 for justifications). Therefore, two scenarios were assumed, as based on 

literature data (Table 6-5): Scenario (1): PhSi storage of 8% (Alexandre et al., 

1997); Scenario (2): PhSi storage of 31% (Blecker et al., 2006) (Chapter 5). 

Depending on the scenario, PhSi storage ranged from 3.64 (Scenario 1) to 

13.18 kg ha-1 yr-1 (Scenario 2). Resulting PhSi dissolution ranged from 29.34 

(Scenario 2) to 39.12 kg ha-1 yr-1 (Scenario 1) (Figure 6-2). Considering a 

steady-state Si cycle, the dissolution of LSi and PSi pools, including 

neoformation of PSi minerals, amounted to 87.79 kg ha-1 yr-1 with Scenario 

1, and 97.57 kg ha-1 yr-1 with Scenario 2 (Figure 6-2). 

Table 6-5: Si fluxes estimated for the FO-396 plot assuming PhSi storage of 8 and 31%. 

 PhSi 
storage 

DSi 
uptake 

by plants 

PhSi 
input to 

soil 

PhSi 
dissolution 

in soil 

DSi 
output by 
lixiviation 

Mineral 
dissolution1 

 % kg ha-1 yr-1 

FO-396 8 42.52 
(28.78) 

42.52 
(28.78) 

39.12 
(26.48) 

84.39 
(5.752) 

87.79 
(8.052) 

FO-396 31 42.52 
(28.78) 

42.52 
(28.78) 

29.34 
(19.86) 

84.39 
(5.752) 

97.57 
(14.67) 

1The mineral dissolution includes the neoformation of secondary silicates. 
Values in parentheses are standard errors. 
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6.5.4 How do plants impact the mineral Si feedback loop? 

Plants promote mineral weathering through Si uptake from soil solution 

(Alexandre et al., 1997; Blecker et al., 2006; J-T Cornelis et al., 2011; Drever, 

1994; Moulton et al., 2000). When phytolith dissolution does not match the 

plant uptake, the Si deficit is compensated through LSi and PSi weathering 

(Blecker et al., 2006). As a part of plant Si is mostly stored for long periods 

(Alexandre et al., 2011, 1997; Blecker et al., 2006; Yang and Zhang, 2018), 

phytolith dissolution does not match Si plant uptake. Therefore, the 

biological Si feedback loop promotes LSi and PSi dissolution (Alexandre et al., 

2011, 1997; Bartoli, 1983; Blecker et al., 2006; Lucas et al., 1993; Yang and 

Zhang, 2018). In the FO-396 plot, without any biological Si feedback loop, LSi 

Figure 6-2: Steady-state soil-plant Si cycle established for the forest plot assuming (a) 

8% of PhSi storage, and (b) 31% of PhSi storage. 
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and PSi dissolution would amount to 84.4 kg ha-1 yr-1. However, when we 

considered the biological Si feedback loop, depending on the scenario, LSi 

and PSi dissolution ranged from 87.79 (Scenario 1) to 97.57 kg ha-1 yr-1 

(Scenario 2) (Figure 6-2 and Table 6-5). Plant Si uptake therefore increased 

LSi and PSi dissolution from 3.4 to 13.18 kg ha-1 yr-1, depending on the 

scenario. This is in the same range of values as the ones reported for tropical 

forest (6 kg ha-1 yr-1, Alexandre et al. 1997), grasslands (4 to 16 kg ha-1 yr-1, 

Blecker et al. 2006), temperate forests (4 to 6 kg ha-1 yr-1, Bartoli 1983), but 

lower than savanna ecosystems (24 to 76 kg ha-1 yr-1, Alexandre et al. 2011). 

This can be explained by a combination of two factors that favor LSi and PSi 

dissolution in savanna ecosystems: (i) the dominance of high Si-accumulating 

plants in these ecosystems, and (ii) the exports of Si by ash exportations 

resulting from human fires.  

6.5.5 The transition from forest to banana plantation: impacts on 
the Si cycle 

Converting forest into cropland impacts the Si cycle (Barão et al., 2014; 

Guntzer et al., 2012; Struyf et al., 2010; Vandevenne et al., 2015; Chapter 4). 

Here, forest Si uptake and return to soil are compared to the ones of a 

banana plot located 2.8 km away from the FO-396 plot (Chapter 5), named 

BA-173 (altitude in m asl). The soils from FO-396 and BA-173 plots did not 

differ in weathering stage (TRB BA-173 = 94.3 cmolc kg-1 and TRB FO-396 = 

106.3 cmolc kg-1). The banana leaf Si content did not significantly differ 

between BA-343 and BA-173, although the pool of CaCl2-Si was significantly 

lower in BA-343 (15.6 ± 1.02 kg ha-1) than in the BA-173 (48.5 ± 14.3 kg ha-1). 

Comparison between the soil-plant Si cycle between BA-173 and FO-396 

would therefore allow us to determine the impact of land use on this cycle. 

Table 6-6: Mean Si concentrations in banana leaf III of BA-343 and BA-173 plots. 

 BA-345 BA-173 

Si banana leaf III (g kg-1) 5.56 (0.83) 4.98 (0.34) 

Values in parentheses are standard deviations. 

The forest ecosystem exhibits a very large standing biomass (747 t ha-1, FAO 

2010 see Section 6.3.5), whereas the cultivated ecosystem has a lower 

biomass (about 14.3 t ha-1, Chapter 5). The Si mineralomass in standing forest 

biomass was estimated from the standing biomass given for hygrophile 
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forest in Guadeloupe (FAO, 2010) and the average Si concentration in non-

foliar samples (1.1 g kg-1). It amounted to 836 kg Si ha-1. The Si mineralomass 

in BA-173 at harvest amounted to 54 kg Si ha-1.  

However, annual net primary productivity was lower in FO-396 (about 7.6 t 

ha-1 yr-1 – estimated with annual biomass return in litterfall traps and 

considering steady-state) than in BA-173 (about 28.6 t ha-1 yr-1 – estimated 

with the total biomass at harvest and considering two harvests per year). 

Firstly, because wood production requires much more energy than that of 

non-ligneous banana shoots. Secondly, because biomass production in 

croplands is enhanced by the use of fertilizers and phytosanitary products. 

Annual plant Si uptakes (kg ha-1 yr-1) were therefore four times larger in BA-

173 (171.4±21.70) than in FO-396 (42.52±28.78). Since Si exports by harvest 

were relatively low for BA-173 (see Chapter 5), annual Si restitutions on soil 

(kg ha-1 yr-1) for the BA-173 (161.3±20.71) were also ~4 times larger than for 

FO-396 (42.52±28.78). 

Finally, Si leaching amounted to 84.4 kg ha-1 yr-1 for FO-396 and to 106.3 kg 

ha-1 yr-1 for BA-173. In the forest, Si leaching beneath the trees root systems 

might be below the estimated value since tree rooting systems are much 

deeper than 60 cm (Canadell et al., 1996). The value given here is therefore 

a maximum. In contrast, banana crop has a very shallow root system (~85% 

of the roots in the top 35 cm) (Delvaux and Guyot, 1989; Gousseland, 1983b). 

The large total soil Ca, Mg, and K contents in the upper horizons of the FO-

396 plot may be due to biological pumping, which uplifts nutrients from deep 

to surface horizons (Jobbágy and Jackson, 2001) through root uptake and 

further litterfall (see Section 6.5.1). We think that the slightly lower Si 

leaching at 60 cm depth under the forest could be due to two reasons. Firstly, 

in the forest, the litter forms an environment with a very dense root network 

(Figure 6-3) in which limiting nutrients are concentrated (Jobbágy and 

Jackson, 2001), and the turnover of C and nutrients is large (Greenland and 

Nye, 1959). This could partly explain the lower Si output by leaching in the 

FO-396 plot. However, as the banana crop ecosystem was exclusively 

covered by Si-accumulating plants, Si uptake was still larger for the BA-173 

plot than for the FO-396 plot despite the more efficient rooting systems of 

the forest. Secondly, DSi is highly mobile in well drained soils as it is 

uncharged (H4SiO4
0) (Nguyen et al., 2016). Therefore, rainfall strongly affects 
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the Si concentration in the soil solution (Chapter 2), affecting Si exports 

through leaching. 

Therefore, land use greatly 

impacts the soil-plant Si cycle 

in our case study. In the forest 

ecosystem, Si was mainly 

stored in the standing biomass, 

with relatively low Si bio-

cycling. In the banana crop 

ecosystem, Si bio-cycling was 

intense but with little Si in the 

standing biomass (Figure 6-4).  

In the BA-173 plot, the 

biological Si feedback loop 

increased mineral weathering from 23.0 to 60.1 kg Si ha-1 yr-1 depending on 

the scenario (Chapter 5). These values were therefore larger than for the 

forest ecosystem (from 3.4 to 13.2 kg Si ha-1 yr-1). This is due to the larger Si 

uptake by plants in the BA-173 plot than in the FO-396 plot, and to the Si 

exports through harvest in the BA-173 plot. Forest and banana crop land use 

therefore also impacted the dissolution of the LSi and PSi minerals. The ISi, 

ox-Na2CO3-Si, and CaCl2-Si pools (kg ha-1) in topsoil were all larger in the BA-

343 plot (170800±8409; 6160±661.9; 15.59±1.021, respectively) than in the 

FO-396 plot (68150±1337; 3361±181.8; 8.035±0.3995, respectively) (Table 

6-4). However, this was mainly due to the very low bulk density of the forest 

topsoil as ISi, ox-Na2CO3-Si, and CaCl2-Si concentrations (mg kg-1) in the BA-

343 plot topsoil (139400±6859; 5024±539.9; 12.72±0.8331, respectively) 

were more comparable to ISi, ox-Na2CO3-Si, and CaCl2-Si concentrations (mg 

kg-1) in the FO-396 plot topsoil (121700±2387; 6002±324.6; 14.35±0.7135, 

respectively). Converting forest to cropland decreases SOC content, 

impacting soil aggregation, and bulk density. Moreover, tillage practices can 

also promote soil compaction. Soil ISi, PhSi and DSi pools (Table 6-4) in the 

Figure 6-3: Picture of the very dense root 
network of the litter in the FO-396 plot. 
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topsoil (00-20 cm) were much larger in the BA-343 plot likely because of the 

increase in bulk density due to management practices (Dorel et al., 2000).  

6.6 Conclusion 

The soil-plant Si cycle in the FO-396 plot was controlled by two plant species: 

Swietenia macrophylla and Myrcia deflexa. This demonstrated that species 

composition of a forest tremendously impacts the soil-plant Si cycle. 

Converting forest into banana cropland greatly impacts the soil-plant cycle 

of Si. In the forest ecosystem, Si is largely stored in the standing biomass, and 

the biological Si feedback loop is rather weak. In contrast, in the banana crop 

ecosystem, the biological Si feedback loop is intense, and strongly impacts 

mineral weathering, thus affecting LSi and PSi pools. 

Figure 6-4: Comparison between the biological Si feedback loop of (a) the FO-396 plot, 
and (b) of the BA-173 plot. Si in standing biomass is much larger in the forest ecosystem 
than in the banana cropland. However, plant Si uptakes, and Si returns on soil by plants 
are much larger in the banana cropland than in the forest ecosystem. Si leaching is in 
the range of value even if slightly larger for the banana cropland. 
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 Tracing silicon fluxes from forested and 
cultivated volcanic watersheds using Ge/Si ratio5 

 

Abstract 

Among the factors influencing silicon (Si) fluxes from continent to ocean, land 

use is determinant in temperate environments. These fluxes are expected to 

be particularly important from tropical volcanic islands. Here, we determined 

elemental concentrations and Ge/Si ratio in aqueous samples including 

groundwater, soil solution, river at base flow and during flood events within 

watersheds differing in land use, and covered by gibbsite-rich Andosols in 

Guadeloupe. Ge/Si ratios, Si and Al concentrations of soil solution indicate 

that phytoliths and lithogenic silicates were likely the main contributors of 

dissolved Si in soil solution. Simulations from a two components mixing 

model suggest that phytolith dissolution contributed to ~70-95% of dissolved 

Si in soil solution whatever the land use: banana, sugarcane or forest. Thus, 

here, land use did not influence the relative contribution of phytoliths to 

dissolved Si in soil solution. This is in agreement with previous results 

showing that, in the studied croplands, the exported quantity of phytoliths 

through crop harvest was negligible compared to the one returned to soil 

with plant residues. At base flow, Si fluxes toward river were controlled by 

groundwater, hence by mineral weathering. In contrast, during flood events, 

soil solution could impact the Si fluxes exported into rivers. The contribution 

of soil solution and/or runoff in croplands during intense flood events could 

be significant in small watersheds that were exclusively cultivated, but was 

not significant in large watersheds where forest dominated the upstream 

positions. 

                                                           

5 Manuscript in preparation for submission in an international peer-reviewed journal. 
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7.1 Introduction 

Silicon (Si) plays major ecological roles related to eminent global 

problematics in continental and marine ecosystems. In the latter, Si is a major 

nutrient for diatoms (photosynthetic phytoplankton). Si fluxes from 

terrestrial ecosystems to watersheds therefore impact the ocean capacity to 

fix C by controlling the diatom population (a.o. Ragueneau et al., 2006; 

Tréguer and Pondaven, 2000; Tréguer et al., 2018). Upstream, in coastal 

areas, the ratio of Si to nitrogen (N) and phosphorus (P) of river waters is a 

crucial factor in eutrophication (Cloern, 2001; Schelske and Stoermer, 1971). 

Overall, Si fluxes toward rivers firstly depend on the pools of weatherable 

silicate minerals. Mineral weathering further depends on the residence time 

of water in soils and rocks, , temperature, rainfall, in particular the amount 

of water available to leach solutes, topography, and land use (Conley et al., 

2008; Cornelis et al., 2011; Dürr et al., 2011; Jennerjahn et al., 2006; Struyf 

et al., 2010). Converting forest into cropland affects the Si fluxes from 

continent to ocean (Ameijeiras-Mariño et al., 2018; J. C. Carey and Fulweiler, 

2012; Conley et al., 2008; Struyf et al., 2010). This conversion first increases 

Si fluxes toward rivers because (1) the pool of phytogenic Si (PhSi) is 

progressively depleted under cropping (Conley et al., 2008; Struyf et al., 

2010) and (2) erosion of cultivated lands exports particulate Si (Clymans et 

al., 2015b; Mangalaa et al., 2017). In the long term, however, Si exports from 

croplands may decrease at lower levels than in forest (Jennerjahn et al., 

2006; Struyf et al., 2010) since successive harvests deplete the PhSi pool in 

soil and progressively the total Si pool (Barão et al., 2014; Struyf et al., 2010; 

Vandevenne et al., 2011, 2015).  

The volcanic island of Basse-Terre in Guadeloupe has among the highest 

chemical weathering rate worldwide since high precipitation and 

temperatures, permeable volcanic rocks, and dense vegetation all favor 

chemical weathering (Gaillardet et al., 2011a, 2011b; Rad et al., 2013, 2011). 

Extreme meteorological events such as hurricane or tropical storm lead to 

floods. Though occurring during 10% of the time (Lloret et al., 2011), these 

floods account for ~40% of the annual water flux (Lloret et al., 2013), and for 

21 to 31% of annual chemical weathering fluxes (Dessert et al., 2015). This 

island is largely cultivated at low altitude since pedo-climatic conditions are 

favorable to intensive cropping (Dorel et al., 2000). Banana and sugarcane 

are Si accumulating plant species (Henriet et al., 2006; Hodson et al., 2005), 
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and are the main crops in Guadeloupe. Banana and sugarcane cropping 

strongly impacts the soil-plant cycle of Si (Chapter 5 and Chapter 6). These 

plant species take up high amounts of Si, accelerating mineral weathering, 

and return large amounts of PhSi to topsoil since little PhSi is exported 

through crop harvest (Chapter 5). The PhSi pool thus controls the dissolved 

silicon (DSi) concentration in the topsoil. Banana and sugarcane croplands 

could therefore impact Si fluxes toward watersheds. The impact of 

agricultural land use on these Si fluxes has been investigated in temperate 

areas (Conley et al., 2008; Hood and Van Cappellen, 2014; Struyf et al., 2010), 

but not in the humid tropics. The precise identification of land use impact on 

Si fluxes toward rivers is an acute challenge since Si sources are multiple 

(Ameijeiras-Mariño et al., 2018; Cornelis et al., 2011; Georg et al., 2006; Kurtz 

et al., 2011; Robinet et al., 2018). The aqueous continuum from soil to spring 

involves surface water, soil solution, and groundwater. The solid phase 

encompasses a number of silicates of lithogenic, pedogenic and biogenic 

origin. Besides, processes controlling Si concentrations are numerous 

(Garrels and Christ, 1965; Lindsay, 1979; Rai and Kittrick, 1989): dissolution 

of lithogenic and pedogenic silicates (LSi and PSi), as well as biogenic silica, 

and sorption/desorption on oxide surfaces. However, the use of the 

germanium to silicon ratio (Ge/Si) as a tracer may overcome this problem as 

reviewed by Cornelis et al. (2011). PhSi particles have amongst the lowest 

Ge/Si ratio since plants discriminate Si against Ge (Blecker et al., 2007; 

Cornelis et al., 2011; Delvigne et al., 2009; Derry et al., 2005). During PSi 

neoformation, Ge substitutes for Si and PSi minerals are therefore enriched 

in Ge as compared to parent rock (Kurtz et al., 2002; Murnane and Stallard, 

1990). Consequently, the Ge/Si ratio of soil solution and streams is below 

that of the parent rock (Mortlock and Frohlich, 1987). Therefore, the Ge/Si 

ratio of river waters depends on the relative contribution of PhSi, PSi, and LSi 

to DSi exported to rivers. The Ge/Si ratio can thus be used as a geochemical 

tracer of land use impact on Si fluxes toward rivers. 

Here, we studied the Si concentrations, Si fluxes, and Ge/Si ratios in river 

waters at base flow and during flood events at different gauging stations 

within watersheds differing in geomorphological properties and land use in 

Guadeloupe (forest, sugarcane, and banana). We characterized these 

parameters in the aqueous continuum from soil to spring: soil solution, 

runoff water, groundwater, and tributaries. 
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7.2 Environmental framework 

 The two watersheds are located in the Southern part of the Basse-Terre 

Island in Guadeloupe (16°N 61°W): the Pères River watershed (8.95 km²), and 

the Pérou River watershed (12.15 km²) (Figure 7-1; Crabit et al. (2016), Pépin 

et al. (2017)). These watersheds differ in area, topography, base flow 

discharge, flood discharge, and rainfall (Table 7-1). Both watersheds are 

monitored at gauging stations (GS) within the “Observatoire sur la Pollution 

agricole aux AntilLEs (OPALE)” framework by CIRAD, BRGM, IRD, and INRA 

organisms. The climate is tropical monsoon (Köppen classification). Average 

annual rainfall (MAR) (from 1929 to 1978; ORSTOM) is ~ 4700 mm on the 

Pérou River watershed (which drains the volcano from the highest altitudes), 

and ~ 3600 mm on the Pères River watershed (which drains mainly the 

cultivated area at low altitudes). MAR increases with increasing altitude due 

to the orographic lift of the trade winds from the Atlantic Ocean (from 2500 

mm at sea level to 4500 mm at the head of the Pères River watershed, and 

Figure 7-1: Location of the Pérou River and Pères River watersheds on the Basse-Terre 

Island (a,b), and location of sampling points on the background of the elevation map 

(c). Solid circles are stream gauging stations of the Pérou River (GS1, GS2, GS3), and 

Pères River (GS4, GS5), solid squares are wells (W1, W2, W3, W4), stars are springs of 

the Pérou River (SPU1-8) and of the Pères River (SPS1-3), solid diamonds are the 

tributaries of the Pérou River (TPU1, TPU2), and blue shapes are the plots where soil 

solutions were sampled. Soil solutions were collected under a banana plot (SS-BA-

173), a sugarcane plot (SS-SC-180), and a forest plot (SS-FO-396). Runoff waters were 

collected in the banana plot (RW-BA-173). 
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7000 mm at the head of the Pérou River watershed). Two seasons are 

distinguished: a dry season (December-May), characterized by brief showers, 

and a rainy season (hurricane season), from June to November, characterized 

by heavy rains and tropical waves. 

Main characteristics of the basins can be described from the downstream 

gauging stations (GS3 and GS4 in Table 7-1). Annual runoff was 3833 mm on 

the Pérou River watershed (measured from October 2009 to September 2010 

(Crabit et al., 2016)), and 416 mm on the Pères River watershed (measured 

from November 2013 to October 2014 (Pépin et al., 2017)). 

Evapotranspiration (ET), estimated following Crabit et al. (2016), was 1012 

mm on the Pérou River watershed, and 1234 mm on the Pères River 

watershed. For the Pérou River watershed, most of the slopes are moderate 

(0-24%), even if 33% are steep (slope >48%), mostly at high altitudes (Crabit 

et al., 2016). For the Pères River watershed, most of the slopes are moderate 

(<9%). Mean annual discharges are 0.95 m³ s-1 and 0.07 m³ s-1 at base flow 

for the Pérou and Pères rivers respectively (Crabit et al., 2016; Pépin et al., 

2017). Measured peak annual discharges are 127 m³ s-1 and 3.6 m³ s-1 for the 

Pérou and Pères rivers respectively (Pépin et al., 2017; OPALE). Most of the 

Pérou River watershed is covered by forest (~75%), while croplands covers 

~19% of the surface of the watershed. Most of the Pères River watershed is 

covered by cultivated lands (~57%), while forest covers ~17% of the surface 

of the watershed. Forest is an evergreen tropical rainforest with a.o. Sterculia 

caribaea, Sloaena dentate, Sloaena massonii, Thelypteris reticulate, Prestoea 

montana. Croplands are intensively used for the productions of dessert 

banana (Musa acuminata) and sugarcane (Saccharum officinarum).  

The watersheds are underlain by three geological formations (Charlier et al., 

2015). (1) The fractured andesitic lavas of the Capesterre Mountain, which 

outcrop mostly at the left bank of the Pérou River (1023-435 kyr); (2) the less 

permeable formation of debris flows that have filled a paleo valley at the 

right bank of the Saint Denis River (< 0.5 Myr); (3) pyroclastic deposits (< 0.2-

0.5 Myr). These deposits were covered more recently (30,000-18,000 years 

BP) by successive pumice lapilli of several meters thick (Charlier, 2007) 

containing plagioclase, pyroxene and volcanic glass as the dominant 

weatherable minerals (Dagain, 1981; Ndayiragije, 1996). The soils are 

Andosols (Colmet-Daage and Lagache, 1969). They are strongly desilicated 
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and contain gibbsite. However, desilication increases with increasing altitude 

because of increasing rainfall (Chapter 2). At low altitude, allophane and 

halloysite are the main secondary minerals. With increasing altitude, the 

proportion of gibbsite and organo-mineral complexes increases.
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Table 7-1: Main characteristics of the studied watersheds. Altitude above sea level of the gauging station. Surface area and slopes of the 
watersheds. Hydrologic characteristics: operating period of gauging stations, discharge during base flow and flood (mean±SD), and mean annual 
rainfall, runoff, evapotranspiration, and gain of water for groundwater. Data of GS1, GS2, and GS3 come from (Crabit et al., 2016), and data of 
GS4 come from (Pépin et al., 2017). 

 River Altitude Area Part of watershed 
where slopes are 

Operating 
period1 

Mean base 
flow 

Mean flood Mean annual 

  m km² 9-24 25-48 49-99  Discharge Discharge Rainfall Runoff ET2 Gain3 

    % % %  m³ s-1 m³ s-1 mm yr-1 

GS1 Pérou 230 9.06 45 35 4.0 Oct 2009 to 
Sept 2010 

0.76±0.59 6.30±4.37 6621 4699 915 1007 

GS2 Pérou 110 10.49 45 33 3.5 Oct 2009 to 
Sept 2010 

0.75±0.60 6.48±4.36 6210 4071 961 1178 

GS3 Pérou 20 11.92 44 28 2.9 Oct 2009 to 
Sept 2010 

0.95±0.66 6.56±6.27 5686 3833 1012 841 

GS4 Pères 76 6.43 16 3.9 0.0 Nov 2013 to 
Oct 2014 

0.07±0.03 0.218±0.221 3630 416 1234 1980 

1Operating period corresponds to the period during which data were collected. 
2ET corresponds to evapotranspiration. It was calculated following Crabit et al. (2016). 
3Gain corresponds to the annual change in storage. They were obtained following Crabit et al. (2016) (Gain = Rainfall – ET – annual runoff). 
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7.3 Material and method 

7.3.1 Sampling 

7.3.1.1 Stream water 

Five gauging stations (Figure 7-1) were settled by CIRAD, INRA, BRGM and 

IRD firstly within the ANR Chlordexo project and further the OPALE project in 

the Pérou and Pères rivers. They are used to measure water discharges, pH, 

electrical conductivity, and temperature (Figure 7-1c). Three stations are in 

the Pérou River, and two stations are in the Pères River. Stations are located 

upstream of croplands (GS1), in the middle of croplands (GS2), and 

downstream of croplands (GS3) in the Pérou River. Stations are located 

downstream of croplands in the Pères River (GS4 and GS5) (Figure 7-1). The 

respective surfaces drained in each gauging station increases from GS1 to 

GS3 (9.06, 10.49, 11.92 km², respectively; (Crabit et al., 2016)), and from GS4 

to GS5 (6.43, 8.95 km², respectively). GS4 was replaced in July 2016 by GS5 

due to logistical issues. GS5 is located 130 m downstream of GS4.  

Stream water samples were collected at base flow at stations GS1, GS2, GS3, 

and GS5, and during flood events at stations GS3 and GS5. Water samples 

were collected at base flow from June 2016 to July 2017 at least twice a 

month. For each station, 12 base flow samples were selected for analyses at 

12 different dates. The samples selected were those for which rainfall was 

minimal during the 24 hours prior to sampling. 

From April 2017 to June 2017, stream water samples were collected with 

automatic samplers (SIGMA SD900) during six flood events at the 

downstream stations of the Pérou (GS3) and Pères rivers (GS5). The sampling 

included flood events with low and high change in stream discharge. During 

one flood event, sampling started when the water level exceeded a pre-

defined level and 8 samples were collected at fixed increments or after 45 

min if the level increment had not reached the preset value. 

Water samples from two tributaries of the Pérou River (TPU1 and TPU2 – 

Figure 7-1c) were collected during base flow periods. Tributaries were 

sampled at their outlets (i.e. before their confluence with the Pérou River). 

7.3.1.2 Groundwater 
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Water samples from 8 springs located in the Pérou River bed (SPU1 to SPU8 

– Figure 7-1c) were collected, as well as from 3 springs in the Pères River bed 

(SPS1 to SPS3 – Figure 7-1c). 

Groundwater was also collected in four different wells (W1, W2, W3, and W4 

– Figure 7-1c) reaching aquifers from different geological layers. W1 allowed 

to collect water from the fractured andesitic lavas influenced by surface or 

soil infiltrations, W2 allowed to sample water from pyroclastic deposits, W3 

from fractured andesitic lavas, and W4 from pyroclastic deposits of a 

different origin from W1 (Charlier et al., 2015). Water was sampled after one 

hour of pumping. 

7.3.1.3 Soil solution 

Three plots were selected on the Pères River watershed: (i) banana and (ii) 

sugarcane plots next to each other at 173 m (BA-173) and 180 m asl (SC-180), 

respectively, and (iii) one forest plot at 396 m asl (FO-396) (Figure 7-1c). 

Twenty five zero-tension lysimeters were settled in all plots (10 under BA-

173 and SC-180, 5 under FO-396) at 60 cm depth. The lysimeters were placed 

as illustrated in Figure 7-S1a-e. (1) A hole was dug by augering to 89 cm depth 

(Figure 7-S1c-d). (2) The upper part of the lysimeter (Figure 7-S1b) was then 

filled with soil material of corresponding depth. (3) Finally, the lysimeter was 

driven into the hole, and the hole was carefully plugged back in with soil 

material while respecting the respective depths. Zero-tension lysimeters 

collect gravity water that mostly contributes to groundwater. Lysimeter 

waters were collected every ~200 mm of rainfall from July 2016 to April 2017 

in BA-173 and SC-180 plots, and from January 2017 to July 2017 in the FO-

396 plot. The first three samples were discarded to allow soil recovery from 

set up disturbance. In each plot, 20 soil solution samples (SS) were selected 

for analyses. 

7.3.1.4 Runoff waters at the plot scale 

Surface runoff waters (RW) were collected in the BA-173 plot (RW-BA-173) 

in October 2016. Three samples were selected for analyses. Runoff water was 

collected through a device set up in a gully (see Figure 7-S1f,g). A metal plate 

pierced in its center prevented water from flowing into the gully. A pipe 

connecting the hole in the plate to a tank was used to collect runoff water. 

Water was then collected in the tank within the 24 h following the rain event. 
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7.3.2 Hydrological variations of the sampled flood events 

The hydrographs of the flood events at GS3 on 9 May 2017 (FPU1), 14 June 

2017 (FPU2), and 18 June 2017 (FPU3), and at GS5 of the 28 April 2017 (FPS1), 

11 May 2017 (FPS2), and 18 June 2017 (FPS3) are shown in Figure 7-2. Dates 

of sampling differ between both stations for several reasons. Firstly, similar 

rainfalls in height, duration and intensity did not result in similar water levels 

at stations GS3 and GS5. Secondly, the predefined water level for the 

initiation of sampling was adjusted to each GS. Thirdly, technical problems 

may have led to the interruption of sampling at one of the two GS while the 

other was still operating. 

In the Pérou River, the flood FPU1 (Figure 7-2a) was a high intensity event (3 

similar events occurred from October 2009 to September 2010). Water 

discharge before the flood was 3.9 m³ s-1. Water discharge increased 12.6 

times at the first peak (49 m³ s-1), and 15.6 times at the second peak (61 m³ 

s-1). FPU2 (Figure 7-2b) was less intense and a little more frequent as 11 

floods reached similar discharges from October 2009 to September 2010. 

Water discharge was 2.7 m³ s-1 before the flood and water discharge at peak 

flow was 12.6 times larger (34 m³ s-1). Rainfall at the gauging station stayed 

rather low and the event was probably generated by rainfall at higher 

altitude. FPU3 (Figure 7-2c) was a very common event as 47 floods reached 

similar discharges from October 2009 to September 2010. Water discharge 

was 2.6 m³ s-1 before the flood and reached 10 m³ s-1 at peak. 

For floods in the Pères River, available water discharges at station GS5 are 

from July 2016 until January 2017 (Pépin et al., 2017). Therefore, the 

intensity classification between small, medium and high intensity events is 

not as precise as at station GS3. However, 39 floods were recorded during 

this period (Pépin et al., 2017). From these 39 floods, data on the 10 most 

intense events are available (Pépin et al., 2017) and indicate that the first 

flood (following an order according to peak water discharge) reached a peak 

water discharge of 11.7 m³ s-1, while the tenth flood reached a peak water 

discharge of 0.95 m³ s-1. Mean peak water discharge of the ten biggest flood 

events was 3.71 m³ s-1. This information was used to classify floods FPS1, 

FPS2, and FPS3. For FPS1 (Figure 7-2d), stream water discharge increases 4.7  
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Figure 7-2: Stream hydrographs for (a) the 9 May 2017 (FPU1), (b) the 14 June 2017 (FPU2), (c) the 18 June 2017 (FPU3) flood events at GS3, 
(d) the 28 April 2017 (FPS1), the 11 May 2017 (FPS2), and 18 June 2017 (FPS3) flood events at GS5. Blue curves represent the stream discharge, 
orange curves represent precipitation intensity, and the solid circles represent the water samples collected during the events. Precise 
description of the floods is given in section 7.3.2. 
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times (from 0.23 m³ s-1 prior to the event up to 1.08 m³ s-1 at peak). FPS2 

(Figure 7-2e) was bigger. Discharge was 0.04 m³ s-1 prior to the event, and 

increased 153 times to reach 6.1 m³ s-1 at peak. No rainfall was measured 

prior to the event, meaning that flood could result from rainfall at higher 

altitude only. However, this is little surprising given the intensity of the flood. 

Moreover, rainfall data were not always reliable and a malfunction of the 

rain gauge could also justify this. For FPS3 (Figure 7-2f), the flood event 

resulted from rainfall at low altitude that reached an intensity of 28 mm h-1. 

Resulting water discharge increased from 0.19 m³ s-1 to 2.23 m³ s-1 at peak.  

7.3.3 Water elemental analyses 

Within 24h after sampling, water was filtered through a 0.2 m 

polycarbonate membrane and acidified at 0.25% Suprapur nitric acid. The 

analyses were carried out on all aqueous samples listed above. 

7.3.3.1 Major elements 

The concentration of major elements (Si, Al, Fe, Ca, Mg, K, and Na) were 

determined on all types of water by inductively coupled plasma-atomic 

emission spectrometry (ICP-AES; iCAP 6500 Thermo Fisher Scientific). 

Detection limit (ppb) was 10, 2, 5, 10, and 10 for Si, Ca, Mg, K, and Na 

respectively, and precision is <0.5%. 

7.3.3.2 Ge measurement and Ge/Si ratio 

Ge concentration was measured by inductively coupled plasma mass 

spectrometry (ICP-MS; iCAP Q Thermo Scientific) using 74Ge isotope. 

Detection limit was 0.003 ppb. For each set of measures, Ge concentration 

was measured in blanks, Ge standards (0.05 ppb, 0.1 ppb, 0.2 ppb, 0.4 ppb), 

and a reference material (SLRS-6). The precision is 8% for concentrations 

below 0.001 ppb and from 3 to 4% for concentration above 0.001 ppb. Ge/Si 

ratios were calculated and expressed in µmol mol-1. 

7.3.4 Estimation of Si fluxes in rivers 

Si fluxes were estimated at stations GS1, GS2, GS3, and GS4. Discharge was 

measured at gauging stations as water level was measured every 3 min with 

a pressure detector. Gauging campaigns were regularly conducted to adjust 

the calibration curves relating discharge with water level (Pépin et al., 2017). 

Discharge data were collected for a complete year operating period for each 
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gauging station (Crabit et al., 2016; Pépin et al., 2017). Namely from October 

2009 to September 2010 for GS1, GS2, and GS3 (Crabit et al., 2016), and from 

November 2013 to October 2014 for GS4 (Pépin et al., 2017). For GS5 

discharge was measured from July 2016. Based on the discharge dataset at 

GS1, GS2, GS3, and GS4, we estimated the mean discharge value for base 

flow and for flood conditions (Table 7-1). Due to a lack of data for station 

GS5, we could not estimate the mean discharge value for base flow and flood 

conditions at that station. To differentiate the base from the flood flow, we 

proceeded as indicated in Lloret et al. (2011). More specifically, the discharge 

was plotted against frequency for each station. Two hydrological periods 

were evidenced. A first period that includes 90% of the annual flux 

corresponded to the base flow levels. The second period that included the 

last 10% of the annual flux corresponded to the flood water levels.  

Annual Si fluxes at base flow were estimated at GS1, GS2, GS3, and GS4 by 

multiplying mean Si concentration by the mean discharge and the occurrence 

of base flow (90%). This was a first estimate based on available data. Yet, 

uncertainties remain given that the precision on river discharge is highly 

dependent on fixed parameters at which the water level is measured, which 

may vary depending on the size of the river bed. For the Pères River, we used 

Si concentrations at station GS5 (where water samples were collected) and 

mean discharge levels at GS4 (due to the lack of data to estimate the mean 

annual discharge at GS5) to estimate Si fluxes at base flow. GS4 and GS5 are 

located close to each other (130 m), and no springs or tributaries were 

identified between these two stations. Therefore, we do not expect that 

water discharge or Si concentration would significantly differ between GS4 

and GS5 at base flow.  

Annual Si fluxes during floods were estimated by multiplying the mean Si 

concentration during each event by the mean discharge at flood water levels 

and the occurrence of floods (10%). However, during flood events, pipelines 

collecting runoff water from cultivated and inhabited areas contributed to 

the river between GS4 (where discharge was measured) and GS5 (where Si 

concentrations have been measured), and could have significantly increased 

the river discharge and influence Si concentration. Therefore, the mean 

water discharge of flood conditions at GS4 are considered as the minimum 

discharge value for GS5 during floods. We estimate annual Si fluxes during 
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floods using mean water discharge in flood conditions at GS4 and mean Si 

concentration during flood at GS5.  

Total annual Si fluxes were estimated at GS3 and GS4 by adding the annual 

Si fluxes at base flow to the annual Si fluxes during floods.  

7.3.5 Two components mixing model 

The two components mixing model is used to determine the relative 

importance of two Si sources to a solution sample (Derry et al., 2005; Kurtz 

et al., 2011). It is based on the Ge/Si ratio of the Si sources and on the 

resulting Ge/Si ratio of the aqueous sample (Equation 1). It can be used if 

only two Si sources with contrasting Ge/Si ratios are expected to contribute, 

and if no processes preferentially incorporating Ge relative to Si (or Si relative 

to Ge) occurs (Derry et al., 2005).  

𝐺𝑒/𝑆𝑖𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑥 𝐺𝑒/𝑆𝑖𝑐𝑜𝑚𝑝1 + (1 − 𝑥)𝐺𝑒/𝑆𝑖𝑐𝑜𝑚𝑝2      𝐸𝑞 1  

Ge/Sisample corresponds to the Ge/Si ratio of the aqueous sample, x is the 

relative contribution of component 1 (comprised between 0 and 1), 

Ge/Sicomp1 is the Ge/Si ratio of the component 1, and Ge/Sicomp2 is the Ge/Si 

ratio of the component 2. Relative contribution of component 2 is deduced 

by 1-x. 

This model was used here to determine the relative contribution in soil 

solution samples of PhSi dissolution (component 1) considering that LSi was 

component 2 (Scenario 1), or that PSi was component 2 (Scenario 2). We 

expect that the dissolution of PhSi, LSi, and PSi contribute concomitantly to 

the DSi in soil solution. Therefore, the real contribution of PhSi dissolution is 

likely comprised between the one obtained with Scenario 1 and Scenario 2. 

Phytoliths have low Ge/Si ratios ranging from 0.03 to 0.5 (Blecker et al., 2007; 

Delvigne et al., 2009; Derry et al., 2005; Lugolobi et al., 2010). LSi minerals, 

however, have a Ge/Si ratio commonly ranging from 2.3 to 2.9 μmol mol-1 

(Ameijeiras-Mariño et al., 2018; Derry et al., 2005; Kurtz et al., 2002; Lugolobi 

et al., 2010). PSi minerals of the studied soils are mainly SRO aluminosilicates 

of the allophane-imogolite series (most probably Al-rich allophane). Kurtz et 

al. (2002) reported a Ge/Si ratio for allophane ranging from 10 to 15 μmol 

mol-1. The mixing model considers that DSi in soil solution samples represents 

a contribution from the dissolution of PhSi (Component 1; x in Equation 1) 
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with a mean Ge/Si ratio of 0.25 μmol mol-1 (Ge/Sicomp1: Derry et al., 2005) and 

from the dissolution of: Scenario (1) primary minerals (Component 2: 1-x in 

Equation 1), i.e. the “weathering-derived Si” with a mean Ge/Si ratio of 2.6 

μmol mol-1 (Ge/Sicomp2: Derry et al., 2005), or Scenario (2) pedogenic minerals 

(Component 2: 1-x in Equation 1), with a mean Ge/Si ratio of 12.5 μmol mol-

1 (Ge/Sicomp2: Kurtz et al., 2002). 

This model was also used to determine the relative contribution of soil 

solution/runoff waters at the plot scale (Component 1), and groundwater 

(Component 2) to the DSi in stream waters samples during floods. Mean 

Ge/Si ratio of soil solutions/runoff waters were used to characterize 

Component 1. Mean Ge/Si ratio of stream water at base flow were used to 

characterize Component 2. 

7.4 Results 

7.4.1 Elemental composition of the water during low-flow periods 

Mean Na, K, Mg, Ca, Al and Si concentrations in stream waters at base flow, 

tributaries, springs, groundwater, soil solution, and runoff waters are given 

in Table 7-2. Data for each date of sampling are available in the 

Supplementary Table 7-S1. In river waters at base flow, elemental 

concentrations slightly increase from upstream station (GS1) to downstream 

one (GS3). Elemental concentrations were from 1.6 to 3.3 times larger in the 

Pères River station (GS5) than in the Pérou River stations (GS1-2-3). 

Elemental compositions of groundwater in springs and wells differed largely 

from one site to another. Elemental concentrations of soil solutions were 

larger in SS-BA-173 and SS-SC-180 than SS-FO-196, and are globally lower 

than in springs and groundwater. In runoff at plot scale, Si concentrations 

were slightly lower than the one of soil solutions SS-BA-173 and SS-SC-180, 

while Na, Mg, and Ca concentrations were strongly lower than the one of soil 

solutions SS-BA-173 and SS-SC-180.
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Table 7-2: Na, K, Mg, Ca, Al, Si, Ge concentrations, and Ge/Si ratios of aqueous samples collected from: (1) the Pérou River at three different 
gauging station (GS1, GS2, GS3), and the Pères River at one gauging station (GS5) during base flow (bf), and flood (fl); (2) two tributaries (T) of 
the Pérou (PU) River (TPU1-2); (3) eight springs (S) of the Pérou River (SPU1-8); (4) three springs of the Pères (PS) River (SPS1-3); (5) four 
groundwater coming from four different wells (W1-4); (6) soil solutions collected at 60 cm depth in a banana plot (SS-BA-173), sugarcane plot 
(SS-SC-180), and forest plot (SS-FO-396); and (7) runoff waters at the plot scale collected in the same banana plot as for soil solution (RW-BA-
173). Values are means ± standard deviations. For GSx bf n = 12, for GSx fl n = 24, For SS-XX-XXX n = 10, and for RW-BA-173 n = 3. Complete 
data are available in the supplementary material Table 7-S1. 

 Na K Mg Ca Al Si Ge Ge/Si 

 μmol l-1 pmol l-1 μmol mol-1 

 (1) River water at base flow 

GS1 bf 247 ± 20 23 ± 6 65 ± 6 133 ± 25 <dl 471 ± 46 100 ± 6 0.21 ± 0.03 
GS2 bf 276 ± 64 28 ± 16 79 ± 31 162 ± 92 <dl 515 ± 141 91 ± 16 0.18 ± 0.03 
GS3 bf 286 ± 31 27 ± 2 81 ± 11 157 ± 22 <dl 517 ± 52 89 ± 8 0.17 ± 0.03 
GS5 bf 469 ± 67 77 ± 17 178 ± 33 435 ± 95 <dl 916 ± 134 118 ± 34 0.13 ± 0.04 

 (2) River water during flood 

GS3 fl 202 ± 67 21 ± 5 48 ± 23 106 ± 43 1.05 ± 0.95 297 ± 160 nd nd 
GS5 fl 301 ± 122 106 ± 35 105 ± 41 368 ± 116 2.25 ± 1.26 507 ± 230 nd nd 

 (3) Tributaries of Pérou River 

TPU1 368 53 129 321 <dl 748 56 0.07 
TPU2 325 66 53 291 <dl 626 139 0.22 

 (4) Springs of Pérou River 

SPU1 375 45 155 451 <dl 641 111 0.17 
SPU2 446 5 219 266 <dl 962   nd 
SPU3 367 27 54 644 <dl 576 56 0.09 
SPU4 447 40 170 421 <dl 826 83 0.10 
SPU5 259 59 42 312 <dl 262 83 0.32 
SPU6 484 39 57 260 <dl 753 167 0.22 
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SPU7 550 30 51 178 <dl 597 56 0.09 
SPU8 1016 105 412 731 <dl 1447 361 0.24 

 (5) Springs of Pères River 

SPS1 307 18 107 205 <dl 555 194 0.26 
SPS2 672 75 267 661 <dl 1080 250 0.22 
SPS3 710 63 293 413 <dl 1367 361 0.25 

 (6) Groundwater 

W1 449 30 118 199 <dl 738 222 0.30 
W2 766 113 370 642 <dl 1428 417 0.29 
W3 464 47 134 303 <dl 906 778 0.85 
W4 708 120 304 691 <dl 1419 417 0.29 

 (7) Soil solution at 60 cm depth 

SS-BA-1731 231 ± 51 81 ± 50 213 ± 92 182 ± 85 0.54 ± 0.49 190 ± 23 100 ± 27 0.92 ± 0.11 
SS-SC-1802 195 ± 55 366 ± 542 212 ± 199 248 ± 238 0.51 ± 1.01 183 ± 39 171 ± 21 0.95 ± 014 
SS-FO-3963 199 ± 45 14 ± 14 43 ± 15 43 ± 7 1.82 ± 1.35 92 ± 14 176 ± 33 1.10 ± 0.30 

 (8) Runoff water 

RW-BA-173 83 ± 9 243 ± 50 43 ± 7 51 ± 6 5.2 ± 1 140 ± 1 156 ± 8 1.11 ± 0.07 

1SS-BA-173 = soil solution of banana plot (BA-173), 2SS-SC-180 = soil solution of sugarcane plot (SC-180), 3SS-FO-396 = soil solution of forest plot (FO-396).4dl 

= detection limit



Part II 

 

 172 

7.4.2 Ge/Si ratios in water during low-flow periods 

The values of Ge/Si ratio of stream waters during base flow periods and end-

members are given in Figure 7-3. The Ge/Si ratios of the rivers and tributaries 

(ranging from 0.07 to 0.26 µmol mol-1) were in the same order of values as in 

groundwater (except the 0.85 µmol mol-1 value for W3). In contrast, Ge/Si 

ratios of soil solution and runoff from plots were higher (ranging from 0.71 

to 1.64 µmol mol-1). This is coherent with the export of groundwater into 

rivers during base flow periods, the soil compartment being not a major 

contributor of water in such periods. 

7.4.3 Evolution of the Si concentration and Ge/Si ratio during flood 
events 

The values of Si concentration and Ge/Si ratio of the stream water samples 

collected during the flood events PU1-2-3 at GS3, and PS1-2-3 at GS5 are 

shown in Figure 7-4 and Figure 7-5. Analytical data are available in Table 7-

S2.  

For each flood, the concentration of dissolved Si in stream water was lower 

at the end of the flood even if the discharge had returned to its initial state. 

Considering average concentrations of Si before the floods of 517 and 916 

Figure 7-3: Ge/Si ratios of the river water at base flow (   ), tributaries (■), and from 
the different end-members (springs ▲, groundwater ●; soil solutions ♦; runoff waters 

 ).  
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μmol l-1 at GS3 and GS5 respectively (Table 7-2), Si concentrations did not 

strongly change during the rising limb (508, 537, 883 μmol l-1 for FPU1, FPU2, 

and FPS3 respectively). In contrast Si concentrations decreased during the 

rising limb for FPU3, FPS1, and FPS2 (274, 573, and 192 μmol l-1 for FPU3, 

FPS1, and FPS2 respectively). During the falling limb, Si concentration first 

decreased for all floods, and finally increased for FPU2, FPU3, FPS1, and FPS2. 

Thus, two periods are distinguished: a first period of relatively constant Si 

concentration at the beginning of the flood, followed by a Si dilution period 

after the peak flow, meaning that different processes contribute to the flood 

generation. It is also interesting to note that the higher the peak flow, the 

higher the decrease in Si concentration. In fact, while water discharge 

increased by factors of 15.6, 12.6, 153, and 11.7 for FPU1, FPU2, FPS2, and 

FPS3, the Si concentration decreased by factors of 1.3, 2.7, 5.5, and 2.1 for 

FPU1, FPU2, FPS2, and FPS3, respectively. For FPU3 and FPS1 water discharge 

increased by factors of 3.8 and 4.7, respectively, and Si concentration 

decreased by factors of 5.5 and 5.2, respectively.  

Ge/Si ratio in stream waters first increased during the flood, and then 

decreased at the end of the flood when water discharge progressively 

approached base flow water discharge. The increase in the Ge/Si ratio in 

stream waters was always larger when the increase in water discharge was 

less, especially at GS3. 
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Figure 7-4: Concentration-discharge curves for (a) FPU1, (b) FPU2, (c) FPU3 flood events in the Pérou River (GS3), (d) FPS1, (e) FPS2, and (f) 
FPS3 flood events in the Pères River (GS5) (numbers = temporal evolution of sampling, blue arrows represent the rising limb, grey arrows 
represent the falling limb). 
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Figure 7-5: Ge/Si ratio-discharge curves for (a) FPU1, (b) FPU2, (c) FPU3 flood events at GS3, (d) FPS1, (e) FPS2, and (f) FPS3 flood events at GS5 
(numbers = temporal evolution of sampling, triangle = fictive initial Ge/Si ratio before the flood as estimated from the mean Ge/Si ration at 
each station at base flow, doted arrow = corresponding fictive evolution of the Ge/Si ratio, blue arrows represent the rising limb, grey arrows 
represent the falling limb). 
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7.4.4 Annual elemental fluxes in rivers 

From mean elemental concentrations in river waters during base flow 

periods (Table 7-2) and mean annual discharge (Table 7-1), elemental annual 

fluxes for each gauging station were estimated for these periods. Such as for 

elemental concentrations, Si fluxes were always larger than fluxes of other 

elements. Si fluxes at base flow were 312, 292, 322, and 80 kg ha-1 yr-1 at GS1, 

GS2, GS3, and GS4 respectively. From mean Si concentrations during the six 

flood events (FPU1-2-3, FPS1-2-3; Table 7-2), and from the mean water 

discharge during flood events (Table 7-1), annual Si fluxes during floods were 

estimated at 142 and 15.2 kg ha-1 yr -1 and accounted for 31 and 16% of the 

total annual Si fluxes at GS3 and GS4, respectively. Annual Si fluxes during 

floods at GS4 were minimal values, but they reflect the geomorphological 

properties of both watersheds with less important flooding at GS4 (smallest 

watershed without large upstream rainy area). 

Table 7-3: Annual Na, K, Mg, Ca, and Si fluxes at base flow in Pérou River (gauging 
stations GS1, GS2, GS3) and Pères River (GS4), during floods in Pérou River (GS3) and 
Pères River (GS4), and deduced total annual fluxes in Pérou River (GS3) and Pères 
River (GS4). Values are means ± standard deviations. 

 Discharge Na K Mg Ca Si 

 m³ s-1 kg ha-1 yr-1 

Base flow 

GS1 0.76  
± 0.59 

133.9  
± 8.5 

21.1  
± 4.4 

37.5  
± 2.8 

125.5  
± 18.4 

312.3  
± 24.0 

GS2 0.75  
± 0.60 

128.3  
± 23.7 

22.2  
± 10.1 

38.8  
± 12.3 

131.2  
± 59.8 

292.0  
± 64.0 

GS3 0.95  
± 0.66 

145.8  
± 10.8 

23.6  
± 1.4 

43.8  
± 4.1 

139.7  
± 13.4 

321.9  
± 22.6 

GS4 0.07  
± 0.03 

33.3  
± 2.0 

9.2  
± 0.9 

13.3  
± 1.1 

53.9  
± 5.0 

79.5  
± 5.0 

Flood 

GS3 6.56  
± 6.27 

79.0  
± 25.0 

14.2  
±3.4 

19.7  
± 9.0 

72.1  
± 27.8 

142.0  
± 72.9 

GS4 0.218  
± 0.221 

7.39  
± 3.04 

4.43  
± 1.48 

2.73  
± 1.08 

15.8  
± 5.04 

15.2  
± 7.00 

Total (base flow + flood) 

GS3 1.51  
± 1.22 

224.8  
± 35.8 

37.8  
± 4.8 

63.5  
± 13.1 

211.8  
± 41.2 

463.9  
± 95.5 

GS4 0.085  
± 0.05 

40.7  
± 5.1 

13.7  
± 2.3 

16.1  
± 2.1 

69.6  
± 10.1 

94.7  
± 12.0 
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7.4.5 Two components mixing model 

7.4.5.1 Soil solution 

Results of the model are shown in Figure 7-6. The two samples with higher 

values of Ge/Si of the SS-FO-396 were excluded from the simulation because 

they were out of the range of other values (see Section 7.5.2 for 

explanations). Based on the mean Ge/Si ratios in soil solution of 0.92, 0.95, 

and 0.95 μmol mol-1 for BA-173, SC-180, and FO-396 plots respectively, and 

considering Scenario 1 (component 2 is represented by LSi, see Section 7.3.5) 

the mixing model suggests that PhSi (component 1) contributed to 71, 70, 

and 70% of Si collected in soil solutions, respectively. Considering Scenario 2 

(component 2 is represented by PSi, see section 7.3.5), the mixing model 

suggests that PhSi contributed to 95, 94, and 94% of Si collected in soil 

solutions for BA-173, SC-180, and FO-396 plots respectively. These scenarios 

indicate that, whatever the plot, PhSi contribution to DSi in soil solution is 

comprised between 71 and 95% for the BA-173 plot, and between 70 and 

94% for the SC-180 and FO-396 plots. 

7.4.5.2 Stream water during flood 

Figure 7-6: Relative contribution of the phytolith dissolution (PhSi), of the lithogenic 
silicates (LSi) (Scenario 1), and of the pedogenic silicates (PSi) (Scenario 2) to the 
dissolved Si in the soil solution of banana (SS-BA-173), sugarcane (SS-SC-180), and 
forest (SS-FO-396) plots as obtained with the two component mixing model following 
Derry et al. (2005). 
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Results of the simulation are shown in Figure 7-7. For the Pérou River, in the 

big flood FPU1, soil water did not contribute to Si fluxes when water 

discharge were 9 and 11 times larger than before the flood, and only 

contributes to ~10% at the end of the falling limb. During the middle flood 

event FPU2, contribution from soil water was larger than during FPU1: 

maximum contribution from soil water was ~46% and occurred during the 

falling limb. During the small flood event FPU3 contribution from soil water 

reached ~74% at the start of the falling limb. Thereafter it decreased to reach 

about 40% at the end of the flood.
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Figure 7-7: Ge/Si based hydrograph separation, plotted as fractions of soil water (●) and groundwater (♦) for (a) FPU1, (b) FPU2, (c) FPU3 flood 
events at GS3, (d) FPS1, (e) FPS2, and (f) FPS3 flood events at GS5. The fractions are estimated based on a two components mixing model (see 
section 7.3.5). 
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7.5 Discussion 

7.5.1 Variations in Ge/Si ratio in groundwater 

The Ge/Si ratio of groundwater (ranging from 0.09 to 0.85 μmol mol-1; Table 

7-2, Figure 7-3) were in the same order of that reported in the literature 

(ranging from 0.24 to 0.74 μmol mol-1; Ameijeiras-Mariño et al., 2018; Kurtz 

et al., 2011; Lugolobi et al., 2010). Ge/Si ratios reported in groundwater are 

typically lower than that reported for silicate rocks (ranging from 1 to 2.9 

μmol mol-1; Ameijeiras-Mariño et al., 2018; Derry et al., 2005; Kurtz et al., 

2002; Lugolobi et al., 2010; Mortlock and Frohlich, 1987; Murnane and 

Stallard, 1990). The preferential incorporation of Ge into secondary clay 

minerals results in higher Ge/Si ratios in secondary silicates than in silicate 

rocks (ranging from 4.8 to 24.3 μmol mol-1; Ameijeiras-Mariño et al., 2018; 

Bernstein, 1985; Froelich et al., 1992; Lugolobi et al., 2010; Murnane and 

Stallard, 1990). 

Residence times of groundwater sampled in this study amount to ~15, 33, 

30, and 20 years for W1, W2, W3, and W4 respectively (Charlier et al., 2015), 

allowing chemical equilibrium of minerals in solution (Maher, 2011). In the 

groundwater investigated, Ge/Si ratio would therefore result from the 

concomitant dissolution of primary silicates and the neoformation of 

secondary silicates. The values of Ge/Si ratio of W1, W2, and W4 were in the 

same range (0.29-0.30 μmol mol-1) while W3 was characterized by a slightly 

higher Ge/Si ratio (0.85 μmol mol-1). This suggests that dissolution of primary 

silicate minerals and neoformation of secondary silicate minerals were likely 

the main processes controlling Ge and Si concentrations in W1, W2, and W4 

whereas in W3, an additional contribution from secondary silicates 

dissolution may have contributed to increase the Ge/Si ratio.  

W1 and W3 both reach groundwater coming from fractured andesitic lava. 

Chemical composition of these two wells was comparable for Na, K, Mg, Ca, 

and Si, but differed for Ge. Groundwater sampled from these two wells was 

therefore characterized by different values of the Ge/Si ratio, suggesting that 

different processes controlled their composition. W1 has a depth of 15 m, 

and the collected groundwater has a mean residence time of 15 years 

(Charlier et al., 2015). W3 has a depth of 80 m. The geological section of the 

well W3 consists from top to bottom of 30 m of pyroclastic deposits, followed 
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by 13 m of breccia deposits (avalanche flow), then by 29 m of fractured lava 

and 8 m of clay breccias at the bottom of the section (Charlier et al., 2015). 

This groundwater was sampled from 42.5 to 80 m depth in fractured 

andesitic lava and clay breccias, and had a mean residence time of 33 years. 

Two reasons could explain the higher Ge/Si ratio in groundwater from W3 

than in groundwater from W1. Firstly, the longer mean residence time of 

groundwater in W3 than in W1 could have led to concentrations closer to 

equilibrium in groundwater of W3 than in groundwater of W1. However, 

mean residence time to reach chemical equilibrium is typically of a year or 

less (depending on water temperature) for a system of K-feldspar, 

plagioclase, and halloysite (Maher, 2011), and chemical equilibrium would 

therefore have been reached in both groundwater of W1 and W3. Secondly, 

the weathering of clay breccias present in the bottom of the section of W3 

(with clay being characterized by higher Ge/Si ratio as reported in the 

literature; Ameijeiras-Mariño et al. (2018); Bernstein (1985); Froelich et al. 

(1992); Kurtz et al. (2002); Lugolobi et al. (2010); Murnane and Stallard 

(1990)) could have led to higher Ge/Si in groundwater of W3 than in W1.  

7.5.2 Variations in Ge/Si ratio in soil solution and runoff water 

The Ge/Si ratio of soil solutions SS-BA-173, SS-SC-180, and SS-FO-396 in our 

volcanic soils (from 0.71 to 1.64 μmol mol-1) were within the same range of 

values obtained in soil solution from Acrisols from a volcanic province in 

Brazil (0.20 to 1.07 μmol mol-1; Ameijeiras-Mariño et al. 2018), but four-fold 

lower than in soil solution of Ultisols on the volcanic tropical island of Puerto 

Rico (2.0 to 4.1 μmol mol-1; Kurtz et al., 2011; Lugolobi et al., 2010) or ten-

fold lower than horizons of highly desilicated volcanic soils in Hawaii (2 to 14 

μmol mol-1; Derry et al., 2005).  

The values of Ge/Si ratio of soil solutions did not significantly differ between 

the forested (SS-FO-396) and cultivated sites (SS-BA-173, SS-SC-180) (Figure 

7-3), whereas elemental concentrations in soil solutions (except for Na and 

Al) were significantly lower in the forested site SS-FO-396 than in the 

cultivated ones SS-BA-173 and SS-SC-180 (Table 7-2). The larger K, Mg, and 

Ca concentrations in SS-BA-173 and SS-SC-180 waters could be the result of 

fertilizer inputs. Indeed, the use of fertilizer and amendments in these plots 

involved potassium fertilizers as well as dolomite amendment (Henriet et al., 

2008a; Chapter 5). This hypothesis is supported by two facts: (1) the reserve 
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of weatherable primary minerals did not significantly differ between the 

cultivated and forest plots (Chapter 6); (2) the Na concentration in soil 

solutions from cultivated and forest plots were similar. The larger Al 

concentration in the soil solution of the forest plot is not surprising 

considering the increase of the content of Al-humus complexes and gibbsite 

with the altitude in soils from the Pères River watershed (Chapter 2). Finally, 

Si concentration in the soil solution of cultivated plots was significantly larger 

than in the soil solution of the forest plot. Liming could have impacted the 

DSi release in the soil solution of the cultivated plots. However, Ge/Si ratio 

and the results of the two component mixing model indicate that phytolith 

dissolution was the main process controlling DSi concentration regardless of 

land use (Figure 7-6). In the studied soils, liming should have a minor impact 

on soil pH because of the very high soil buffering capacity (Figure 7-S2). 

Resulting impact of liming on phytoliths and minerals dissolution is therefore 

likely negligible. Since Si is highly mobile as uncharged aqueous H4SiO4
0 

(Nguyen et al., 2016), rainfall strongly affected DSi concentration in soil 

solution without impacting the process controlling DSi itself. This is in perfect 

line with results obtained in Chapter 2 that demonstrate that rainfall strongly 

controls the bio-available Si pool in soil of the studied watersheds. However, 

it is surprising that the Ge/Si ratio in soil solution under croplands did not 

differ from that under the forest (Figure 7-3), given the strong differences in 

Si soil to plant cycle in these plots (Chapter 5 and Chapter 6). Banana and 

sugarcane are Si-accumulating plants that take up 171 and 457 kg Si ha-1 yr-1 

respectively from the soil solution in the studied plots (BA-173 and SC-180 

Chapter 5), while Si plant uptake amount to 43 kg ha-1 yr-1 under forest (FO-

396 Chapter 6). Unlike other crops, where almost all plant parts are removed 

from the field (T. Klotzbücher et al., 2018; Vandevenne et al., 2011), “Si-rich” 

plant parts (mainly leaves) of sugarcane and banana plants are returned to 

soil, even in intensive cropping systems. This leads to very important returns 

of readily dissolving PhSi (Fraysse et al., 2010, 2009, 2006) into the topsoil in 

these cropping systems. Considering these points, it is not surprising that 

phytolith dissolution controls DSi concentration in soil solutions of the three 

plots. Moreover, these results are in perfect agreement with the evolution 

of DSi concentration in soil pedons from the BA-173 and SC-180 plots 

(Chapter 5). Indeed, in Chapter 5 it has been observed that in surface soil 

horizons (00-25 cm), PhSi dissolution controls DSi concentration in soil 



    Chapter 7 

 

183 

solution while in B horizons beneath, the dissolution of LSi minerals controls 

DSi concentration in soil solution. 

Two soil solution samples under forest exhibited higher values of Ge/Si ratio 

(1.58 and 1.64 µmol mol-1, Figure 7-3 and Table 7-S1) relatively to the other 

samples under forest (0.79 to 1.06 µmol mol-1). These higher Ge/Si ratios 

might result from plant uptake or colloidal contribution. Plants discriminate 

against Ge (Blecker et al., 2007; Delvigne et al., 2009; Derry et al., 2005), and 

higher Ge/Si ratios in soil solution may result from an important Si uptake by 

plant. However, if these higher Ge/Si ratios were driven by plant uptake, it 

would be constant throughout a sampling time series. This is not the case 

since we have measured a lower value of Ge/Si ratio (0.96 µmol mol-1) in the 

same sampling point at another period. The higher values of Ge/Si are likely 

related to a punctual event, and possibly the presence of colloidal Si such as 

proto-imogolite sol, which occurs in Andosols and Podzols (Farmer, 1982; 

Farmer et al., 1978; Farmer and Lumsdon, 2001). These colloids typically 

have high Ge/Si ratios (10-15 μmol mol-1 for allophane (Kurtz et al., 2002)) 

which would increase the Ge/Si ratio of the soil solution . This hypothesis is 

also supported by the very high macroporosity of this soil (Chapter 6; Dorel 

et al., 2000) in which colloids may easily be transferred (McIntosh et al., 

2017), e.g., upon a rain event. 

Collected soil solutions were gravity waters with likely short mean residence 

time due to the high macroporosity and frequent rainfall. Microporal soil 

water with longer mean residence time was not collected with the settled 

no-suction lysimeters. We suspect that the relative contribution of PhSi, PSi, 

and LSi greatly depends on the soil solution mean residence time (Gérard et 

al., 2003, 2002). We think that the composition of soil solutions with larger 

mean residence time would be more affected by the dissolution of poorly 

crystalline aluminosilicates and primary minerals if present (Gérard et al., 

2003, 2002). However, the microporal soil solution likely less contribute to Si 

exports towards the hydrosystem.  

The values of Ge/Si ratio in runoff waters were within the range of values of 

soil solutions, and could result from the concomitant dissolution of PhSi, LSi, 

and PSi minerals. PhSi is likely the main contributor as it controls the DSi 

concentration in the topsoil solution (Chapter 5). Al concentration was 
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slightly larger in runoff waters than in soil solutions, reflecting a possible 

contribution from PSi dissolution to increase the Ge/Si ratio. 

Groundwater, soil solution, and runoff at the plot scale contribute to stream 

water. Soil solution and runoff water had Ge/Si ratios distinct from that of 

groundwater (Figure 7-3). In following sections, we will discuss the 

contribution of each aqueous compartment to stream water during base 

flow and flood periods using Ge/Si ratio.  

7.5.3 Ge/Si ratio, a natural tracer of stream water origin 

7.5.3.1 Base flow periods 

The Ge/Si ratios of stream water of Pérou and Pères rivers at base flow 

(ranging from 0.13 to 0.26 mol mol-1) were close to that of groundwater 

(ranging from 0.09 to 0.85; Table 7-2, Figure 7-3) and were significantly lower 

than those of soil solutions (Figure 7-3). A similar observation can be made 

for the tributaries of the Pérou River (which were sampled at base flow). This 

supports that groundwater controls the elemental composition of these 

rivers at base flow, as it is widely recognized (Bishop et al., 1990; Burns et al., 

2001; Charlier et al., 2011, 2008; Kurtz et al., 2011; Peters and Ratcliffe, 1998; 

Robson et al., 1992). Accordingly, Ge/Si ratio in stream waters at base flow 

has been considered elsewhere as representative of groundwater 

composition (Lugolobi et al., 2010, Ameijeiras-Mariño et al. 2018, Kurtz et al. 

2011).  

Charlier et al. (2015), using radiogenic strontium (Sr) isotopes, were able to 

define the hydrological functioning of the Pérou and Pères rivers. The Pérou 

River, whose impluvium is mainly located in the upstream part of the 

cultivated area, does not show any evidence of significant lateral inputs on 

its intermediate part where it crosses the lava flows. The Pérou River is 

therefore mainly influenced by surface and subsurface flow that results from 

heavy rains on steep slopes at high altitude (Charlier et al., 2015; Crabit et 

al., 2016). As we do not have any data on Ge/Si ratios of surface and 

subsurface water in the upstream part of the Pérou River, we can consider 

that the mean values of Ge/Si ratio of 0.21±0.03 μmol mol-1, and Si 

concentration of 471±46 μmol l-1 at the upper gauging station (GS1) at base 

flow represent that component. Mean Ge/Si ratios were 0.18±0.03 and 

0.17±0.03 μmol mol-1, and Si concentrations were 515±141 and 517±52 μmol 
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l-1 at downstream gauging stations GS2 and GS3, respectively, and did not 

significantly differ relatively to that at GS1. This confirms the data of Charlier 

et al. (2015) suggesting that the composition of the Pérou river at base flow 

is mainly controlled by surface and subsurface flow resulting from heavy 

rains on steep slopes at high altitude.  

The Pères River does not have a head of basin at high altitude and its 

geochemical signature seems totally controlled by the drainage of the 

aquifer of pyroclastic deposits (W4) (Charlier et al., 2015). In the Pères River 

gauging station (GS5), mean Ge/Si ratio at base flow was 0.13±0.04 μmol mol-

1, which was slightly below the Ge/Si ratio of sampled springs of the Pères 

River (0.22-0.26 μmol mol-1), and below the one of groundwater representing 

the pyroclastic component (W4: 0.29 μmol mol-1). This indicates that another 

groundwater reservoir with a lower Ge/Si ratio could control the composition 

of the Pères River at base flow level. 

7.5.3.2 Flood periods 

Stream hydrographs of the studied floods (Figure 7-2) highlight that different 

flood categories have been sampled. This allowed us to investigate the 

processes controlling the composition of river water according to flood size. 

For the floods of the Pérou River sampled at GS3, FPU1 can be considered as 

a big flood, FPU2 as a middle flood, and FPU3 as a small flood. For the floods 

of the Pères River sampled at GS5, FPS1 and FPS3 can be considered as small 

floods, and FPS2 as a big flood.  

Figure 7-4 illustrates the Si concentrations against water discharges for the 

six floods. For each flood, the concentration of dissolved Si in stream water 

was lower at the end of the flood even if the discharge had returned to its 

initial state. The data highlight that the decrease in Si concentration in the 

stream water during the floods FPU1, FPU2, FPS2, and FPS3 was more limited 

that what would be expected with simple dilution by rainwater. 

In contrast, for FPU3 and FPS1, dilution by rainfall could explain the evolution 

of the Si concentrations in streams. However, for these two floods, a second 

peak water discharge occurred during the flood. This second peak was 

associated to an increase of the Si concentration in the stream for both FPU3 

and FPS1, which cannot be explained by rainwater dilution. These results 

support a contribution from an additional source of Si fluxes to rivers during 
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floods (Bazemore et al., 1994; Dewalle et al., 1988; Klaus and McDonnell, 

2013; Rice and Hornberger, 1998). The plots of the Ge/Si ratios against the 

water discharges are shown on Figure 7-5 for FPU1-2-3 and FPS1-2-3. During 

all floods, Ge/Si ratio in stream waters increased. This suggests an influence 

from the soil solution or runoff waters during the floods, as observed by 

Ameijeiras-Mariño et al. (2018) and Kurtz et al. (2011). The results of the two 

components mixing model (Figure 7-7) helped us to evaluate the relative 

contribution of soil solution and/or runoff waters during the floods. 

It appears that, in Pérou River, the less intense was the flood, the larger was 

the contribution from the soil solution and/or runoff water at plot scale. This 

suggests that during intense flood events generated by heavy rainfall, water 

only partially originated from soil solution or runoff in croplands. For such 

floods, the most likely is that water mainly came from surface and subsurface 

flows generated on the steep slopes in altitude as it was observed at base 

flow. This would explain the relatively stable Ge/Si ratio during intense flood 

events (Figure 7-5). However, due to rainfall, a slight dilution of Si and other 

elements occurred (Figure 7-4; Table 7-S2). In contrast, during relatively 

smaller floods, the data suggest that the relative contribution of soil solution 

and/or runoff under croplands is more important (Figure 7-7). This may be 

due to a lower contribution of surface and subsurface flows generated on the 

steep slopes in altitude, and a resulting larger relative contribution of soil 

solution and/or runoff generated under croplands.  

In the Pères River, the data point to a larger contribution from soil solution 

and/or runoff water at plot scale during the FPS2 big flood event (~41%) than 

during the FPS1 and FPS3 small flood events (~22% for both floods). This 

indicates that the functioning of this river differed from that of the Pérou 

River. This could be due to the absence of a head of basin at high altitude for 

the Pères River. We can speculate that during floods in the Pères River, the 

contribution of groundwater remained unchanged while the contribution of 

soil solution and/or runoff generated under croplands was proportional to 

the intensity of the flood. 

7.5.4 Impact of land use on the Si fluxes in rivers 

As Ge/Si ratios in soil solutions of banana (BA-173) and sugarcane (SC-180) 

plots were very close to the one of soil solution from the forest (FO-396) plot, 
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it is very difficult to identify a land use impact on the Si fluxes in rivers. 

Moreover, the Ge/Si data in soil solution indicated that land use does not 

impact the proportion of Si originating from the dissolution of PhSi in soil 

solution (see Section 5.2). This is mainly due to the fact that most of the Si 

absorbed by the studied Si-accumulating crops sugarcane and banana, is 

returned to soil with plant debris (Chapter 5). Therefore, instead of 

decreasing the topsoil PhSi pool, these crops contribute to slightly increase 

the PhSi pool in the topsoil (Chapter 6).  

However, conversion from forest to cropland not only modifies the soil-to-

plant Si cycle but also strongly impacts the soil bulk density (Chapter 6). As 

an implication from this study, this could impact the distribution of water 

that infiltrates or runoffs, which could affect the contribution of soil solution 

and/or runoff water at plot scale to Si fluxes toward river water during flood 

events. The data indicate that the impact of land use on Si fluxes in rivers 

would only be significant during floods. If floods only occur about 10% of the 

time (Lloret et al., 2011), they accounted for 31 and 16% of the total annual 

Si fluxes in Pérou River (at GS3) and Pères River (at GS4) respectively (as 

obtained from the ratio [Annual Si fluxes during flood]/[Total annual Si 

fluxes] (see Section 7.4.4 and Table 7-3); with annual Si flux during floods at 

GS4 being a minimal value (see Section 7.3.4). These values are in the same 

range as contributions from floods to the annual chemical weathering fluxes 

of 21 to 31% that were obtained for twelve rivers from this area (Dessert et 

al. 2015). As another comparison, more than 60% of the dissolved organic 

carbon export occurred during floods of eleven rivers on the Basse-Terre 

Island in Guadeloupe (Lloret et al., 2011), and the dissolved organic carbon 

fluxes were the highest for the Capesterre River that is located very close to 

the Pérou and Pères rivers. This has been attributed to the fact that the 

Capesterre River basin is highly exposed to rainfalls, and that therefore its 

soils are prone to the erosive power of extreme meteorological events (Lloret 

et al., 2011). 

Impact of land use on Si fluxes in the Pérou and Pères rivers could therefore 

be significant. In the Pères River, the Ge/Si ratio of the the stream water 

during floods allowed us to determine that the relative contribution of soil 

solution and/or runoff waters generated under croplands increases with 

increasing flood intensity. As this watershed is mainly covered by croplands 
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(~57%), we can tentatively explain that the impact of cropland on the Pères 

River composition increases with increasing flood intensity. For the Pérou 

River, the contribution of surface and subsurface flows generated in the head 

of the basin at high altitude could dilute the contribution from croplands 

during big flood events.  

The use of the Ge/Si ratio tracer in these two rivers and associated end-

members allowed us to determine that the impact of agricultural land use on 

the stream water composition only occurs during flood events and that it is 

more pronounced in small rivers where the watershed is exclusively covered 

by crops. In larger rivers, the agricultural land use impact could be dilute by 

contributions from higher altitude where watershed is not cultivated.  

7.6 Conclusion 

Phytolith dissolution contributes to ~70-95% of the dissolved Si in soil 

solutions regardless of land use. This indicates that land use change does not 

influence the relative contribution of phytoliths to the dissolved Si of the soil 

solution. In stream water, the Si concentration and Ge/Si ratio during floods 

differing in intensity in the Pérou and Pères rivers show that the impact of 

soil solution on Si fluxes in rivers is only significant during floods. The 

contribution of the soil solution and/or runoff from croplands during major 

flood events can be significant in small watersheds that are exclusively 

cultivated, but remains low in larger watersheds with a head of basin at high 

altitude where forests dominate. The determination of the Ge/Si ratio and 

elemental composition of aqueous samples from soil solution to river allow 

to better understand the functioning of two cultivated volcanic watersheds 

in Guadeloupe. However, during flood events, this tracer does not distinguish 

the respective contributions of the soil solutions from croplands and from 

forest areas to river waters. 
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General discussion 
The PhD research aimed to study the impact of land use on the soil-plant 

cycle of Si and its outreach to watersheds in humid tropical conditions.  

The Si cycle plays numerous ecological roles directly linked to global changes 

issues. Dissolved Si fluxes in rivers directly impact the capacity of oceans to 

store carbon as Si is an essential element for diatoms (Tréguer et al., 2018; 

Tréguer and Pondaven, 2000). Si absorption by plants alleviates biotic and 

abiotic stresses (Coskun et al., 2019; Epstein, 1999), and may therefore 

increase crop yields. The biological pumping of silicon directly impacts the Si 

fluxes to rivers (Derry et al., 2005) because Si plant uptake leads to the 

formation of phytoliths that return to soil where they readily dissolve. 

Therefore, understanding the factors governing the mobility of Si in the soil-

plant system is essential to address global changes issues, and provide Si 

ecosystems services. 

The Introduction exposed the four main questions addressed. The replies to 

these questions are summarized here below and on Figure CP-1. 

Q1. What is the impact of mean annual rainfall on plant available Si in 

perhydrated, gibbsitic Andosols? 

We studied the soil Si pools along a topo-climosequence ranging from 65 m 

above sea level (asl) to 375 m asl and with Mean Annual Rainfall (MAR) 

evolving from 2650 mm to 4400 mm in Andosols from Basse-Terre, 

Guadeloupe. We observed that increasing rainfall led to (i) the exhaustion of 

the soil buffering capacity, (ii) the decrease in plant available Si and soluble 

phytolith content, and (iii) the increase in gibbsite content. Increasing rainfall 

thus increases Si leaching, thereby decreasing plant available Si, and further 

leads to increasing dissolution of soil phytoliths. Al and organic matter 

further accumulate leading to increasing gibbsite content and Al-humus 

complexes. Rainfall therefore majorly controls the mobility of Si in the 

studied highly weathered Andosols and the nature of secondary products. 

Q2. What are the respective impacts of soil weathering stage and land use 

on the soil-plant Si cycle in the humid tropics? 
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Literature data show that an increase in soil weathering led to a decrease in 

Si biocycling in wet tropical rice cropping systems. The opposite trend was 

observed in forest ecosystems. Converting forest area into cropland has thus 

a tremendous impact on the Si soil-plant cycle. This opposite picture is 

attributed to differences in rooting depth, litter, recycling or export of plant 

residues, density of Si-accumulating plant species, soil and soil fertility 

management. In particular, forest trees develop deep rooting while rice crop 

has a shallow root system. The forest litter is an environment densely 

explored by fine roots, in which limiting nutrients are concentrated, the 

turnover of C and nutrients is large, and phytolith dissolution is rapid. The 

deep rooting and litter environment of wet tropical forests minimize the loss 

of elements by leaching. Besides, crop harvesting exports Si out of cultivated 

ecosystems. Two Si sinks thus occur in natural forest ecosystems while they 

strongly decrease in croplands: the subsoil weatherable lithogenic Si pool 

that is exploited by deep roots of forest trees; the topsoil phytogenic Si pool 

that is directly exploited by a very dense root network. 

Q3.  How does the conversion from forest to cropland impact the soil-plant 

cycle of Si? How critical is the management of inedible plant parts? 

We showed that the biological Si feedback loop was intense in the studied 

banana and sugarcane soil-plant systems, increasing the mobility of Si. 

Converting forest area into banana or sugarcane cropland strongly modified 

the soil-plant Si cycle. Namely, an ecosystem in which Si is largely stored in 

the standing biomass, and for which the biological Si feedback loop is rather 

low is replaced by an ecosystem in which the biological Si feedback loop 

becomes intense, strongly impacting the dissolution of lithogenic Si and 

pedogenic Si pools. 

In the studied cultivated plots, we observed that DSi concentration in the soil 

solution of these croplands was large in upper soil horizons, then decreased 

in middle horizons, and finally increased in less weathered deep horizons in 

which weatherable lithogenic Si minerals are still present. Regarding the 

evolution of the soil weathering stage and considering the solubility of 

amorphous silica (0.002 mol l-1), we interpreted the DSi concentration in soil 

solution of deep horizons as being controlled by the lithogenic Si pool, and 

the one of surface horizons as being controlled by the phytolithic Si pool. We 

further confirmed this by tracing the Si origin with the Ge/Si ratio. Indeed, 
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Ge/Si ratios, Si concentrations, and Al concentrations of soil solutions 

collected in the banana and sugarcane crops suggest that phytoliths and 

lithogenic silicates are the two main contributors of dissolved Si in soil 

solutions. The use of a two components mixing model suggests that phytolith 

dissolution contributes to 70-95% of Si collected in soil solutions of banana 

and sugarcane plots. We attributed this to two main facts. Firstly, the 

dominance of Si accumulating crops on the three last centuries on the 

studied plots. Secondly, the restitution of the inedible plant parts on soil. The 

management of the inedible plant parts at harvest is therefore a key factor 

to maintain large DSi concentrations in the top soil horizons, a high Si 

mobility in the soil-plant system, and soil fertility. 

Q4. How does land use impact the dissolved Si fluxes to volcanic 

watersheds? 

Analyses of the Ge/Si ratio and elemental composition of river waters at base 

flow, river waters during floods, groundwater, soil solutions, and runoff 

waters allowed us to better constrain the functioning of two cultivated 

volcanic watersheds in Guadeloupe. Pérou and Pères rivers located on the 

eastern flank of La Soufrière volcano in Guadeloupe were studied. In the 

Pérou River watershed, the head of the basin is covered by forests where 

rainfall is very important whereas a cultivated area dominates downstream. 

The Pères River has a small and mainly cultivated basin. The composition of 

the Pérou River at base flow is mainly controlled by surface and subsurface 

flow resulting from the heavy rains on the steep slopes at high altitude, while 

groundwater is the only end-member that can control the composition of the 

Pères River water at base flow level. Finally, the impact of soil solution on 

dissolved Si fluxes in rivers is only significant during floods. The contribution 

of the soil solution and/or runoff generated under croplands during major 

flood events can be significant in small watersheds that are exclusively 

cultivated, but remains low in larger watersheds with a head of basin 

dominated by forest at higher altitude. 
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Figure CP-1: Scheme summarising the results of field experiments in Guadeloupe (Q1-

3-4). Results relative to Q1 are written in orange, results relative to Q3 are written in 

green, and results relative to Q4 are written in blue. 
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Perspectives 
Our results highlight important remaining gaps that open new perspectives 

(P). Figure CP-2 illustrates a schematic view of the proposed perspectives. 

Perspective 1 (P1): How to quantify the soil phytolith pool? 

Chapters 2 and 3 of this PhD thesis pointed to analytical difficulties in the 

methods quantifying phytoliths, notably in volcanic ash soils. So far, the 

quantification of soil phytoliths has relied on chemical and physical 

extractions. The chemical extraction has the advantage of being much less 

time consuming than the physical one that proceeds through heavy liquid 

separation. The advantage of the latter is that we can observe and control 

the extracted particles. 

The chemical extraction - discrimination of phytoliths is a complicated 

challenge 

The chemical extraction is based on the fact that amorphous silica, among 

which phytoliths, dissolve quickly in heated alkaline reagents while 

crystalline silicates dissolve slowly and linearly (DeMaster, 1981). It goes 

without saying that non-biogenic amorphous phases also dissolve quickly in 

such solutions (Huang et al., 2002; Kamatani and Oku, 2000; Wada, 1989). It 

includes short-range-ordered pedogenic aluminosilicates, volcanic glasses, 

pedogenic or lithogenic opals. Moreover, it has been observed that part of 

crystalline minerals may also dissolve quickly in such solutions (Li et al., 2019; 

Chapter 3). The use of Si/Al atomic ratio of alkaline extracts was proposed to 

discriminate PhSi from SRO minerals and volcanic glasses, attributing Si/Al ≥ 

5 to PhSi and 2 ≥ Si/Al ≥ 0.5 to SRO and crystalline minerals in soil (Barão et 

al., 2014; Clymans et al., 2015a; Kamatani and Oku, 2000; Koning et al., 2002). 

However, this technic only works in soils devoid of amorphous silicate 

minerals and Al hydroxides (Chapters 2 and 3). The interpretation of Na2CO3 

extracts to quantify the PhSi pool remains thus hazardous in a number of 

soils. Ash derived Andosols contain volcanic glass, SRO minerals, Al-humus, 

poorly crystalline Al oxide and gibbsite, which all dissolve quickly in alkaline 

solutions (Clymans et al., 2015a; Jackson, 1956; Kamatani and Oku, 2000; 

Pereira et al., 2009; Taboadela, 1953; Wada, 1977). The use of the Si/Al 

atomic ratio is thus not unequivocal because several soil components readily 

dissolve in alkaline solutions.  
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In chapters 2 and 3 we proposed to pretreat soil samples with dark oxalate 

prior to alkaline extraction that removes amorphous PSi and, likely, poorly 

crystalline Al hydroxide (Huang et al., 2002). However, Na2CO3 may remove 

volcanic glass and gibbsite. The presence of both of these soil components 

would therefore make it difficult to quantify the proper PhSi pool. 

Moreover, we proposed to dose not only Si and Al but also Mg and Fe in 

alkaline extracts to identify the presence of volcanic glass. However, in 

Chapter 3 we observed that released Al, Mg and Fe can precipitate during 

alkaline extractions when alkaline extractable LSi are present. 

We suggest to use germanium (Ge) to trace Si in alkaline extracts (Delvigne 

et al., 2018). LSi, PSi, and PhSi have distinct Ge/Si ratios. PhSi have amongst 

the lowest Ge/Si ratios as plants discriminate against Ge (Blecker et al., 2007; 

Delvigne et al., 2009; Derry et al., 2005). During the neoformation of PSi, Ge 

substitutes for Si and the PSi is therefore enriched in Ge as compared to the 

parent material (Kurtz et al., 2002; Murnane and Stallard, 1990). This tool 

discriminates DSi from phytolith dissolution from DSi from LSi/PSi dissolution. 

The chemical extraction – only fresh phytoliths are dissolved 

Na2CO3 extractant mainly dissolves fresh and readily soluble phytoliths while 

it is less selective for aged phytoliths that are poorly dissolved in Na2CO3 

(Meunier et al., 2014). Moreover, little is known about the entrapment of 

PhSi within soil microaggregates and the impact this could have on phytolith 

dissolution in soils and in alkaline reagents.  

In Chapter 3, we tested if previous elimination of aggregative soil 

components (mainly SRO minerals, organic matter, Fe oxides) impact the size 

of the quantified PhSi pool with alkaline reagents. However, we did not 

measure any significant impact of these treatments.  

The heavy liquid separation – not only phytoliths are extracted 

The heavy liquid method proposed by Kelly (1990) relies on two hypotheses. 

Firstly, soil phytoliths are mainly present in the silt fraction of the soil. 

Secondly, PhSi has a density of ~2.3 g cm-3. Following these hypotheses, the 

method consists in dividing the silt fraction into light (PhSi) and heavy 
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components (other minerals), through a series of heavy liquid separations, 

using a solution with a density of 2.3 g cm-3. However, other soil components 

may have similar densities as PhSi. In the gibbsitic Andosols that we studied, 

the presence of cristobalite (2.32-2.36 g cm-3), tridymite (2.25-2.28 g cm-3), 

and gibbsite (2.34 g cm-3) prevents an accurate assessment from being made 

for the PhSi content in soil. 

The physical extraction – DCB treatment could dissolve phytoliths 

The physical extraction method is commonly preceded by an elimination of 

Fe oxides to avoid soil aggregation. Fe oxides are typically removed with a 

Dithionite-Citrate-Bicarbonate (DCB) extraction at 75°C (pH~9). In Chapter 3, 

we observed that the chemically quantified PhSi pool was slightly lower after 

DCB pretreatment of the soil. We hypothesized that a part of the PhSi pool 

could dissolve in DCB because of the relatively high temperature (75°C) and 

alkalinity (pH~9) that enhance PhSi dissolution (Fraysse et al., 2009, 2006). 

As a perspective, we propose to test the UV-oxalate extraction to remove 

Fe oxides and SRO minerals. As oxalate solution is buffered at pH3, this could 

avoid the dissolution of PhSi unlike the DCB extraction.  

We further propose to realize X-ray diffraction on the undissolved, solid 

fractions to better constrain the extracted components. 

Finally, we propose to quantify the content of crystalline silicate minerals 

through XRD data to evaluate the phytolith amount in soil. This method 

needs however further investigations to be well calibrated. 

Perspective 2 (P2): Improve the understanding of the agricultural impact on 

the soil-plant Si cycle. 

Agricultural land use impacts the Si cycle (a.o. Barão et al., 2014; Clymans et 

al., 2015, 2011; Klotzbücher et al., 2018; Struyf et al., 2010; Vandevenne et 

al., 2011, 2015). Impacts of Si exports through crop harvest (Struyf et al., 

2010; Vandevenne et al., 2011) and erosion (Clymans et al., 2015b), Si inputs 

with fertilizers (a.o. Li et al., 2019, 2018; Savant et al., 1996; Seyfferth et al., 

2013) and irrigation waters (Desplanques et al., 2006; Riotte et al., 2018b), 

or liming (Haynes and Zhou, 2018; Li et al., 2019) have been investigated. 
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However, little is known about the impact of the soil weathering stage 

(Chapter 4), the management of the inedible plant parts at harvest (chapters 

5 and 6), agroforestry, plant species used during fallows, root systems of 

cultivated plants, cover crops, tillage, soil compaction, species involved in 

agricultural rotations, etc. A huge field of research is therefore open. 

We observed in Chapter 4 that an increase in soil weathering stage led to a 

decrease in Si biocycling under rice croplands. However, results are still 

lacking to extend these conclusions to other crops. Moreover, the soil 

weathering stage would also influence the impact that liming could have on 

the Si cycle (Haynes, 2019). Therefore, more studies are needed to shed light 

on the impact of the soil weathering stage on the soil-plant Si cycle in 

cultivated areas. 

In chapter 5 and 6, we showed that the restitution of inedible plant parts on 

the soil at harvest could increase the mobility of the Si in banana and 

sugarcane soil-plant systems. However, to the best of our knowledge, the 

impact of long-term incorporation of inedible plant parts has never been 

studied for other crops. We therefore suggest to follow the path we traced 

concerning the impact of long-term inedible plant parts incorporation in soil 

to other crops and other soil types. 

Agroforestry, which consists of planting trees and crops together, could also 

impact the soil-plant Si cycle. In particular, deep roots of trees could allow to 

take up Si in deep and less weathered soil horizons and to return it to soil 

through litter fall, making it available for crops. Agroforestry can also 

decrease soil erosion, which could limit physical PhSi exports. 

The plant species used during fallows could greatly influence the Si sol-plant 

cycle. Indeed, the use of Si-accumulating plants could replenish the topsoil in 

PhSi at the end of the fallow period if the plants are crushed and returned to 

soil. If plant parts are exported for hay, this could be an additional important 

Si export. 

Root systems of cultivated plants may greatly vary according to plant species 

and cultivars. This directly affects the volume explored by plants to take up 

Si. This could therefore strongly impact the Si uptake by crops and therefore 

the impact of croplands on the soil-plant Si cycle. 
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Cover crops are planted between cropping seasons. They play an important 

role in protecting soil against erosion and nutrient leaching. The use of cover 

crops could therefore impact Si leaching. The use of Si-accumulating species 

could greatly limit Si leaching. 

Tillage plays different roles in cultivated soils, and results in a homogenized 

upper soil horizon. This could bring up PhSi particles from soil surface to 

deeper soil, which could impact PhSi particles dissolution (Li, 2019). Tillage 

also impacts the physical and hydrological properties of soils (Hill, 1990). It 

creates, among other things, a ploughing sole. This limits water infiltration 

and can increase soil erosion (Poulenard et al., 2001), which could impact Si 

leaching and Si losses due to erosion (Clymans et al., 2015b). 

We think that species involved in agricultural rotations could impact the soil-

plant Si cycle through differences in rooting systems, Si-accumulation, Si 

exports through harvests, etc. Further investigations are thus needed to fully 

understand the implications the rotation could have on the soil-plant Si cycle. 

These are examples of possible agricultural practices that could impact the Si 

cycle. It shows how much the impact of agricultural on the Si cycle is full of 

mysteries!  

Perspective 3 (P3): How to include Si fertilization in agricultural practices? 

How to determine the Si quantity and the Si form to apply? 

Agricultural land use is often associated with a decrease in the bioavailability 

of Si (Barão et al., 2014; Struyf et al., 2010; Vandevenne et al., 2015). 

Moreover, Si fertilization increases crop yields, especially for Si-accumulating 

crops grown on highly weathered soils (A. Klotzbücher et al., 2018; Li et al., 

2018). Furthermore, common agricultural practices still do not include Si 

fertilization.  

One reason is that only few data are available about Si bioavailability in soils 

around the world. Meunier et al. (2018) proposed to use pH as a proxy to 

estimate the pool of bioavailable Si. This method is very promising as it would 

allow to easily deduce Si bioavailability from pH data that are widely available 

worldwide. However, the relations they found are only validated for the 

region they studied in India. Thus a very important and exciting perspective 



Perspectives 

 

199 

would be to extent the relation between pH and Si bioavailability to other 

regions and soil types. We expect that this relation would greatly depend on 

soil type. For example, in Ferralsols, Fe oxides are major secondary minerals 

that may adsorb monosilicic acid. This sorption process can decrease Si 

bioavailability (Haynes, 2019; Haynes and Zhou, 2018; Tavakkoli et al., 2011). 

In other soils, high pH values could be associated with large Si bioavailability 

as PhSi readily dissolve in such conditions (Fraysse et al., 2009, 2006; Guntzer 

et al., 2012). 

Another reason is that farmers are still poorly documented about the 

beneficial effects that Si can have on crops. The demand for silicate fertilizers 

therefore remains marginal, which limits the interests of the industry to 

develop a real offer. In addition, silicate fertilizers are available in many 

different forms (silicate slags, straw residues, biochar, ground basalt, silica 

gel, etc.) (Ayres, 1966; D’Hotman and Villiers, 1961; Li et al., 2019, 2018; Ma 

and Takahashi, 1989; Mantovani et al., 2016; Marxen et al., 2016; 

Wickramasinghe and Rowell, 2006), but we do not know which type of 

fertilizer is best suited; this could depend on the type of soil and climate 

conditions. Studies testing different forms of Si fertilizers according to soil 

type would therefore be of a great interest to optimize fertilization technics 

and further develop an efficient market. 

Finally, CaCl2-Si is generally used as the estimator of the bio-available Si pool 

(Sauer et al., 2006). However, the link between the CaCl2-Si pool and the Si 

content in plants is not always obvious (Chapter 2) maybe because of the 

impact that soil properties could have on this link. This means that critical 

CaCl2-Si values could depend on soil type. This opens up a field of research of 

major importance especially if critical CaCl2-Si is linked to plant response. 

Studies aimed at establishing critical CaCl2-Si values according to soil type 

would be of great interest to improve Si fertilization need and 

management. We are convinced that, when reliable tests will be available to 

assess the real bio-available Si pool and the associated critical values, Si 

fertilization would rapidly develop. We preconize to start studies in soils for 

which Si bio-availability is low and crops sensibility to diseases is high. In 

this respect, the southern part of the Basse-Terre Island, Guadeloupe, could 

be a perfect field of study. Indeed, in this region, the sensibility of banana 

crop to diseases is particularly high (Dorel and Perrier, 1990). Such 
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investigation is promising since the link between Si availability and banana 

plant resistance to diseases has been established (Kablan et al., 2011; 

Vermeire et al., 2011), and parameters impacting Si concentrations in banana 

leaves are known (Henriet et al., 2008a). 
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Figure CP-2: Scheme summarizing the perspectives of the PhD thesis Perspectives 

relative to P1 are in orange, perspectives relative to P2 are in green, and perspectives 

relative to P3 are in blue. 
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Appendixes relative to chapter 2 
Evolution of the silicon bio-availability in volcanic soils along a climo-
toposequence in Guadeloupe 
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Table 2-S1: Total Si, Al, and Fe contents, DCB extractable Al and Fe contents (d), dark acid oxalate extractable Si, Al and Fe contents (o), and 
pyrophosphate extractable Al and Fe contents (p) in soil samples. Average values are computed from the individual values measured on the 
three composite samples of each plot (BA: banana; SC: sugarcane). 

Altitude 
(m) 

Land use Total elemental content         
(g kg-1) 

DCB extractable 
content (g kg-1) 

Dark oxalate extractable 
content (g kg-1) 

Pyrophosphate extractable 
content (g kg-1) 

  Sit Alt Fet Ald Fed Sio Alo Feo Alp Fep 

            

65 BA 177.6 131.3 79.3 18.50 42.59 16.49 36.17 10.91 8.64 3.30 
65 SC 181.1 128.4 87.9 17.95 44.96 11.96 27.01 12.54 9.19 5.30 
100 BA 153.3 131.5 96.2 20.67 44.70 25.27 51.84 12.00 7.68 2.68 
100 SC 171.3 127.1 84.3 18.41 43.90 20.25 42.91 11.46 7.33 3.24 
150 BA 151.6 133.4 100.7 19.97 49.08 20.80 41.03 12.01 6.79 3.25 
150 SC 144.4 131.4 91.1 22.93 45.94 16.81 36.85 13.87 14.55 8.71 
200 BA 145.8 135.3 97.3 18.20 49.34 17.23 34.59 13.31 8.56 5.29 
200 SC 148.5 130.4 89.7 17.78 46.24 14.16 32.36 14.36 9.64 6.81 
250 BA 152.0 133.6 93.0 17.54 49.46 10.43 26.86 10.92 12.32 7.58 
250 SC 145.2 136.8 99.3 18.90 53.15 11.78 30.35 12.88 11.16 8.49 
300 BA 145.9 138.8 86.1 16.60 45.65 13.24 31.93 12.39 8.18 6.63 
350 BA 145.6 121.1 82.0 16.78 39.74 12.70 32.86 16.62 13.01 13.42 
375 BA 141.5 110.8 79.7 16.43 37.61 10.66 32.67 18.42 12.82 12.79 
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Table 2-S2: Particle size analysis, Total Reserve in Bases (TRB), Si/(Al+Fe), Fed/Fet and Feo/Fed atomic ratios, contents of organic C and allophane, 
Sio/(Alo-Alp) ratio (standard deviations in brackets). Average values computed from the individual values measured on three composite samples 
of each plot at each altitude. Differences between banana (BA) and sugarcane (SC) plots were tested at each altitude with an ANOVA statistical 
test with the aov function of the R programming language. Different lowercase letters express significant differences at p<0.05 level for TRB, 
Si/(Al+Fe), Fed/Fet, Feo/Fed, C and allophane content, and Sio/(Alo-Alp). 

Alitude Land 
use 

Particle size analysis 
(%) 

Bulk 
density 

TRB Si/(Al+Fe)a 

 
Fed/Fet Feo/Fed C Allophaneb Sio/(Alo-

Alp)c 

Gibbsite 

m  Clay Silt Sand g cm-3 cmolc 
kg-1 

   g kg-1 g kg-1  g kg-1 

65 BA 41.4 46.6 12.0 0.83 110 a 1.01 a 0.54 a 0.24 a 43.3 a 113 a 0.54 a 37.4 
65 SC 37.0 49.5 13.5 0.82 118 a 1.02 a 0.51 a 0.28 a 41.4 a 77 b 0.64 b 24.5 
100 BA 45.7 34.9 19.4 0.81 136 a 0.83 a 0.46 a 0.27 a 49.8 a 179 a 0.55 a 73.0 
100 SC 51.6 30.0 18.4 0.75 138 a 0.98 b 0.52 a 0.26 a 50.0 a 144 b 0.55 a 72.3 
150 BA 40.1 34.3 25.6 0.76 134 a 0.80 a 0.49 a 0.24 a 45.9 a 142 a 0.58 a 84.9 
150 SC 41.2 38.6 20.2 0.73 102 a 0.79 a 0.51 a 0.30 b 64.2 b 103 b 0.72 b 117.3 
200 BA 24.2 50.7 25.1 0.74 98 a 0.77 a 0.51 a 0.27 a 47.6 a 112 a 0.64 a 113.1 
200 SC 36.2 42.2 21.6 0.73 85 a 0.82 b 0.52 a 0.31 b 61.6 b 95 b 0.60 a 112.6 
250 BA 37.0 47.3 15.7 0.70 86 a 0.82 a 0.53 a 0.22 a 50.1 a 65 a 0.72 a 101.0 
250 SC 34.5 44.5 21.0 0.70 83 a 0.75 b 0.54 a 0.24 a 47.5 a 80 a 0.59 a 102.7 
300 BA 37.1 41.0 21.9 0.73 71 0.78 0.53 0.27 51.6 95 0.54 112.7 
350 BA 34.1 47.6 18.3 0.57 88 0.87 0.48 0.39 78.2 85 0.69 103.6 
375 BA 35.5 38.2 26.3 0.51 93 0.91 0.47 0.49 97.0 80 0.52 101.9 
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Table 2-S3: Average concentrations in soil of total Si (Sit), bioavailable Si (CaCl2-Si), Na2CO3-Si, Na2CO3-Al, ox-Na2CO3-Si, ox-Na2CO3-Al, and 
phytolith content as extracted by heavy liquid separation (hlPhSi), and Si concentrations in banana leaf at each altitude. Differences between 
banana (BA) and sugarcane (SC) plots were tested at each altitude with an ANOVA statistical test with the aov function of the R programming 
language. Different lowercase letters express significant differences at p<0.05 level for Sit, CaCl2-Si, Na2CO3-Si, ox-Na2CO3-Si and ox-Na2CO3-Al. 

Altitude Land 
use 

Sit CaCl2-Si Na2CO3-Si ox-Na2CO3-Si ox-Na2CO3-Al XRD-
hlPhSi 

Leaf Si concentration (banana) 

m  g kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 g kg-1 g kg-1 

65 BA 177.6 a 62.2 a 14191 a 7277 a 7873.2 a 6.04 4.49 
65 SC 181.1 a 65.5 a 11221 a 7946 a 7157.4 a 6.06 nd 
100 BA 153.3 a 53.9 a 12494 a 5434 a 8500.5 a 25.64 5.30 
100 SC 171.3 b 73.9 b 12620 a 6277 a 6826.6 a 16.93 nd 
150 BA 151.6 a 31.9 a 11315 a 4630 a 8051 a 15.24 4.77 
150 SC 144.4 a 31.3 a 11662 a 4045 a 7483 a 17.63 nd 
200 BA 145.9 a 46.1 a 11233 a 4356 a 9183 a 22.39 4.03 
200 SC 148.5 a 30.8 b 11006 a 3778 a 8087 a 35.52 nd 
250 BA 152.0 a 44.9 a 10764 a 4143 a 9194 a 26.29 3.81 
250 SC 145.2 a 31.1 b 11548a 4460 a 9889 a 18.40 nd 
300 BA 145.9 24.4 10380 3373 8487 27.09 4.31 
350 BA 145.6 21.1 10070 2636 6792 47.06 4.44 
375 BA 141.5 14.0 11408 2040 5223 53.45 nd 
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Table 2-S4: p-value determining the significance of each parameter (MAR, TRB, pH) 
involved in the linear model of each Si pool (see Equation 2-1). The linear models 
were realized with the lm function of the R programing language. A parameter 
significantly explains the results when the p-value < 0.05. 

 

 

 MAR TRB pH 

CaCl2-Si p-value < 0.001 p-value = 0.72 p-value = 0.34 
Total Si p-value < 0.001 p-value = 0.79 p-value = 0.11 
Na2CO3-Si p-value = 0.03 p-value = 0.62 p-value = 0.60 
ox-Na2CO3-Si p-value < 0.001 p-value = 0.70 p-value = 0.88 
XRD-hlPhSi p-value = 0.03 p-value = 0.11 p-value = 0.90 
Leaf Si p-value = 0.37 p-value = 0.09 p-value = 0.78 
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Table 2-S5: Selected soil chemical properties: pH H2O, pH KCl, C and C contents, exchangeable bases, sum of exchangeable bases (SEB), cation 
exchange capacity (CEC), and base saturation (BS). 

Altitude Land use pH C N Exchangeable bases (cmolc kg-1) SEB CEC BS 

m  H2O KCl % % Ca Mg K Na cmolc kg-1 cmolc kg-1 % 

65 BA 5.9 4.9 4.3 0.4 7.0 2.6 0.1 2.8 12.6 53.0 23.9 
65 SC 6.0 4.8 4.1 0.4 5.6 3.3 0.2 3.0 12.1 46.6 26.0 
100 BA 5.8 5.0 5.0 0.5 5.7 3.7 0.1 2.3 11.7 51.5 22.6 
100 SC 6.3 5.2 5.0 0.5 10.6 3.2 0.2 2.7 16.8 53.8 31.2 
150 BA 6.5 5.7 4.6 0.5 10.5 3.8 0.1 2.4 16.9 46.7 35.9 
150 SC 5.8 4.8 6.4 0.6 2.1 2.1 0.2 1.3 5.7 47.6 12.1 
200 BA 6.2 5.4 4.8 0.5 9.5 2.6 0.1 2.5 14.7 46.0 32.0 
200 SC 6.0 5.1 6.2 0.6 7.3 1.7 0.2 0.8 9.9 44.4 22.3 
250 BA 5.5 4.7 5.0 0.5 4.0 1.2 0.1 2.3 7.6 39.7 19.2 
250 SC 5.9 5.0 4.7 0.5 3.8 1.5 0.1 1.4 6.8 43.6 15.6 
300 BA 5.8 5.1 5.2 0.5 5.9 1.4 0.1 1.3 8.6 37.6 22.8 
350 BA 5.3 4.7 7.8 0.8 4.0 1.1 0.1 0.6 5.7 44.6 12.8 
375 BA 5.2 4.5 9.7 0.8 2.9 0.6 0.1 0.3 3.8 48.3 7.7 
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Table 2-S6: Values of the mean H4SiO4 concentrations (mol l-1) and pH in the CaCl2 extracts at the different extraction times: 6 hours, 12 hours 
and 24 hours (1day), 2, 4, 8, 16, 32, and 64 days (B: banana; SC: sugarcane). 

 

Extraction time  
(days) 

Altitude (m) 
Land use (BA, SC) 

  
65 100 150 200 250 300 350 375 

 
BA SC BA SC BA SC BA SC BA SC BA BA BA 

 
 

log10(H4SiO4) (mol l-1) 
 

0.25 -3.62 -3.63 -3.72 -3.58 -3.94 -3.95 -3.78 -3.96 -3.80 -3.96 -4.06 -4.12 -4.30 

0.5 -3.65 -3.62 -3.70 -3.56 -3.94 -3.90 -3.74 -3.91 -3.71 -3.94 -4.04 -4.06 -4.24 

1 -3.66 -3.60 -3.69 -3.55 -3.93 -3.86 -3.70 -3.85 -3.64 -3.90 -3.98 -3.99 -4.16 

2 -3.63 -3.57 -3.66 -3.54 -3.94 -3.82 -3.68 -3.83 -3.60 -3.86 -3.93 -3.91 -4.09 

4 -3.73 -3.59 -3.66 -3.52 -3.88 -3.78 -3.64 -3.77 -3.56 -3.85 -3.90 -3.86 -4.06 

8 -3.56 -3.52 -3.63 -3.49 -3.85 -3.74 -3.53 -3.67 -3.49 -3.77 -3.83 -3.82 -4.00 

16 -3.64 -3.57 -3.66 -3.53 -3.92 -3.73 -3.61 -3.70 -3.49 -3.80 -3.82 -3.78 -3.97 

32 -3.65 -3.58 -3.65 -3.56 -3.89 -3.74 -3.63 -3.70 -3.48 -3.74 -3.77 -3.76 -3.96 

64 -3.62 -3.55 -3.64 -3.53 -3.88 -3.68 -3.58 -3.64 -3.44 -3.75 -3.73 -3.65 -3.82 
              

pH 64 days 5.4 5.1 5.2 5.4 6.4 4.9 5.6 5.3 4.8 5.0 5.2 4.7 4.6 



Appendixes 

212 

Figure 2-S1: X-ray diffraction (XRD) patterns performed on bulk soils (a) of banana 
plots at 65, 100, 150, 200, 250, 300, 350, and 375 m asl, and (b) sugarcane plots at 
65, 150, and 200 m asl. Typical XRD peaks are identified with different colors : gibbsite 
(Gi) in light blue, halloysite-7Å (H7) in red, halloysite-10Å (H10) in dark blue, tridymite 
(Tr) in orange, cristobalite (Cr) in light pink, and quartz (Qu) in dark pink. Peaks at 7.1, 
10, and 14 on the 2θ scale are pointed and are present when dehydrated halloysite, 
hydrated halloysite, and 2:1 minerals respectively occur.
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Figure 2-S2: X-ray diffraction (XRD) patterns performed on the phytoliths extracted by heavy liquid separation (sample tsBA350).

L
in

 (
C

o
u

n
ts

)

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

2-Theta - Scale

2 10 20 30 40 50 60 70 80

gibbsite

c
ri
s
to

b
a
lit

e

(tr)

(tr)

tridymite (tr)



 

214 

Appendixes relative to chapter 3 
Phytolith quantification through alkaline extraction in gibbsitic 
Andosols 
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Table 3-S0-1: Total Si, Al, and Fe contents, DCB extractable Al and Fe contents (d), dark acid oxalate extractable Si, Al and Fe contents (o), and 
pyrophosphate extractable Al and Fe contents (p) in soil samples. ts samples were collected in banana plots (tsBA), sugarcane plots (tsSC), and 
forest plot (tsFO) at various altitude levels (from 65 to 390 m asl). pd samples were collected in soil horizons from the pedons pdBA, pdSC and 
pdFO, respectively at 173, 180 and 396 m asl. 

 Total elemental content         (g kg-

1) 
DCB extractable 
content (g kg-1) 

Dark oxalate extractable 
content (g kg-1) 

Pyrophosphate extractable 
content (g kg-1) 

 Sit Alt Fet Ald Fed Sio Alo Feo Alp Fep 

tsBA 65 177.6 131.3 79.3 18.50 42.59 16.49 36.17 10.91 8.64 3.30 
tsSC 65 181.1 128.4 87.9 17.95 44.96 11.96 27.01 12.54 9.19 5.30 
tsBA 100 153.3 131.5 96.2 20.67 44.70 25.27 51.84 12.00 7.68 2.68 
tsSC 100 171.3 127.1 84.3 18.41 43.90 20.25 42.91 11.46 7.33 3.24 
tsBA 150 151.6 133.4 100.7 19.97 49.08 20.80 41.03 12.01 6.79 3.25 
tsSC 150 144.4 131.4 91.1 22.93 45.94 16.81 36.85 13.87 14.55 8.71 
tsBA 200 145.8 135.3 97.3 18.20 49.34 17.23 34.59 13.31 8.56 5.29 
tsSC 200 148.5 130.4 89.7 17.78 46.24 14.16 32.36 14.36 9.64 6.81 
tsBA 250 152.0 133.6 93.0 17.54 49.46 10.43 26.86 10.92 12.32 7.58 
tsSC 250 145.2 136.8 99.3 18.90 53.15 11.78 30.35 12.88 11.16 8.49 
tsBA 300 145.9 138.8 86.1 16.60 45.65 13.24 31.93 12.39 8.18 6.63 
tsBA 350 145.6 121.1 82.0 16.78 39.74 12.70 32.86 16.62 13.01 13.42 
tsBA 375 141.5 110.8 79.7 16.43 37.61 10.66 32.67 18.42 12.82 12.79 
tsFO 396 128.7 98.0 69.1 16.53 28.20 5.27 21.66 15.24 14.28 13.88 
           
pdBA 173 Ap 148.4 129.0 86.6 17.10 43.22 21.24 43.74 17.21 10.74 7.04 
pdBA 173 AB 146.8 137.9 94.1 17.80 46.79 24.04 48.64 18.49 10.14 6.63 
pdBA 173 Bw 128.7 151.3 105.3 14.83 47.09 33.62 63.97 19.92 3.51 1.33 
pdBA 173 BC 145.5 149.7 101.2 15.10 43.71 54.07 86.27 18.99 3.26 0.56 
pdSC 180 Ap 145.3 122.1 77.9 20.38 45.40 17.21 36.67 15.53 13.09 8.51 
pdSC 180 AB 154.6 135.3 84.3 18.48 44.02 20.04 41.67 16.90 13.44 8.68 
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pdSC 180 Bw1 160.0 135.4 88.3 18.59 44.25 23.27 45.84 16.08 11.18 6.88 
pdSC 180 Bw2 162.4 139.1 96.0 17.51 45.30 32.28 55.70 14.25 6.30 3.26 
pdSC 180 BC 166.8 136.1 104.0 14.79 41.33 42.04 66.83 12.39 3.27 0.75 
pdFO 396 Ah1 108.0 101.8 62.5 20.46 37.61 1.90 23.87 19.72 18.97 19.53 
pdFO 396 Ah2 144.6 110.4 73.8 22.72 44.10 3.46 27.55 21.80 20.72 22.45 
pdFO 396 AB 146.0 137.2 92.0 20.75 48.10 5.72 31.95 27.12 18.75 22.52 
pdFO 396 Bw1 171.3 128.1 89.3 18.60 54.52 7.39 45.81 31.91 8.09 8.21 
pdFO 396 Bw2 162.8 127.9 88.0 16.35 48.83 16.64 66.12 25.18 5.12 2.52 
pdFO 396 BC 108.0 204.4 132.9 10.97 31.79 21.32 53.11 9.64 2.89 0.18 
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Table 3-S0-2: DCB extractable Si, Al and Fe contents (d), and dark acid oxalate 
extractable Si, Al and Fe contents (o) obtained with pretreatments in methods 2 and 
3. 

Method Sample Sid 
g.kg-1 

Ald 
g.kg-1 

Fed 
g.kg-1 

Sio 
g.kg-1 

Alo 
g.kg-1 

Feo 
g.kg-1 

Method 2 tsBA 350 nd nd nd 19.2 40.3 25.8 
tsFO 396 nd nd nd 6.1 24.4 16.8 

Method 3 tsB 350 2.1 16.5 37.8 15.5 25.1 8.2 
tsFO 396 2.0 16.7 26.4 4.3 9.7 5.4 

nd means no data.
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Figure 3-S1: XRD pattern 
performed on non-
oriented powder sample 
from reference basalt. 
XRD data show the 
occurrence of olivine, 
augite, biotite, leucite, 
plagioclase, and 
nepheline. 
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Figure 3-S2: X-ray diffraction (XRD) patterns on topsoil (ts) samples: (a) tsBA-350 
and (b) tsFO-396. XRD were performed on bulk soils (non-oriented powder), 
oriented clays, bulk and saturated with either K+ or Mg2+, at room temperature 
(20 °C) after formamide intercalation, overnight ethylene–glycol saturation (EG), as 
well as after heating at 110, 300 and 550 °C (4 h). 
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Appendixes relative to chapter 5 
Banana and sugarcane crops control the bio-availability of the silicon 
in a gibbsitic Andosol 
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Table 5-S0-1: Total Si, Al, Fe contents (t), DCB extractable Al and Fe contents (d), dark acid oxalate extractable Si, Al, and Fe contents (o), and 

pyrophosphate extractable Al and Fe contents (p) in soil horizons (f<2mm) of banana (BA-173) and sugarcane (SC-180) soil pedons. 

Hor Depth Total elemental content (g kg-1) DCB extractable 
content (g kg-1) 

Dark oxalate extractable content 
(g kg-1) 

Pyrophosphate 
extractable content (g 

kg-1) 

 cm Sit Alt Fet Ald Fed Sio Alo Feo Alp Fep 

BA-173 pedon 

Ap 0-12 148.4 129.0 86.6 17.1 43.2 21.2 43.7 17.2 10.74 7.04 
AB 12-23 146.8 137.9 94.1 17.8 46.8 24.0 48.6 18.5 10.14 6.63 
Bw 24-45 128.7 151.3 105.3 14.8 47.1 33.6 64.0 19.9 3.51 1.33 
BC 46-62 145.5 149.7 101.2 15.1 43.7 54.1 86.3 19.0 3.26 0.56 
2Bw1 63-80 179.5 140.9 93.9 12.8 45.8 29.8 49.0 13.7 3.36 1.08 
2Bw2 81-95 172.1 139.1 100.4 13.6 44.1 44.2 68.2 17.2 3.14 0.57 
2BC 96-128 182.1 135.1 98.6 10.9 36.2 45.5 69.8 14.2 2.78 0.34 

SC-180 pedon 

Ap 0-5 145.3 122.1 77.9 20.4 45.4 17.2 36.7 15.5 13.09 8.51 
AB 6-24 154.6 135.3 84.3 18.5 44.0 20.0 41.7 16.9 13.44 8.68 
Bw1 25-36 160.0 135.4 88.3 18.6 44.3 23.3 45.8 16.1 11.18 6.88 
Bw2 37-63 162.4 139.1 96.0 17.5 45.3 32.3 55.7 14.2 6.30 3.26 
BC 64-85 166.8 136.1 104.0 14.8 41.3 42.0 66.8 12.4 3.27 0.75 
2Bw1 86-110 167.3 145.6 96.7 13.1 42.8 37.0 60.3 14.5 3.02 0.78 



Appendixes 

222  

Figure 5-S1 : X-ray 

diffraction (XRD) patterns 

on horizon samples of the 

BA-173 profile: (a) Ap, (b) 

AB, (c) Bw, and (d) BC 

horizons. XRD were 

performed on bulk soils 

(non-oriented powder). 
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Figure 5-S2 : X-ray diffraction 

(XRD) patterns on horizon 

samples of the SC-180 profile: 

(a) Ap, (b) AB, (c) Bw1, and (d) 

BC horizons. XRD were 

performed on bulk soils (non-

oriented powder). 
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Appendixes relative to chapter 6 
The silicon soil-plant cycle in a tropical rainforest and a nearby 
banana field 
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Table 6-S0-1: DCB extractable Al and Fe contents (d), dark acid oxalate extractable Si, Al, and Fe contents (o), and pyrophosphate extractable 

Al and Fe contents (p) in soil horizons (f<2mm) of forest (FO-396) and banana (BA-343) soil pedons. 

Hor Depth DCB extractable content (g kg-1) Dark oxalate extractable content (g kg-1) Pyrophosphate extractable content (g kg-1) 

 cm Ald Fed Sio Alo Feo Alp Fep 

FO-396 pedon 

Ah1 0-8 20.46 37.61 1.90 23.87 19.72 18.97 19.53 
Ah2 8-16 22.72 44.10 3.46 27.55 21.80 20.72 22.45 
AB 16-30 20.75 48.10 5.72 31.95 27.12 18.75 22.52 

Bw1 30-55 18.60 54.52 7.39 45.81 31.91 8.09 8.21 
Bw2 55-70 16.35 48.83 16.64 66.12 25.18 5.12 2.52 
2BC 70-88 10.97 31.79 21.32 53.11 9.64 2.89 0.18 
3A 88-90 12.84 48.11 5.61 18.50 8.27 3.29 1.07 

3 Bw 90-120 13.75 41.22 28.00 65.87 5.38 4.47 0.88 

BA-343 pedon 

AB 0-45 21.24 42.87 9.33 37.32 15.35 18.16 18.59 
Bw 45-55 19.49 49.81 20.10 49.42 8.56 8.92 8.75 
BC 55-70 12.87 39.88 39.69 93.02 15.77 4.03 1.43 
2A 70-80 13.40 35.54 8.80 25.31 9.58 3.48 0.35 
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Table 6-S2: Total Si, Al, Fe, Ca, Mg, Na, K contents in soil horizons (f<2mm) of forest (FO-396) and banana (BA-343) soil pedons. 

Hor Depth Total elemental contents 

 cm Si Al Fe Ca Mg Na K 

FO-396 pedon 

Ah1 0-8 107.98 101.81 62.52 8.92 14.19 1.87 1.08 
Ah2 8-16 144.58 110.42 73.84 3.00 9.15 1.63 2.09 
AB 16-30 146.04 137.19 91.98 3.39 11.14 1.21 1.82 
Bw1 30-55 171.28 128.05 89.29 1.69 6.26 1.04 1.67 
Bw2 55-70 162.81 127.94 88.01 2.67 8.88 1.52 2.35 
2BC 70-88 107.99 204.41 132.87 2.34 11.91 0.85 0.87 
3A 88-90 182.46 133.25 89.92 3.00 9.32 1.71 2.80 

BA-343 pedon 

AB 0-45 160.44 118.91 81.63 3.86 11.15 1.45 2.37 
Bw 45-55 182.85 131.58 97.74 5.47 15.18 1.51 2.38 
BC 55-70 171.07 145.67 107.72 4.97 14.00 1.21 2.20 
2A 70-80 195.87 130.61 96.23 3.12 12.55 1.72 2.46 
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Table 7-S0-1: Elemental concentrations, and Ge/Si ratios in Pérou River water (gauging stations GS1, GS2, GS3) and Pères River water (gauging 
stations GS5) at base flow, in soil solutions, and in runoff waters. 

Sample Date Na K Mg Ca Al Si Ge Ge/Si 

  μmol l-1 pmol l-1 μmol mol-1 

  Base flow at gauging station 1 (GS1) 

GS1 25/07/2016 243 20 65 122 <dl4 460 97 0.21 

GS1 02/08/2016 254 21 66 121 <dl 477 97 0.20 

GS1 29/08/2016 277 24 76 147 <dl 529 97 0.18 

GS1 12/09/2016 260 22 69 135 <dl 502 97 0.19 

GS1 03/10/2016 226 20 59 115 <dl 426 111 0.26 

GS1 07/11/2016 207 19 55 110 <dl 414 97 0.23 

GS1 26/01/2017 244 21 66 127 <dl 512 nd5 nd 

GS1 09/02/2017 252 22 69 133 <dl 502 nd nd 

GS1 13/03/2017 221 18 55 104 <dl 393 nd nd 

GS1 16/05/2017 255 22 68 153 <dl 507 nd nd 

GS1 12/06/2017 268 42 68 198 <dl 424 nd nd 

GS1 17/07/2017 255 24 68 127 <dl 508 nd nd 

  Base flow at gauging station 2 (GS2) 

GS2 25/07/2016 260 22 70 130 <dl 468 83 0.18 

GS2 02/08/2016 272 23 72 134 <dl 489 83 0.17 

GS2 29/08/2016 293 26 84 159 <dl 525 83 0.16 

GS2 12/09/2016 275 24 75 144 <dl 483 83 0.17 

GS2 03/10/2016 233 22 61 122 <dl 423 97 0.23 

GS2 07/11/2016 209 22 56 111 <dl 402 83 0.21 

GS2 26/01/2017 265 24 72 137 <dl 492 nd nd 

GS2 09/02/2017 272 25 75 145 <dl 511 nd nd 

GS2 13/03/2017 228 21 56 108 <dl 401 nd nd 

GS2 16/05/2017 266 25 73 148 <dl 513 nd nd 
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GS2 12/06/2017 279 25 77 154 <dl 527 nd nd 

GS2 17/07/2017 464 79 175 451 <dl 939 125 0.13 

  Base flow at gauging station 3 (GS3) 

GS3 25/07/2016 283 24 79 144 <dl 498 83 0.17 

GS3 02/08/2016 301 30 81 148 <dl 520 83 0.16 

GS3 29/08/2016 316 29 94 176 <dl 560 83 0.15 

GS3 12/09/2016 304 27 86 164 <dl 545 97 0.18 

GS3 03/10/2016 245 23 67 130 <dl 450 97 0.21 

GS3 07/11/2016 231 27 65 133 <dl 428 nd nd 

GS3 26/01/2017 303 29 89 176 <dl 547 nd nd 

GS3 09/02/2017 323 29 97 187 <dl 584 nd nd 

GS3 13/03/2017 252 25 67 133 <dl 444 nd nd 

GS3 16/05/2017 293 29 84 173 <dl 541 nd nd 

GS3 12/06/2017 314 29 91 185 <dl 576 nd nd 

GS3 17/07/2017 265 24 73 136 <dl 506 nd nd 

  Base flow at gauging station 5 (GS5) 

GS5 25/07/2016 495 90 187 435 <dl 986 83 0.08 

GS5 02/08/2016 514 74 194 439 <dl 989 125 0.13 

GS5 29/08/2016 498 75 190 445 <dl 967 139 0.14 

GS5 12/09/2016 459 73 179 425 <dl 947 139 0.15 

GS5 03/10/2016 432 73 169 399 <dl 893 69 0.08 

GS5 07/11/2016 423 98 165 427 <dl 833 153 0.18 

GS5 26/01/2017 549 79 216 529 <dl 1039 nd nd 

GS5 09/02/2017 538 78 210 509 <dl 1025 nd nd 

GS5 13/03/2017 451 87 168 474 <dl 860 nd nd 

GS5 16/05/2017 446 79 165 466 <dl 885 nd nd 

GS5 12/06/2017 520 84 199 511 <dl 1021 nd nd 

GS5 17/07/2017 303 29 87 161 <dl 549 nd nd 
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  Soil solution (SS) 

SS-BA-1731 20/09/2016 270 107 171 217 0.12 215 194 0.90 

SS-BA-173 20/09/2016 193 57 125 120 0.03 195 167 0.85 

SS-BA-173 20/09/2016 145 44 166 121 0.16 178 167 0.93 

SS-BA-173 20/09/2016 299 51 230 140 <dl 156 111 0.71 

SS-BA-173 20/09/2016 224 126 293 257 0.32 228 222 0.97 

SS-BA-173 27/10/2016 199 76 99 124 0.12 197 167 0.84 

SS-BA-173 27/10/2016 206 48 125 121 0.43 199 194 0.97 

SS-BA-173 27/10/2016 207 54 313 195 0.55 182 194 1.06 

SS-BA-173 27/10/2016 307 50 238 146 0.02 158 139 0.87 

SS-BA-173 27/10/2016 258 200 375 384 3.35 193 208 1.07 

SS-SC-1802 20/09/2016 188 69 145 295 0.24 175 167 0.94 

SS-SC-180 20/09/2016 267 204 116 121 0.57 170 139 0.81 

SS-SC-180 20/09/2016 271 1722 758 881 0.45 250 194 0.77 

SS-SC-180 20/09/2016 186 46 206 143 <dl 160 181 1.12 

SS-SC-180 20/09/2016 181 103 86 143 0.40 159 167 1.04 

SS-SC-180 27/10/2016 145 277 121 201 0.89 183 167 0.90 

SS-SC-180 27/10/2016 250 224 114 127 0.25 165 167 1.00 

SS-SC-180 27/10/2016 113 912 266 351 1.53 258 194 0.75 

SS-SC-180 27/10/2016 210 81 169 115 1.07 164 194 1.18 

SS-SC-180 27/10/2016 140 24 143 100 <dl 144 139 0.96 

SS-FO-3963 13/03/2017 197 2 59 40 0.81 86 83 0.96 

SS-FO-396 13/03/2017 280 7 53 54 0.35 84 83 0.98 

SS-FO-396 18/04/2017 172 18 26 31 3.13 78 83 1.06 

SS-FO-396 18/04/2017 173 43 31 40 4.77 92 153 1.64 

SS-FO-396 18/04/2017 259 6 67 55 1.20 123 97 0.79 

SS-FO-396 11/05/2017 177 31 38 44 1.74 95 83 0.87 

SS-FO-396 11/05/2017 137 12 22 40 1.80 78 83 1.05 
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SS-FO-396 08/06/2017 183 3 41 41 1.49 87 139 1.58 

SS-FO-396 08/06/2017 217 4 47 39 1.14 103 97 0.94 

  Runoff water (RW) 

RW-BA-173 12/10/2016 74 201 38 47 4.78 141 152 1.07 

RW-BA-173 19/10/2016 87 299 51 58 4.51 139 165 1.19 

RW-BA-173 27/10/2016 90 228 39 47 6.36 140 152 1.08 
1SS-BA-173 = soil solution of banana plot (BA-173), 2SS-SC-180 = soil solution of sugarcane plot (SC-180), 3SS-FO-396 = soil solution of forest plot (FO-396), 4<dl 

= beneath the detection limit, 5nd = no data 



Appendixes 

232 

Table 7-S0-2: Elemental concentrations, and Ge/Si ratios for (a) FPU1, (b) FPU2, (c) FPU3 flood events in the Pérou River (GS3), (d) FPS1, (e) 
FPS2, and (f) FPS3 flood events in the Pères River (GS5). 

Time collected Discharge 
 

Na K Mg Ca Al Si Ge Ge :Si 

 m³ s-1  μmol l-1 pmol l-1 μmol mol-
1 

(a) FPU1 

06:57 46.8 300.43 27.60 85.06 185.18 <dl1 513.35 nd2 nd 

07:42 49.5 282.86 26.98 75.02 154.69 <dl 508.01 82.7 0.16 

08:27 40.0 268.03 26.09 69.55 147.65 <dl 483.62 82.7 0.17 

09:09 24.9 259.98 24.67 65.72 148.03 <dl 461.54 nd nd 

09:54 18.8 245.59 22.38 60.91 127.45 <dl 427.88 110.2 0.26 

10:39 14.7 236.71 21.42 58.35 118.49 <dl 402.78 96.4 0.24 

11:18 12.3 235.23 21.52 57.94 124.13 <dl 390.31 96.4 0.25 

12:03 10.5 239.36 21.61 58.02 121.66 <dl 391.38 nd nd 

(b) FPU2 

10:27 6.91 324.31 29.82 95.88 186.13 <dl 562.50 nd nd 

11:03 32.5 298.56 28.85 80.86 167.02 <dl 536.50 nd nd 

11:48 21.3 212.22 22.37 47.28 102.30 1.07 288.14 96.4 0.33 

11:51 20.8 192.00 20.78 40.24 85.95 1.43 242.98 82.7 0.34 

12:33 15.0 175.82 18.03 36.29 78.97 1.67 192.72 96.4 0.50 

12:36 14.8 171.47 17.61 34.55 74.38 1.72 181.70 96.4 0.53 

13:21 11.7 178.99 16.88 35.30 76.97 1.56 183.71 82.7 0.45 

14:06 9.60 179.99 17.28 36.87 94.14 1.55 197.77 82.7 0.42 

(c) FPU3 

09:30 9.28 192.26 33.25 45.35 119.11 1.62 273.58 nd nd 

10:15 8.62 132.97 21.73 25.66 64.95 1.95 143.93 68.9 0.48 

11:00 7.43 109.13 17.16 18.92 45.93 1.86 92.40 68.9 0.75 
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11:45 6.48 104.00 15.50 18.40 48.13 2.30 90.47 nd nd 

12:30 7.92 111.53 13.92 20.26 56.54 2.25 105.86 68.9 0.65 

13:15 7.55 120.44 14.17 22.19 60.70 2.34 130.29 nd nd 

14:00 6.53 136.28 17.39 25.45 73.78 2.28 151.98 82.7 0.54 

14:45 5.59 137.10 15.06 28.20 74.15 1.71 173.91 82.7 0.48 

(d) FPS1 

17:12 0.64 494.56 73.35 182.51 458.33 <dl 893.34 96.4 0.11 

17:15 1.08 302.48 96.88 113.58 422.90 1.03 573.01 110.2 0.19 

18:00 0.64 235.36 77.26 80.82 290.17 1.06 391.20 82.7 0.21 

18:45 0.382 232.54 85.47 76.24 264.27 1.78 354.10 nd nd 

18:51 0.97 218.57 72.92 72.76 244.69 1.63 349.27 110.2 0.32 

19:36 0.32 225.62 74.12 80.25 261.98 2.05 393.87 nd nd 

20:21 0.28 254.98 76.60 88.02 285.93 1.87 449.79 nd nd 

20:51 0.26 262.81 76.52 90.66 289.17 1.52 474.72 110.2 0.23 

(e) FPS2 

21:15 0.98 385.25 81.25 148.93 555.39 0.99 710.11 110.2 0.16 

21:18 1.01 365.33 83.86 128.89 451.10 1.59 670.58 82.7 0.12 

21:24 1.10 327.23 93.71 119.22 475.80 1.92 543.45 55.1 0.10 

21:36 1.40 221.71 156.75 89.88 441.37 3.45 299.25 nd nd 

22:21 1.74 149.33 118.57 59.34 295.16 3.71 191.84 82.7 0.43 

22:33 1.36 126.71 103.55 47.45 224.60 4.23 167.18 nd nd 

23:18 1.23 142.93 98.08 51.23 221.56 4.36 204.83 96.4 0.47 

23:36 1.13 152.68 95.17 53.74 220.08 4.22 232.59 96.4 0.41 

(f) FPS3 

19:48 0.51 466.29 115.83 162.84 543.66 1.23 758.01 165.3 0.22 

19:51 0.52 506.31 108.31 160.53 481.29 1.46 856.30 nd nd 

20:02 0.78 499.35 104.12 166.54 496.01 1.13 883.19 137.8 0.16 

20:47 0.47 410.70 168.49 130.62 436.63 2.92 701.03 165.3 0.24 
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21:02 0.42 381.47 164.81 117.86 397.70 2.73 659.19 165.3 0.25 

21:47 0.36 348.11 156.11 117.00 399.45 3.37 573.72 nd nd 

22:32 0.32 345.15 149.90 118.60 397.95 2.85 576.92 179.1 0.31 

23:17 0.37 279.47 153.58 104.16 401.95 3.83 426.99 137.8 0.32 

1<dl = beneath the detection limit, 2nd = no data. 
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Figure 7-S1: Pictures of the lysimeter (a,b), lysimeter settlement (c,d), and lysimeter sampling (e). Schematic illustration 
of the device settled in the banana plot to collect runoff waters at the plot scale (f), and picture of this device in the 
banana field (g). 
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Figure 7-S2: pH buffer capacity of the topsoil of the BA-343 plot, as expressed by the 

plot of pH against OH- addition. The buffering capacity of this soil is very high. Indeed, 

6 tons of CaCO3 per hectar would be necessary to increase soil pH to pH 7. 
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