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Summary
The terrestrial Si-cycle has received increased attention in the past two
decades. Multiple studies show several processes involved: interactions
among primary lithology and weathering, biotic Si uptake, formation of
secondary pedogenic phases and environmental controls such as
precipitation, temperature and hydrology. Plants take up dissolved Si (DSi)
from soil water, forming protective structures called phytoliths, often
referred to as biogenic silica (BSi). The presence of phytoliths confers
some benefits for the plant like resistance against herbivores or stress
alleviation (Epstein, 1994). The solubility of BSi in soils is higher than
other pedogenic Si phases which results in an active plant-soil Si turnover
that controls the terrestrial Si-filter (Struyf and Conley, 2009). The
importance of characterize and quantify the BSi pool in soils is thus
important in order to better understand the terrestrial Si cycle.
Global change is defined as a set of several ongoing processes (i.e.
climate change, land use change, population increase) (Steffen et al.,
2004)(Steffen et al., 2004) that have a direct impact on humans (human
health), food provision and on the natural functioning of the Earth’s
system (biodiversity, water and element cycles). In the terrestrial system
scarce knowledge is available about the possible consequences of global
change on BSi pools’ distribution and properties and the consequent
implications for the ecosystem Si-filter.
In this thesis the most relevant effects of global change on the
terrestrial BSi pool were studied: the effect of fire, the decrease in
abundance of large grazers and the combined effects of land use change
and erosion. It was found that burned BSi is more soluble than fresh or
unburned BSi; the effect of conversion from forest to cropland decreases
the BSi pool in the short-term and erosion increases BSi accumulation and
possible storage at bottom-slope positions, but the two effects combined
results in a stronger BSi depletion and a larger accumulation; the presence

of large grazers on the African savannah controls the Si transport from
grasses to the river, that eventually reaches the big lakes.
Moreover, the work carried out studying the effects of the global change
challenged the method used to characterize and quantified BSi in soils. A
refinement of the methodology used was consequently developed which
consists on a better performance of the modeling and a novel calculation
of an interval of confidence for each parameter estimated. The script
developed

is

available

AlkExSi/tree/v1.0.0.

from:

https://github.com/nschenkels/

Samenvatting
De terrestrische Si-cyclus heeft in de afgelopen twee decennia meer
aandacht gekregen. Verscheidene studies tonen dat hierin meerdere
processen een rol spelen: interacties tussen primaire lithologie en
verwering, biotische Si opname, vorming van secundaire pedogenetische
fasen en omgevingsvariabelen zoals neerslag, temperatuur en hydrologie.
Planten nemen opgelost Si (DSi) uit het water op en vormen hiermee
beschermende structuren ofwel ‘fytolieten’, ook wel biogeen silicium
genoemd (BSi). De aanwezigheid van fytolieten biedt een aantal voordelen
voor de plant zoals resistentie tegen herbivorie of stressvermindering
(Epstein, 1994). De oplosbaarheid van BSi in bodems is hoger dan andere
pedogene Si-fasen. Hierdoor ontstaat een actieve plant-bodem turnover
die de terrestrische Si-filter aanstuurt (Struyf and Conley, 2009). Het
karakteriseren en kwantificeren van de BSi-opslag in de bodems is dus
belangrijk om een beter inzicht te krijgen in de terrestrische Si cyclus.
Wereldwijde

veranderingen

landgebruiksverandering,

(zoals

demografische

klimaatverandering,

groei)

(Steffen

et

al.,

2004)(Steffen et al., 2004) hebben een directe impact op de mens
(gezondheid), voedselvoorziening, en op het natuurlijk functioneren van
het ecosysteem (biodiversiteit, water en stoffencycli). Voor het
terrestrische systeem is maar weinig kennis beschikbaar over de
mogelijke gevolgen van wereldwijde veranderingen op de verdeling en
kenmerken van BSi stocks en de hieruit volgende effecten op de
natuurlijke Si-filter.
In dit doctoraat worden de meest relevante effecten van wereldwijde
veranderingen op de terrestrische BSi-opslag bestudeerd: het effect van
brand, de densiteitsafname van grote grazers en het gecombineerde effect
van landgebruiksverandering en erosie. Het onderzoek toont aan dat
verbrand BSi gemakkelijker oplosbaar is dan vers of ongebrand BSi; het
effect van omzetting van bos naar akker verlaagt de BSi-stock op korte
termijn en erosie vergroot de BSi-accumulatie en de mogelijke opslag aan

de voet van de helling, maar de twee effecten samen resulteren in een
sterkere BSi-uitputting en een grotere accumulatie; de aanwezigheid van
grote grazers op de Afrikaanse savanne stuurt het Si transport van
graslanden naar de rivier, die uiteindelijk uitmonden in de grote meren.
Daarnaast leidde dit onderzoek naar effecten van wereldwijde
veranderingen tot een verbetering van de bestaande methode om BSi in
bodems te kenmerken en kwantificeren. Deze methode werd verfijnd met
een nieuwe berekening van het betrouwbaarheidsinterval van iedere
parameter, wat resulteerde in een betere performantie van het model. Het
ontwikkelde script kan gedownload worden via https://github.com/
nschenkels/ AlkExSi/tree/v1.0.0.
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Introduction

The global biogeochemical silicon cycle
Silicon (Si), the 14th element in the periodic table, was discovered in 1823
by Jonz Jakob Brazilius (Weeks, 1932). Si is a tetravalent metalloid with high
affinity for oxygen which occurs in the Earth’s mantle. In fact, Si is the second
most abundant element in the Earth’s crust (Wedepohl, 1995). Humans have
used silicate rocks and minerals as construction materials, ceramics, and
more recently for electronics.

In aquatic ecosystems, the biological

importance of the Si cycle has been known for a long time: Si plays a crucial
role for diatoms, which represent a large part of riverine, coastal and ocean
primary production. In a biogeochemical context, Si is always associated with
oxygen (SiO2), and referred to as ‘silica’.
A first description of the global biogeochemical Si cycle was made by
Wollast and Mackenzie (1984). There are two large compartments in the
cycle: the ocean and the terrestrial system, connected by the water
continuum. Si from the terrestrial system mostly flows to the ocean through
rivers in its dissolved form (DSi, H4SiO4). Only at a geological time-scale Si
returns to the terrestrial system through volcanic and tectonic processes.
Silica derived from the dissolution of the bedrock is the primary source of all
silicon in soils. Chemical and biological soil processes subsequently control
transformations of Si into both solid and dissolved phases (Figure 1.1).
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The ocean Si sub-cycle has been widely studied. In the ocean Si is absorbed
mainly by phytoplankton. Diatoms are unicellular algae with exoskeletons
called frustules that consist of hydrated silicon dioxide (SiO2nH2O), biogenic
silica (BSi). In order to build the frustules, diatoms need to absorb DSi from
the water column. Diatoms constitute an important component of the ocean
food web and are the single most important aquatic organisms for the
sequestration of carbon dioxide (CO2). The primary production associated to
diatoms varies between 20 to 40% of the total ocean production (Nelson et
al., 1995; Tréguer et al., 1995). In other words, diatoms are crucially needed
in order to maintain the ocean food web. In the oceans and coastal zones, DSi
concentrations are frequently near or at limitation. BSi from dead diatoms is
therefore fast recycled in the water column, creating an extremely active Si
turnover that maintains most of the ocean primary production. Only an
estimated 3% of the BSi produced by diatoms is lost and trapped within the
sediment (Ragueneau et al., 2006; Tréguer and De La Rocha, 2013), along
with a substantial amount of carbon.

Figure 1.1. Processes and compartments involved in the global Si cycle. Adapted from Opfergelt et al.,
(2012).

While the ocean biological Si cycle is thus highly efficient in recycling its
own Si, still an annual replenishment of about 6Tmole of Si is necessary to
sustain the ocean diatom Si cycle (Treguer & De La Rocha 2013). This input
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mainly originates from riverine input. The Si input is not only necessary to
sustain diatom production. It has also a crucial role in determining the
proportion between the abundances of other algae and diatoms (Ittekkot et
al., 2000) in estuaries and the coastal zone. The presence of Si benefits diatom
growth. On the contrary, when relatively low Si concentration exists, other
algae and flagellate phytoplankton proliferate, often leading to coastal
eutrophication processes (Humborg et al., 1997; Yool and Tyrrell, 2003).
The important connection between the ocean and terrestrial systems thus
mainly relies on lentic systems where aquatic vegetation and diatoms grow,
potentially affecting Si transport processes. Si is transported in the dissolved
form or as a part of particles in suspension (Jeandel and Oelkers, 2015).
However, while the ocean Si sub-cycle is quite well studied, the terrestrial
and lentic biological Si cycle has only started to attract attention during the
last 2 decades (e.g. Alexandre et al., 1997; Conley, 2002; Meunier et al., 1999;
Sommer et al., 2006; Struyf and Conley, 2012). In fact, the most recent
insights show that a large part of the output of Si into the rivers and
eventually the oceans, is actually controlled by biological processes in
terrestrial vegetation, and the cycling of this plant biogenic Si in ecosystem
soils.

The terrestrial Si sub-cycle
In the soil system silica is present in multiple forms. Silicate minerals
derived from the bedrock are the ultimate source of all silica cycling in
terrestrial soils. Soil silicate weathering, including both physical and chemical
processes, transforms primary Si minerals into secondary minerals, which
includes phyllosilicates, micro crystalline phases, poorly ordered Si
compounds and amorphous Si (Chadwick et al., 1987; Drees et al., 1989; Iler,
1955). The released DSi can have multiple fates: new secondary clay minerals
and hydroxy-aluminosilicates (HAS) can be formed and DSi can be absorbed
onto oxides. These processes depend on specific conditions like pH, water
content, cation exchange capacity and the presence of organic compounds.
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The final DSi concentration also depends on the weathering state which
depends in turn on the parent material, topography, temperature (Berger et
al., 1994; Hartmann et al., 2009), precipitation (Dove and Icenhower, 1997;
Fraysse et al., 2006a), age and biota (Cornelis and Delvaux, 2016). Young or
low-weathered soils normally contain a large abundance of primary Siminerals and are scarce in secondary clay minerals and Si-oxides. On the
contrary, long-term weathering processes results in highly developed soils
depleted in primary minerals with a large abundance of secondary clay Siminerals and Si-oxides (Kendrick and Graham, 2004; Schaetzl and Anderson,
2005). An overview of Si phases present in soils can be seen in Figure 1.2.
A variety of biogenic solid Si fractions are also present in soils.
Microorganisms like testate amoeba (Aoki et al., 2007), diatoms (Patrick,
1977; Round et al., 1990), sponges (Clarke, 2003), as well as plants (Lucas,
2001; Meunier et al., 1999) take up DSi through organic processes (Figure
1.2). A crucial process here is the uptake of DSi by plants. Plants absorb DSi
and incorporate it within the plant tissues, creating amorphous silicate
structures called phytoliths that provide structural support (Piperno, 2006),
resistance against herbivores (increasing leave’s hardness) and stress
resistance (Adrees et al., 2015; Epstein, 1994; Marschner, 1995), e.g. the Si
co-precipitation with Al reducing free Al3+ toxicity for plants that in turn
promotes plant growth (Major et al., 2010; Meyer and Keeping, 2001). Thus,
although not an essential element to most plants, Si is crucial for plant fitness,
leading some authors to suggest that Si should be considered as an essential
nutrient (Currie and Perry, 2007; Epstein, 1994; Savant et al., 1997).
The Si content of plants is determined by two main factors: the species and
the DSi content in the soil. Phytoliths abundance (Cornelis et al., 2010a; Jones
and Handreck, 1967), shapes (Piperno, 2006) and properties (Fraysse et al.,
2009) are species dependent (Figure 1.3). For example, conifers have less
soluble prismatic shape phytoliths while phanerogams have different shape
phytoliths (conical, stars…) (Piperno, 2006) and higher solubilities (Cornelis
et al., 2010a). The plant Si content is also directly correlated with the DSi
content in the soil, although the Si uptake is often considered to be passive
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(Mitani and Ma, 2005). This has been recently questioned by authors that
found no correlation between DSi content in the soil and Si accumulation in
plant tissues (Keeping, 2017).

Figure 1.2. Overview of phases in soils containing Si. Red arrow shows the relative abundance of
different phases as the weathering degree advances. Blue arrows show possible transformations
between phases. Adapted from Sauer et al., (2006).

Moreover, there are multiple grass species that actively take up Si through
a specialized Si uptake system consisting of aquaporin channels with high
affinity for Si in their roots cells (Liang et al., 2006; Ma et al., 2006). These
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species are often called Si-accumulators (Hodson et al., 2005; Takahashi et al.,
1990). The Si fixation by plants is strongly significant for the global Si cycle,
being estimated to be in the same order of magnitude as the annual Si fixation
by diatoms (Loucaides et al., 2008). Yet, despite equally strong cycling going
on in plant related biological Si processes compared to diatoms, this subcycle only relatively recently started to attract scientific attention.

Figure 1.3. Scanning electron microscopy (SEM) pictures of phytoliths (Vandevenne et al., 2015).

Plants have a strong impact on the functioning of the terrestrial Si cycle
(Alexandre et al., 1997; Carey and Fulweiler, 2012; Frings et al., 2014a; Kelly
et al., 1998; Lucas, 2001). Plants promote the dissolution of silicate minerals
through the exudation of organic compounds (Carey and Fulweiler, 2012). In
topsoil, the effect of Si uptake by vegetation contributes to the stabilization of
secondary silicates (Derry et al., 2005; Lucas et al., 1993), showing how
plants can also control inorganic processes to some extent. Moreover, plants
control water dynamics and affect the chemistry of the soil solution (Lucas,

7

2001). White et al., (2012) described how the mineral weathering controls Si
processes in deeper horizons, but biogenic cycling governs Si processes in top
soils. When plants die, plant BSi is incorporated into the soil where it can be
dissolved again, contributing to the availability of DSi and creating a
biological Si cycle in soils based on the turnover (deposition/re-dissolution)
of phytoliths. The phytoliths content in soils was estimated to be between
0.01 wt% to 50 wt% (Alexandre et al., 1997; Clarke, 2003; Jones and Beavers,
1964). Among the multiple Si compounds in soils, BSi has been proven to be
the most soluble (Blecker et al., 2006; Cornelis et al., 2010a; Fraysse et al.,
2006a; Ronchi et al., 2015). The higher solubility of phytoliths contributes to
an active Si turnover between plants and soil. Alexandre et al., (1997)
estimated that the vast 92% of the total BSi is continuously being recycled,
while only 8% of the total BSi is permanently stored in soils. The sum of all
soil and biological processes affecting Si cycling in terrestrial ecosystems has
been termed the ecosystem Si-filter (Struyf and Conley, 2012). The
mechanisms controlling BSi dissolution in soils however are still under study,
as we still don’t know all processes involved that could affect BSi distribution,
solubility and export.
Solubility of silicate minerals is known to be affected by factors like
temperature (Chou and Wollast, 1985; Kodama and Ross, 1991), plant
exudates (Carey and Fulweiler, 2012) or soil moisture, but it is not clear if the
solubility of phytoliths would be affected in the same way or to the same
extent. It is known that high Al content within phytoliths (Bartoli and
Wilding, 1980), high abundance of organic acids (Piperno, 2006), low pH
(Fraysse et al., 2006a) and low content of Ca2+ in the system (Nguyen et al.,
2013) decreases the solubility of phytoliths. On the contrary, low solid to
solute ratios or high soil moisture content increased dissolution of phytoliths
under controlled conditions (Fraysse et al., 2009). Finally, it has been shown
that after the passage of phytoliths through the digestive system of
herbivores and consequent deposition, the solubility of phytoliths increases
(Vandevenne et al., 2013). The role of large herbivores on the Si cycle might
be more relevant than we nowadays acknowledge.
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The integration of all processes affecting translocation and solubility of Siphases and DSi export, determine the final DSi concentration in the system
and the probability for the Si to be exported to the lentic compartment. Derry
et al., (2005) showed that 69 to 90% of the DSi reaching the river had
previously passed though the soil-plant cycle. Given the importance of the BSi
recycling in soils for the global Si cycle, it is essential to study the processes
affecting the distribution and solubility of phytoliths. In the frame of the
global change is especially interesting to study the effects on the BSi
distribution and recycling as a consequence of rapid environmental changes.
Global change and the terrestrial biological Si cycle
Global change is defined as a set of several ongoing processes including
climate change (increase in temperature and changes in precipitation
patterns, see Figure 1.4), changes in land use-land cover (LULC, conversion
of land uses), increases in contamination and pollution (at atmospheric,
water and soil levels) and the increase of world population (increasing
exponentially) (Steffen et al., 2004). These changes have a direct impact on
humans (human health (McMichael et al., 2005)), food provision, (IPCC,
2014), and on the natural functioning of the Earth’s system (biodiversity,
water (IPCC, 2014) and element cycles (Steffen et al., 2004)). However, the
effect of global change can differ strongly between different regions. For
instance, the rise in temperature in dried subtropical and Mediterranean
regions will increase the fire risk more heavily than in humid or boreal
regions. Although a relatively high number of effects of global change are
currently being studied, the synergy between different driver’s effects is
difficult to tackle. This might be the next step towards a full understanding of
global change.
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a)

b)

Figure 1.4. a) Expected increase in global surface temperature according to the IPCC’s scenarios. b)
Relative changes in precipitation patterns expected for the period 2000-2099 for December to
February (left) and June to August (right), (IPCC, 2014).

Most of the studies carried out in relation to the global Si cycle were done
in temperate ecosystems, and tropical and subtropical ecosystems are
strongly underrepresented. Some of the effects of the global change are
expected to be extremely severe in tropical and subtropical regions: i.e.
temperature rise and droughts (IPCC, 2014), which together result in higher
fire risk, changes in water regimes that will depend on the specific system
(humid or dry tropical and subtropical systems) and economic practices in
these countries (exploitation and conservation) (IPCC, 2014). Moreover,
given the fact that a generalized increase in temperatures will occur in the
whole globe it is especially interesting to study the warmest and driest
systems in Earth: actual temperate regions might have tropical and
subtropical conditions in the future.
The global Si cycle is prone to be affected by alterations of the water and
element cycles due to e.g. land use and climate change. For example, diatom
growth is affected by temperature (Eppley, 1972; Montagnes and Franklin,
2001), while in lentic systems the functioning and flow rates are modified
due to dam construction and changes in nutrient inputs, hydrological cycles
(Ittekkot et al., 2000) and sediment translocation. This potentially affects the
Si input into the ocean as well as other biogeochemical cycles (Al, Ca) in the
oceans, disrupting as a result the ocean Si cycle (Bienfang et al., 1982;
Tréguer and De La Rocha, 2013). The terrestrial Si sub-cycle however has
generally received only sparse attention at this respect.
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Precipitation volume and in turn soil moisture, increase dissolution of
silica compounds and probably DSi export. Higher soil pore water content
increase solid to solution ratio, dissolving larger amounts of solid Si phases
(Georgiadis et al., 2015) and possibly phytoliths (Fraysse et al., 2009). Higher
temperatures are known to increase weathering rates of silicate minerals
(Drees et al., 1989; Rimstidt and Barnes, 1980) and Si-minerals solubility
though the increase of soil temperature (Neal et al., 2005), which
consequently increases the release of DSi into the soil solution. However, we
do not know if the solubility of phytoliths would be affected to the same
extent with the increase in soil temperature. Moreover, the increase in
temperature in dry regions will boost the fire’s occurrence and intensity.
Some authors showed that amorphous silica mineralized when pyrolized at
temperatures higher than 500°C (Guo and Chen, 2014). We however have no
knowledge of the effects on phytolith solubility after burning at lower
temperatures.
Another crucial aspect of global change is land use change. Agriculture in
particular removes large amounts of biogenic Si from soil systems through
the harvest of the crops (Guntzer et al., 2012a; Meunier et al., 1999) as
phytoliths do not return to the soil. This has been linked to a long-term Si
depletion in temperate croplands (Vandevenne et al., 2015b). Moreover it has
been determined that the depletion of the phytolith pool in several croplands
in France, could possibly happen in 12-15 years since deforestation (Keller et
al., 2012). It has been shown that the conversion from forest to cropland
causes a rapid increase of DSi fluxes in the short-term from the cropland to
the river in temperate systems (Conley et al., 2008) but followed by a
decrease in DSi fluxes in a longer-term (Struyf et al., 2010b), also described
by Legesse et al., (2003) in a comparison between croplands and woodlands
in Ethiopia. In Figure 1.5, a schema showing the changes in DSi fluxes
according to the land use or ecosystem develop stage is represented.
Deforestation contributes to enduring erosion processes which in turn
depletes soil Si stocks through the direct export of soil material. Clymans et
al., (2015) showed how the increase of Si mobilization in croplands is not a
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consequence of tillage technique or crop type but of soil loss due to the
increase of erosion. The increase of erosion rates derived from agriculture is
known to increase the DSi export up to 40% after a rainfall event (Smis et al.,
2011). Deposition at lower positions of other elements like carbon (C) and
nitrogen have been already described in sloped terrains affected by land use
change (Gregorich et al., 1998; Navas et al., 2012; Quinton et al., 2010).
Ibrahim and Lal, (2014) showed an accumulation of C and amorphous Si, as
well as ready-soluble Si at bottom-slopes in temperate forests. Possibly land
use change enhances as well the deposition of BSi at bottom positions in a
topo-sequence, but this remains unknown. Studies combining the aggregation
of effects, for instance deforestation and erosion, are still needed.
The agricultural practice of fertilizing adds exogenous Si into the system
(Bélanger et al., 1995; Liang et al., 2006) that in turn affects the terrestrial Si
cycling. Indeed the addition of Si contributes to benefit crop resistance
(Fauteux et al., 2005) and was shown to increase wheat growth by 4.1–9.3%,
and rice growth up to 17% in field experiments (Ma and Takahashi, 2002).
Moreover, Si application increased yield production in rice fields as well
(Guntzer et al., 2012a). Yet, the different properties between Si-sources,
whether an inorganic or organic fertilizer is applied to soils, may influence
the plant preferences in Si uptake, the Si recycling by crops and thus locally
the overall terrestrial Si cycle functioning.
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Figure 1.5. Differences in terrestrial Si cycling according to the land use/ecosystem stage (Struyf et al.,
2010).

Quantifying biogenic silica in soils
Given the large importance of bio-terrestrial Si cycling in the oceanterrestrial Si connection, good methods to quantify BSi in soils are necessary.
Below is a short introduction to the evolution of the methodology to analyze
BSi in soils and sediments.
A chemical extraction in Na2CO3 has being used in marine ecology to
extract and quantify diatom content (DeMaster, 1981) in the water column.
The method assumes that all diatoms dissolve during the first half hour and
only minerals subsequently dissolve. The intercept of the linear mineral
dissolution line is then calculated and is considered to be the BSi content (Eq.
1 and Figure 1.6), assuming constant mineral dissolution during the whole
extraction, and all non-linearly reacting Si to be biogenic.
This results in following equation:
(1)
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where Sit is the DSi present at any given time in the extraction, Sii the initial
amount of Si from mineral phases, b is the dissolution rate of the mineral
phase and BSi the total content of BSi in the sample.

Figure 1.6. Hypothetical dissolution behavior of a sample extracted in Na 2CO3. The linear phase after
the 3rd extraction hour corresponds to the dissolution of the remaining minerals in the sample. The
intercept of the linear dissolution of minerals then accounts for the BSi content in the sample.

However, analyzing some more complex marine sediments, it was
discovered that some clay minerals also have high non-linear solubility in
alkaline solvents. Thus, some clays might be dissolved in the first half hour,
resulting in an overestimation of the amount of BSi. Until some years ago, an
extraction in 0.1 M Na2CO3 was still the most common method used to
estimate BSi content. As clays and oxides are particularly present in soils,
some new approximation had to be developed.
Already in 2002, Koning et al. (2002) suggested a new method, that
consisted in extracting samples in 0.5 M NaOH measuring Si and Al dissolved
concentrations continuously during the extraction (Figure 1.7). Modeling the
two curves together and relating the two concentrations, a Si/Al ratio can be
assigned to the different fractions dissolving (Eq. 2).
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Figure 1.7. Dissolution curves of Si and Al during the continuous extraction. The linear and the nonlinear phase of the Si are noted. In Barão et al. (2015).

This results in following equations:
(∑

(

))
(2)

(∑

(

))

where Sit and Alt are the concentrations of Si and Al respectively, at any given
time. The equations consist of two parts: the mineral fraction which has a
linear dissolution behavior (DeMaster, 1981; Koning et al., 2002) and the
fractions exhibiting non-linear dissolving behavior. For the mineral fraction,
the model renders a linear dissolution rate (b) and the Si/Al ratio (Si/Almin) of
that linear fraction. Non-linearly dissolving fractions are characterized by:
the total amount of Si (alkaline extractable Si (AlkExSi), mg g-1 dry weight of
initial sample mass), the Si/Al ratio (concentration of Si over concentration of
Al) of that fraction and its dissolution rate (k, min-1). Assuming the same Si
and Al release rate from the same compound and relating the Si and Al
concentration equations through the Si/Al ratio, with the three parameters
estimated (AlkExSi, k and Si/Al ratio) the different fractions dissolving nonlinearly are distinguished. The same model is fitted with one, two or three
first order equations (summation to

in the formula) and the solution

showing least error (F test) from the three fits is kept. For the non-linear
fractions, the Si/Al ratio of the fraction is used to determine its origin. Silicate
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clay minerals normally have Si/Al ratios ranging from 1 to 5 (Koning et al.,
2002). Diatoms contain much more Si than Al, showing ratios above 5. Using
this method, the inorganic fraction can be discriminated, avoiding the
overestimation of BSi (diatom) content.
Recently, the previous method was adapted for soils by Barão et al. (2014),
in order to better quantify the soil BSi pool. A new problem arose when
applying the method in the terrestrial system. In soils, the inorganic fractions
and minerals containing Si are more abundant and variable than in water
environments. Besides clay minerals, hydroxy-aluminosilicates (HAS) and Si
adsorbed onto oxides can be particularly abundant in some types of soils, for
instance highly weathered soils (Delvaux et al., 1989; Kendrick and Graham,
2004; McFadden and Hendricks, 1985; Opfergelt et al., 2009). Some Si
adsorbed onto oxides showed high solubility in alkaline solvents. Si adsorbed
onto oxides is always lower than the adsorbed Al: when coupling the
dissolution curves of Si and Al the resulting fraction will show a Si/Al ratio
below 1. Secondary clay minerals in soils normally show Si/Al ratios between
1 and 5, because the proportion of the two elements within the clay. Finally,
phytoliths, like diatoms, show a high Si content resulting in Si/Al ratios above
5. The authors described thus three different fractions or pools: BSi
(phytolith pool) (Si/Al>5), secondary clay minerals (1>Si/Al<5) and HAS,
hydrous- and hydrated clays or Si adsorbed onto oxides (Si/Al<1).
Other additional methods exist to extract and quantify BSi in soils
(Saccone et al., 2006; Sauer et al., 2006). The physical extraction of phytoliths
(Parr et al., 2001; Piperno, 2006) and subsequent quantification is a reliable
method that isolates phytoliths for measuring the Si concentration
afterwards. The method consists on successive digestions and a total of 12
methodological steps. As some phytoliths can be stored in soils (up to 8%
(Alexandre et al., 1997), this method is also used in paleo-ecological studies
where characteristics (size, shape, etc.) of phytoliths are used to described
past vegetation (Blinnikov, 2005) thanks to the species-dependent phytoliths
characteristics (Piperno, 2006). This method, although accurate in the
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estimation, is extremely time-consuming and expensive (Saccone et al., 2006;
Zhao and Pearsall, 1998) for BSi quantification.
In this thesis, I applied the Barão et al. (2014) method to address multiple
ongoing global change effects on soil and terrestrial ecosystem biogenic Si
stocks.

Objectives
Despite the advances made in acquisition of knowledge concerning the
functioning of the terrestrial Si cycle in the last decades it is clear that there is
a still a long path to fully apprehend how soil-BSi behaves under changing
environmental circumstances. Among several global change drivers this
thesis addresses the most relevant yet non-quantified effects of global change
drivers related to the terrestrial system, that possibly affect soil BSi
abundance and distribution: fire risk (climate change), land use change,
erosion and the possible extinction of large herbivores. The implementation
of an improved methodological approach for the application of the
continuous alkaline extraction became essential after the work carried out in
this thesis. The last chapter therefore consists of a mathematical refinement
of the methodology to model Si and Al dissolution curves to better constrain
our results. An overview of the topics studied is presented in Figure 1.8.
Challenge one: Does fire affect the solubility of BSi?

Given the importance of the expected future changes regarding fire
occurrence and intensity particularly in dry climates, in Chapter 2, I studied
the effect of ecosystem fires on the solubility of BSi. Will the structural
changes that phytoliths experienced after burning influence their solubility?
Up to date, there were no studies regarding this respect. Is the method able to
determine correctly the BSi content from burned biomass?
Challenge two: How land use change affects soil BSi pool in tropical regions?

In Chapter 3, I studied the changes in abundance and distribution of BSi in
tropical soils affected by deforestation and erosion, and the possible synergic
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effect of the two drivers acting together. The study was carried out in a
subtropical soil from a basaltic origin. No earlier studies have adopted the
Barão et al. (2014) method in tropical soils where the presence of high
amount of secondary weathering products, like oxides, make this study a
challenge for the application of the method.
Challenge three: How the type of fertilizer and soil type influence the BSi soil
pool and the plant uptake?

In Chapter 4, I conducted a cooperative study to test the effects of
inorganic and organic fertilizers on the Si recycling by plants in
tropical/subtropical soils. In order to investigate this, two types of soils
(moderate and highly weathered soil) were fertilized with an inorganic and
organic (biochar) Si source. A crop was grown on those systems afterwards
and Si cycle functioning was studied. Does the Si-recycling by plants depend
on soil weathering state and/or type of Si (inorganic or organic) added? And
moreover, is the method used able to distinguish the BSi pool from the other
Si pools in soils?
Challenge four: How relevant is the influence of hippopotamus on the Si
transfer to the river?

In Chapter 5, I studied to which extent the Si cycling in the African
savannah can be determined by the African hippo. A study in the Mara River
is carried out in order to investigate the influence of hippo depositions on the
Si input in the river and possible consequences for the Si cycle. What will be
the consequence for the Si cycle on the Mara River if hippos disappear or are
extremely reduced? The Barão et al. (2014) method was significantly
challenged: strong volcanic interference is present in the Mara river basin,
potentially strongly increasing reactive mineral interference in the analysis.
Challenge five: Applying the knowledge acquired to refine the method to
determine BSi in soils (Barão et al., 2014).

Based on all the experience gained in the previous chapters, I initiated
cooperation with the Maths department to standardize the curve analysis
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protocol, and quantify the uncertainty that is associated with the
mathematical determination of BSi based on the curve analyses.

A

refinement for the methodological analysis is performed in Chapter 6, and the
script produced can be used for the rapid analysis of all soil and sediment
samples for BSi in the future. Specific recommendations are made, and
potential remaining pitfalls and challenges identified.

Figure 1.8. Diagram including factors studied in this thesis with the respectively Chapter which they
are included in.
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Chapter 2
Fire enhances solubility of biogenic
silica

This chapter is based on:
Unzué-Belmonte, D., Struyf, E., Clymans, W., Tischer, A., Potthast, K.,
Bremer, M., Meire, P. and Schaller, J., 2016. Sciencie of the Total Environment 572,
1289-1296.
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2
Fire enhances solubility of biogenic silica

2.1. Introduction
Natural fires can have severe effects on ecosystems, including the
alteration of ecosystem productivity, biodiversity and functioning, reflected
by changes in soil biogeochemistry, plant communities and animal
populations (Bowman et al., 2011). For example, in the topsoil of post-fire
ecosystems, the presence of ashes causes changes in nutrient content, cation
exchange capacity, water repellency and sorption capacity for nutrients
(Pereira et al., 2012).
The impact of natural fires on ecosystems depends on weather conditions,
as they regulate the duration and the severity of the fire. According to the
IPCC Report (Intergovernmental Panel on Climate Change, Kovats et al., 2014,
IPCC 5th Report), longer drought periods in temperate regions will increase
the number and intensity of natural fires. Besides natural fires, humans
commonly use controlled application of fires, i.e. prescribed fires, as a tool in
ecosystem management. Temperatures in natural fires usually range
between 200°C and 300°C (Rundel, 1983), but can reach up to 500 to 700°C
in heavy fires (Dunn and DeBano, 1977). The fire properties, i.e. duration and
severity, will be reflected in the characteristics of the produced ashes. As the

21

recovery of the ecosystem depends on the fire properties, most studies have
focused on the description of ashes’ characteristics (Bodí et al., 2011, Pereira
et al., 2011). The resulting classification reflects the content of unburned
matter, the content of macro- and micro nutrients, the pH or the reactivity of
the ashes (Haglund et al., 2008).
The biogeochemical effects of fire on major elements such as C, N and P
have been broadly studied across various climate regions (Bodí et al., 2014).
Briefly, while fires emit C into the atmosphere, they also create black carbon
with a longer residence time in soil than non-burned C (Schmidt et al., 2011).
Black carbon is thus considered to act as a long-term C sink (Bodí et al.,
2014). Fires can cause substantial losses of N (estimated at 22-25%) from the
soil (Gómez-Rey et al., 2013), as well as increasing P availability up to 10-fold
with a potential increase of P-export to rivers (Schaller et al., 2015).
However, little attention has been paid to fire effects on biogeochemical Si
cycling (Struyf and Conley, 2012). Plants take up dissolved Si (DSi) from soil
water, forming protective structures called phytoliths, often referred to as
biogenic silica (BSi). The concentration of Si in plants is often higher than
those of other trace elements like Mg or Fe, resulting in high concentration of
Si also in the plant litter (e.g., Eleuterius and Lanning, 1987). Weathering,
biogenic and pedogenic processes result in a large variety of Si fractions in
soils, i.e. DSi, primary and secondary silicate minerals, BSi and amorphous
silica precipitates (Sauer et al., 2006, Cornelis et al., 2011a), all with different
solubility (Van Cappellen, 2003). The solubility of each fraction determines
its contribution to plant-available silica, with the biogenic silica as one of the
most soluble forms (Van Cappellen, 2003; Fraysse et al., 2010). The different
silica pools and their availability in soils have recently received a surge of
scientific attention (Barão et al., 2014; Cornelis et al., 2014a; Georgiadis et al.,
2014; Opfergelt and Delmelle, 2012) as they effectively control the output of
Si to groundwater and rivers, a concept known as the ecosystem Si filter
(Meunier et al., 1999; Struyf and Conley, 2012). Hence, it is necessary to
investigate how fire could affect the solubility and composition of BSi in top
soils.
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Anthropogenic interventions in the landscape can alter the functioning of
the ecosystem Si filter (Carey and Fulweiler, 2011; Struyf et al., 2010c).
Deforestation and agricultural practices, i.e. harvest of crops and grazing by
cattle, strongly affect soil Si pools (Guntzer et al., 2012b; Vandevenne et al.,
2012) and BSi solubility (Vandevenne et al., 2013), affecting the Si export to
rivers. Still, we do not fully apprehend the diversity and magnitude of
processes that alter the Si sink/source function of soils. A better
understanding of the abiotic variables that control Si storage and dissolution
in soils is essential to better understand terrestrial Si cycling and the
important interconnections to the C cycle in particular.
Fire could be a crucial study topic in this regard. We aim to examine the
effect of fire on mobilization of Si from organic soil material (European Soils
Bureau Network, 2005) and how different fire temperatures affect the
solubility. The few data available indicate that highest Si availability in ashes
is obtained at mid-temperatures (black carbon product) (Pereira et al., 2012),
while at higher temperatures, Si crystallization of amorphous Si is observed,
potentially lowering Si availability (Xiao et al., 2014). We hypothesized that
fire affects soil Si solubility as a trade-off function between organic matter
losses and degree of crystallization. To evaluate our hypothesis, three
representative temperate ecosystems with different properties were selected
(Berg and McClaugherty, 2008): beech forest, spruce forest and peatland, and
their organic soil material was exposed to two burning treatments.
Characterization of the Si fractions of burned and non-burned samples was
investigated by performing an alkaline extraction, while batch experiments in
rain water were carried out to mimic natural dissolution rates.

2.2. Material and methods
Experimental setup
Samples
Organic soil material samples (uppermost 2 cm) consisting of dead and
partially decomposed needles (spruce) or leaves (beech), were collected from

23

two forest systems grown in Dystric Cambisols in Tharandt (Dresden,
Germany): Norway spruce (Picea abies) and European beech (Fagus
sylvatica). Tharandt forest is located in the suboceanic/subcontinental
climate. The mean annual temperature is 7.8°C and the mean annual
precipitation is 823 mm (Grünwald and Bernhofer, 2007). The total organic
layer thickness at the sites was 8±3 cm for the spruce and 4±2 cm for the
beech. No ferns or mosses, which could supply organic matter were observed.
In addition, a commercial peat (Sphagnum sp.) with low (<5%) mineral and
nutrient content, was selected. Coniferous forests, deciduous forests and peat
bogs are representative ecosystems for temperate climates (Berg and
McClaugherty, 2008). After the removal of roots and branches, organic soil
material (OSM) was crushed and passed through a 2 mm sieve. Subsequently,
OSM was dried at 40°C until constant weight before burning.
Samples had an initial carbon content of 470 mg g-1, 350 mg g-1 and 480
mg g-1 for spruce, beech and peat OSM respectively. The initial nitrogen
content was 20 mg g-1 for spruce OSM, 18 mg g-1 for beech OSM and 11 mg g-1
for peat OSM. Carbon and nitrogen content were measured with Elementar
vario El III (Hanau, Germany) in accordance with DIN-ISO-10694, 1995. The
initial phosphorus content (measured according to Bray and Kurtz, (1945))
was 0.83 mg g-1 for spruce OSM , 5.1 mg g-1 for beech OSM and 0.27 mg g-1 for
peat OSM.
Fire treatment
Two different fire treatments were applied in order to obtain black carbon
(350°C) (Nguyen et al., 2010) and white ashes (550°C, DIN-EN-12879, 2001).
The heating was conducted in a muffle furnace until a constant weight was
obtained. Black carbon produced in the first treatment is the most common
product after a fire (Rundel, 1983). White ash is typically produced in a
severe fire when all organic matter is expected to be consumed (Giovannini et
al., 1988). For the control treatment, no heating was applied. For every
ecosystem, net mass loss was calculated after the treatments.
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Analysis of the samples
X-ray diffraction analysis
X-ray diffraction was done for ash samples to characterize the crystalline
silica present in the samples. The analysis was performed using the
Diffractometer FPM (FreibergerPräzesionsmechanik, Freiberg, Germany)
RD7 (CuKα radiation; Ni monochromator; angle range of 2 – 80° 2, step scan
8.0 s, step sizes 0.02°). 10 – 20 % zinc oxide was added to the ash as internal
standard. Rietveldt refinement was performed using BGNM program
(Schaller et al., 2015).
Alkaline extractable Si
A total of 27 samples, three replicates per fire treatment and ecosystem,
were analyzed in a continuous flow analyzer (Skalar, Breda, the Netherlands),
using a continuous analysis technique recently refined for terrestrial
environments by Barão et al. (2014). Samples were gently crushed prior to
analysis. The extraction is performed in 180 mL of 0.5 M NaOH, at 85 °C for
half an hour. Dissolved Si and dissolved aluminum (Al) are measured
continuously during the extraction, obtaining two dissolution curves which
are fitted with first order equations (1).
(

(∑

))

(1)
(∑

(

))

The method distinguishes between the mineral fractions which have a
linear dissolution behavior (DeMaster, 1981; Koning et al., 2002) and the
fractions exhibiting non-linear dissolving behavior. The curve model (with
one, two or three non-linearly reactive fractions) exhibiting the lowest error
was kept. For the mineral fraction, the model renders a linear dissolution rate
(b) and the Si/Al ratio (Si/Almin). Non-linearly reactive fractions are
characterized by: the total amount of Si (alkaline extractable Si (AlkExSi),

25

mg g-1 dry weight of initial sample mass), the Si/Al ratio (Si/Al) of that
fraction and its reactivity (how fast it dissolves, k). The Si/Al ratio of the
fraction is used to determine the origin of the non-linear fraction. Barão et al.
(2014) distinguished the following fractions: ratio >5 was considered as
indicative of a biogenic fraction, as the proportion of Al in phytoliths is low
(Bartoli, 1985; Piperno, 2006). A fraction with a Si/Al ratio between 1 and 5
was considered as representative of the mineral fractions and Si/Al ratios <1
can indicate multiple pedogenic Si fractions, including absorbed Si. The total
AlkExSi was re-calculated for each reactive fraction relative to the initial mass
of the sample before the burning treatments.
Dissolution experiment
A dissolution experiment in rain water was set up to mimic natural
reactivity of Si after burning. The amount of material incubated in 35 mL
plastic tubes was scaled to obtain identical initial soil masses (prior to
burning) per incubation experiment to mimic a natural scenario. This implies
that the added amounts were: for spruce 0.1 g, 0.034 g and 0.01 g of initial
organic material, black carbon and ash respectively; for beech 0.1 g, 0.046 g
and 0.03 g of initial organic material, black carbon and ash, respectively; and
for peat 0.1 g, 0.03 g and 0.007 g of initial organic material, black carbon and
ash, respectively. Five replicates per ecosystem-treatment combination were
incubated. Each tube was filled with 10 mL air-captured rain water (pH: 6.64,
conductivity 34.5 µS cm-1 and DSi: 0.05 mg Si L-1). The dissolution experiment
was carried out in a dark incubator at 20°C and samples were collected at 9
time intervals (5 and 30 minutes, and 1, 2, 5, 10, 15, 18 and 24 hours). At each
time step, the solution was filtered at 0.45 µm and analyzed for DSi using ICPAES. Total amount of DSi (mg L-1) after 24 hours for every ecosystemtreatment was normalized by initial mass incubated (mg g-1). Afterwards,
percentages were calculated based on the AlkExSi content obtained in the
alkaline extraction, as the DSi extracted in rain water is expected to be part of
the most reactive Si extracted in the continuous extraction. Additionally, the
percentage related to the total Si (AlkExSi + crystalline Si) was also
calculated.
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2.3. Results
Mass loss results
Mass loss after burning at 350°C (black carbon) reached 64 ± 3%
(mean±SD) for spruce forest, 54 ± 4% for beech forest and 70 ± 3% for peat
samples. For the ash treatment (550°C) the attained loss percentages were
89 ± 0.4% for spruce, 70 ± 1.4% for beech and 93 ± 0.5% for peat samples,
published in more detail in Schaller et al. (2015).
Crystalline silica in ashes
There were clear differences in crystalline silica quality and quantity for
the ashes of the different soil organic material types. The percentages of
mineral fraction in the ashes were 12% for spruce forest, 59-63% for beech
forest and 40% for peat. This implies, according to the mass loss results, that
the original soil organic material contained 1.3% of crystalline Si in spruce
forest soil, 18% in beech forest and 2.6% in peat, published in more detail in
Schaller et al. (2015).
Continuous extraction
The AlkExSi normalized to the non-burned mass was relatively constant
over all treatments for spruce (25.1 ± 2.1 mg g-1) and beech (15.4 ± 0.9
mg g-1), but was not constant for the peat samples (1.2 ± 0.5 mg g-1, see Total
AlkExSi from Table 2.1). The non-burned peat samples showed an extremely
low BSi content and an increase in AlkExSi with increased burning
temperatures.
In the spruce forest samples, almost all AlkExSi consisted of one fraction
(25.2 ± 1.91 mg g-1) with a high Si/Al ratio (60 ± 22) and a reactivity of 0.77 ±
0.03 min-1. A second additional fraction (small in amount) appeared only in
four of the samples, of which the two black carbon samples had a lower Si/Al
ratio. Among the treatments, the larger fraction did not show a difference in
Si/Al ratios but a slight decrease in reactivity after the first burning treatment
(350°C resulting in black carbon) (77.6 ± 18.7 and 0.65 ± 0.09 min -1, Si/Al
ratio and reactivity respectively for the black carbon treatment). After the
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second burning treatment (550°C resulting in ash), there was a decrease in
Si/Al ratio as well as in reactivity (30.1 ± 2.41 and 0.52 ± 0.11 min -1, Si/Al
ratio and reactivity respectively for the ash treatment).
The beech forest non-burned material, black carbon and ashes consistently
showed a large fraction with a high Si/Al ratio (>10) and high reactivity (1.02
± 0.20 min-1), and a second fraction with high Si/Al ratio (>20) and low
reactivity (0.25 ± 0.11 min-1). The large fraction made up about 70 % of the
total AlkExSi. The same fractions were obtained for the black carbon and the
ash samples. In the black carbon, there was a slight decrease of the Si/Al
ratio, both in the large (12.9 ± 0.7, Si/Al ratio value for the second replicate
was not considered in the calculation) and in the smaller fraction (17.0 ±
11.4). The reactivity slightly decreased in the large fraction (0.77 ± 0.28 min1)

and the small fraction (0.13 ± 0.07 min-1). Ashes from the beech samples

showed no decrease in the Si/Al ratio of the large fraction (20.1 ± 8.25), and a
slight decrease in the reactivity (0.72 ± 0.11 min-1). However, the small
fraction showed a strong decrease in Si/Al ratio (2.9 ± 1.67) and also in
reactivity (0.12 ± 0.02 min-1).
The peat fractionation was much more heterogeneous. The fractionation
for two of the control samples consisted of one single fraction (0.73 ± 0.14
mg g-1) with a high Si/Al ratio (>50) and a reactivity of 0.27 ± 0.09 min-1. The
last replicate showed one fraction (1.0 mg g-1) with a Si/Al ratio of 1.15 and a
reactivity of 0.99 min-1. The peat samples had an extremely low BSi content
(<1 mg g-1 of the original mass). The black carbon samples consisted, in two
cases, of a larger fraction (0.85 ± 0.01 mg g-1) with a high Si/Al ratio (>70)
and a reactivity of 0.19 ± 0.06 min-1 and a small fraction (0.17 ± 0.10 mg g-1)
with a Si/Al ratio <1 and a reactivity of 0.37 ± 0.2 min-1. The third black
carbon sample consisted of two similar fractions (0.48 and 0.65 mg g-1) both
with high Si/Al ratio (>30) and a reactivity of 0.10 and 0.36 min-1,
respectively. The ashes consisted in two of the replicates of three fractions
with high (>100), intermediate (from 1 to 4) and low (<1) Si/Al ratios.

28

Chapter 2: Fire

Table 2.1. Results from the continuous extraction for the different treatments (“Treat.” control, black
carbon and ashes, C, BC and A respectively). From left to right: Total AlkExSi obtained and fractions
obtained ordered by reactivity. The amount of AlkExSi (AlkExSi, mg g-1 of sample, relative to the
unburned mass), the reactivity (k, min-1) and the Si/Al ratio (Si/Al) are shown for each fraction (see Eq.
1). Missing values indicate the absence of additional fractions according to the curve model.
OSM
Type

Spruce

Beech

Peat

Treat.

Total
AlkExSi

AlkExSi1

k1

Si/Al1

AlkExSi2

k2

Si/Al2

0.52

0.17

>100

AlkExSi3

k3

Si/Al3

C

25.3

25.3

0.81

31.5

C

24.2

23.7

0.73

85.8

C

25.0

25.0

0.76

63.1

BC

21.4

19.5

0.78

99.9

1.93

0.20

6.52

BC

25.5

22.2

0.57

78.7

0.76

0.03

11.5

2.55

0.03

4.11

BC

24.8

24.8

0.59

54.1

A

25.1

25.1

0.49

33.4

A

29.2

25.5

0.68

27.9

1.79

0.10

44.2

1.87

0.10

29.4

A

26.2

26.2

0.41

28.8

C

15.5

12.1

0.79

23.7

3.33

0.13

39.8

C

15.4

12.3

1.00

11.2

3.03

0.22

26.1

C

14.4

9.74

1.27

14.7

4.69

0.40

20.0

BC

15.3

12.4

0.37

13.6

2.92

0.04

4.83

BC

14.4

9.06

1.04

>100

5.33

0.20

13.9

BC

15.6

10.3

0.89

12.2

5.27

0.14

32.3

0.11

0.17

0.14

A

16.1

11.1

0.57

16.0

5.02

0.13

1.77

A

17.0

12.0

0.80

12.7

4.97

0.13

1.66

A

14.4

8.16

0.80

31.6

6.27

0.10

5.22

C

0.87

0.87

0.17

52.7

C

0.60

0.59

0.36

>100

C

1.04

1.04

0.99

1.15

BC

1.12

0.86

0.12

>100

0.26

0.57

0.32

BC

1.13

0.65

0.35

37.7

0.48

0.10

>100

BC

0.91

0.84

0.25

75.0

0.07

0.17

0.16

A

2.15

0.35

0.88

>100

1.47

0.05

1.72

0.33

0.40

0.35

A

1.74

0.13

2.91

>100

1.06

0.05

1.79

0.56

0.50

0.48

A

1.44

0.66

1.25

>100

0.78

0.07

3.98
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The last replicate lacked the presence of the low Si/Al ratio fraction. The
amount of AlkExSi obtained for the fraction with a high Si/Al ratio was 0.38 ±
0.22 mg g-1 and the reactivity of 1.68 ± 0.88 min-1. For the intermediate Si/Al
ratio fraction, the AlkExSi content was 1.10 ± 0.29 mg g-1 and a low reactivity
of 0.06 ± 0.01 min-1. The last fraction (Si/Al ratio <1) was 0.44 ± 0.11 mg g-1
and its reactivity was 0.45 ± 0.05 min-1.
Dissolution experiment
All incubations showed a rapid release of dissolved Si following a typical
)
logarithmic dissolution pattern. DSi was log-transformed ( (
( )

), in order to normalize its distribution. Log-transformed DSi

plotted against dissolution time for each ecosystem and treatment is shown
in Figure 2.1. Low dissolution rates were obtained after 24 h (Table 2.2).
The dissolution experiment in rain water showed clear differences
between organic soil material types and treatments. The DSi concentration
obtained after 24 hours as well as the dissolution rates at different time steps
are shown in Table 2.2. Control incubations showed the lowest final
concentration (all < 0.70 mg L-1), followed by the black carbon (from 0.52 up
to 6.4 mg L-1) and finally the ashes which reached the highest final
concentrations (from 0.93 to 29 mg L-1). There were large differences
between the OSM types for ashes and black carbon: dissolved concentrations
were lowest for the peat samples, intermediate for the beech and highest for
the spruce (see Table 2.2).
The total amount of Si dissolved after 24 hours related to the initial
biomass sample for spruce and beech samples is shown in Table 2.2. The
total DSi extracted for the spruce samples increased from 0.06 ± 0.01 mg g-1
to 1.07 ± 0.3 mg g-1 and to 2.76 ± 0.23 mg g-1, for the control, black carbon
and ashes treatment, respectively. For beech samples the DSi concentration
attained was 0.04 ± 0.004 mg g-1, 0.65 ± 0.24 mg g-1 and 0.98 ± 0.14 mg g-1
(control, black carbon and ashes, respectively). The DSi obtained for the peat
samples was 0.05 ± 0.01 mg g-1, 0.05 ± 0.01 mg g-1 and 0.09 ± 0.02 mg g-1
(control, black carbon and ashes, respectively). The percentages of DSi after
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24 hours related to AlkExSi (obtained in the continuous extraction) as well as
the percentages related to the total Si (AlkExSi + CrystallineSi) for spruce,
beech and peat samples are shown in Table 2.2.
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Figure 2.1. Dissolved Si (ln DSi, mg dissolved per g incubated organic soil material) released during
dissolution experiments (5 replicates per experiment) in natural rain water at different timesteps
(Dissolution time, h). a: Spruce forest, b: beech forest and c: peat. Each dataset represent a treatment:
Control (triangle), black carbon (square) and ash (diamond).

2.4. Discussion
Our dissolution experiment clearly demonstrates that the solubility of
biogenic Si in the organic soil material from spruce and beech forests
(containing over 1% of BSi by soil weight) increased after burning. The
severity of burning (Keeley, 2009), is an important aspect for the observed
dissolution rates: the highest degree of burning treatment (ashes) showed a
higher dissolution rate in water compared to the other treatments for the
forest organic soil material. On the other hand, the solubility of Si in peat
samples poor in BSi (containing below 0.1% of BSi of soil weight) did not
show any observable changes following fire treatments.
Composition of BSi in organic layer
The untreated samples of the spruce and beech forests showed that all
alkaline reactive Si was dominantly biogenic. The organic soil material is
mostly composed of dead vegetation, and phytoliths are thus expected to
make up the major part of the BSi. The total AlkExSi
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Table 2.2. Dissolution rates (mg g-1 h-1) at different time steps. Total DSi extracted after 24 hours in mg L-1 and mg g-1 of sample. Total AlkExSi (mg g-1)
obtained on the continuous extraction.

OSM Type

Spruce

Beech

Peat

Treatment

1/2 – 2h

Dissolution rates
2 – 10h
10 – 24h

DSi
mg L-1

DSi
mg g-1

AlkExSi
mg g-1

% AlkExSi

% Total Si

Control

0.01

2.91E-03

1.52E-03

0.63 (0.06)*

0.06 (0.01)*

24.86

0.25§

0.17°

Black carbon

0.43

0.28

1.66E-03

10.82 (2.98)*

1.07 (0.3)*

23.91

4.49§

2.93°

Ash

3.02

1.28

0.56

28.72 (3.07)*

2.76 (0.23)*

26.83

10.28§

6.96°

Control

3.78E-03

1.37E-03

7.06E-04

0.39 (0.03)*

0.04 (0.00)*

15.08

0.26§

0.02°

Black carbon

0.15

0.10

0.02

6.35 (2.30)*

0.65 (0.24)*

15.12

4.27§

0.33°

Ash

0.51

0.17

0.03

9.90 (1.33)*

0.98 (0.14)*

15.84

6.19§

0.50°

Control

0.01

1.10E-03

6.55E-04

0.45 (0.13)*

0.05 (0.01)*

0.83

6.13§

0.19°

Black carbon

0.02

0.01

3.28E-03

0.52 (0.04)*

0.05 (0.01)*

1.05

5.00§

0.19°

Ash

0.05

0.03

0.05

0.93 (0.25)*

0.09 (0.02)*

1.78

5.16§

0.33°

* mean (SD), § (% from the total AlkExSi (on the continuous extraction) that was extracted in rain water after 24 hours), ° (% from the Total Si
(AlkExSi + CrystallineSi) that was extracted after 24 hours in rain water).
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content (related to initial biomass) was constant over the burning
treatments. The OSM from spruce forest showed a higher content of BSi than
the OSM from the beech forest, suggesting a higher BSi content from
evergreen litter compared to deciduous tree species. These results are in line
with part of the findings of Cornelis et al. (2011b), who found a BSi
concentration in the humus layer of 1.2% for European beech (Fagus
sylvatica), and a slightly higher concentration (1.5%) for a Douglas fir
(Pseudotsuga menziesii). However, in the same study, black pine (Pinus nigra)
had 0.5% of BSi in biomass. Transpiration and phylogenetic age of a species
have been recently shown to also influence Si content of plants, and a
difference between coniferous and deciduous species should therefore not be
generalized (Cornelis et al., 2010b; Hodson et al., 2005; Trembath-Reichert et
al., 2015). Moreover, there exists large variability of phytoliths, related to
their morphology and silica content, and even the reactivity, which varies
within and between species (Bartoli, 1985; Piperno, 2006).
Spruce control samples contained a single biogenic fraction, while beech
control samples had two biogenic fractions, a large one (~80% of BSi) with a
higher reactivity and a smaller fraction (~20% of BSi) with lower reactivity
(in NaOH). This coincides with findings by Fraysse et al. (2010), who
described two plant BSi pools for both deciduous and evergreen trees: a
concentrated pool of phytoliths that is not embedded in any organic matrix
(largest pool, most reactive) and individual molecules or small polymers of
H4SiO4 embedded in an organic matrix or bounded within the cell walls (small
fraction, less reactive). Hilli et al. (2010) showed low decomposition rates of
lignin-rich coniferous needles. In our continuous extraction, beech samples
clearly showed the reactivity and pool differentiation described by Fraysse et
al. (2010), as well as a few of the samples for the spruce that showed
existence of BSi with low reactivity.
The low-reactive BSi fraction in the beech samples showed a strong
decrease in Si/Al ratio in the ash treatment compared to the other
treatments. Such a strong pattern was not observed for any of the other BSi
fractions, although there was an apparent but less sudden drop of Si/Al in ash
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from the spruce treatment. The low Si/Al ratios encountered for the lowreactive BSi fractions correspond, according to our model, to clay minerals,
which have a crystalline structure. Observations of decreasing Si/Al ratio
agree with the studies by Xiao et al. (2014) and Guo and Chen (2014), which
showed that amorphous Si crystalizes when temperature is >500°C,
potentially resulting in a lower Si/Al ratio in our observations. A strong Al
adsorption onto biochars derived from rice straw was observed >400°C in
Qian and Chen (2013). According to the authors, the processes of
dehydration, polymerization and subsequent cracking of the organic
compounds lead to an exposure of the silica which is restructured together
with other released elements (i.e. Al) in crystalline forms. The increase of Si
surfaces areas after the combustion of the organic matter and the fact that
mineral Si content was much higher in the beech than in the spruce organic
layer could explain the higher crystallization observed in the beech samples.
According to our results the total BSi crystallized in the beech ashes only
mounted to 5 mg g-1, which will contribute minimally to crystalline silica
estimates from the X-ray diffraction analysis.
Si release from BSi in organic layer
Dissolution rates as well as concentrations attained during the dissolution
experiment were very low for all untreated samples. This resulted in a minor
fraction of incubated Si released after 24 hours (<0.3%). These results
correspond with the observations of Vandevenne et al. (2013) and Schaller
and Struyf (2013), who found a low release of BSi from grass litter. Fraysse et
al. (2010) reported similar dissolution rates in a batch experiment for pine
litter, finding 0.01 mg g-1 h-1 during the first minutes (0.25 h) and 0.002
mg g-1 h-1 from 2 to 7 h. Organic matter bonds are known to be hydrophobic
(Almendros et al., 1992; Bodí et al., 2011; Knicker, 2007), which partly
explains the low dissolution rates for the control treatment in the batch
experiment. A remarkable increase of the percentage of dissolved BSi was
observed for the black carbon and the ash sample of the spruce forests, with
more than 10% of BSi dissolved in the ash samples. Much higher DSi
concentrations were attained, despite equal incubation amounts of BSi. Water
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repellency is known to disappear around 350-400°C (Bodí et al., 2011). This
might explain the increase in dissolution capacity in all burning treatments
across the forest organic soil material types. The combustion of organic
matter leads to an increase of reactive surface area of Si compounds which
might be the explanation behind the increase of solubility.
Interestingly, while the percentage of dissolved BSi was similar for nonburned organic soil material from both forests, the beech samples showed a
much smaller increase in dissolution capacity in the ash samples. This might
depend on a trade-off between the organic matter (OM) removal (increasing
solubility) and the stronger crystallization (lower Si/Al ratios) of the BSi
observed for the silica-OM-complexed fraction of the beech ash (decreasing
solubility). This could imply that the dissolution potential of BSi after burning
increases in the absence of any mineral material that can trigger
crystallization.
The fact that the same amount of original mass was incubated meant that
the amount of ashes incubated was less than the amount of organic soil
material for the non-burned treatment, resulting in different solid-to-solution
ratios. Since only very low equilibrium concentrations were attained for the
untreated OSM samples, the attained concentrations in the containers did not
demonstrate any artifact of different solid-to-solution ratios. Related to the
amounts of BSi incubated, solid-to-solution ratios were equal among the
treatments. In addition, the intention of this experiment was to mimic natural
conditions. We considered that the same amount of water would come into
contact with a more compact and denser OSM in the case of non-burned
systems in contrast to significantly reduced amount of material after burning.
Different studies have investigated the amount of nutrients in ashes after a
fire (Bodí et al., 2014; Pereira et al., 2011), but usually these samples are
collected only after a natural fire and relating the amount of nutrients to the
initial mass prior burning was not possible.
These results parallel the results of Vandevenne et al. (2013). In that study,
it was observed that passage of BSi through herbivore guts increased
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dissolution in water, while reactivity in NaOH decreased. These authors
related this observation to the fact that after passage through the herbivore,
the organic matrix of BSi was completely removed, increasing the dissolution
capacity of the BSi. A similar effect is likely for burning, which removes most
of the organic C from the biomass matrix. This implies that any process
removing the organic matrix from litter could strongly increase Si release.
Other similar processes could be microbial decomposition of litter, although
sound evidence is lacking (Fraysse et al., 2009) and potentially mycorrhizal
activity (Quirk et al., 2014). In Vandevenne et al. (2013), the apparent
decrease of reactivity of the BSi in NaOH was ascribed to release of most of
the reactive BSi into the grazer’s urine. A similar release is not possible in the
burning treatments. We have no immediate explanation for the apparent
decrease in solubility in NaOH, besides increased crystallization of the BSi.
Composition and Si release from low-BSi samples
The commercial peat sample had a Si/Al ratio >5 and extremely low BSi
concentrations, below 0.1%. Here we treat the samples as representative of a
sample with almost no-BSi content compared to the mineral fraction (2.6%,
see section 3.2). Low Sphagnum peat concentrations of BSi have earlier been
found in Kokfelt et al. (2009) and Bennett et al. (1991), although other
studies found high BSi concentrations in peatlands in the Arctic region,
mainly due to the abundance of diatoms in the samples (Alfredsson et al.,
2015; Struyf et al., 2010a). Sphagnum peat accumulates very low amounts of
Si, resulting in low Si-availability. This could be explained by the fact that the
stratification in the peat results in an increase of pH with depth that dissolves
all BSi, creating a desilicated underlayer of clays (Bennet et al., 1991). During
the burning treatment, we observe a relatively large (although small in
absolute number) increase in AlkExSi, especially in the ash treatment. The
increase in AlkExSi after burning was related to the appearance of low Si/Al
fractions that became non-linearly reactive in the extraction after burning.
This indicates an apparent change in dissolution characteristics of the
mineral fraction due to the burning treatment or the appearance of new
fractions. Mineral Si and Al absorbed by organic complexes could be released
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after organic matter combustion, which is in line with Steenari et al. (1999)
who found acid soluble Si associated with Al in peat ashes when samples
were burned at 550°C.
Despite the results of the continuous extraction, the solubility in rain
water was not affected by fire. The same amount of Si was dissolved for all
the treatments. The peat samples indicate that mineral Si fractions do not
become more reactive in the burning treatment. The released Al3+, evident
from the presence of AlkExSi fractions with low Si/Al ratios after burning,
may become attached to the BSi decreasing its solubility (Nguyen et al., 2014;
Qian and Chen, 2013). The resulting dissolution capacity would be the result
of two effects counteracting at the same time: an increase of solubility due to
the disappearance of organic matter in the tiny phytolith pool and a decrease
of solubility due to the Al3+ complexing with the phytoliths. Also the resulting
pH (not measured) could affect the solubility of the phytoliths present.
Phytoliths’ solubility increases at higher pH (Fraysse et al., 2006a).

Implications
We are among the first to investigate the effect of fire on the storage and
solubility of Si from the organic layer. Although our results are limited to
spruce, beech and low BSi-peat ecosystems, they demonstrated some clear
patterns. The solubility of BSi increases sharply after burning. An apparent
crystallization also occurs when silica is complexed with organic matter.
Crystallization of BSi during the burning can limit the increase in solubility
and it might be more pronounced when a source of Al is available. While the
large Si-content variability among species does not allow generalizing the
difference in terms of evergreen vs. deciduous trees, it suggests there are
species specific Si dynamics that deserve further detailed studies (Cornelis et
al., 2010; Hodson et al., 2005; Trembath-Reichert et al., 2015). However,
ecosystems low in BSi will not show drastic alteration in the Si cycle due to
fire.
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From a biogeochemical cycle perspective, our observations have strong
implications. Fire is widely used as a management tool for ecosystems. A
study from Melzer et al. (2009) suggested increased storage of BSi after
prescribed fires in savannah grasslands. The strong and effective internal
cycling of Si by the Si-rich savannah grasses may cause this apparent
difference with our experimental study on ash properties, which suggests
higher dissolution (and thus export-capacity). The burned soils could provide
a strong and immediate Si source to the grasses. Pereira et al. (2012) showed
higher Si availability to plants after burning. Our results clearly suggest that
BSi will be more susceptible to dissolution after burning. In situ ecosystem
characteristics will determine the fate of the dissolved Si. The balance
between leaching and DSi uptake by vegetation will determine whether DSi
remains in the ecosystem or is exported to the aquatic system. If we consider
that a large part of the BSi can be dissolved after 24 hours, considerable
losses of BSi from ecosystems can occur after burning and subsequent
precipitation. On the other hand, in ecosystems with low general Si
availability, fire could increase the availability of a limited nutrient for plants.
Deforestation is known to be determinant in the Si export from
watersheds. A rapid increase of DSi export after deforestation was shown by
some authors (Carey and Fulweiler, 2011; Conley et al., 2008), as water can
more easily access BSi and the re-uptake of DSi by vegetation is low. Burning
was described to have a similar effect, increasing DSi export after a wildfire
(Engle et al., 2008). If forests are replaced by croplands, the depletion in BSi
in soils after sustained harvesting, can result in low Si fluxes from deforested
watersheds in the long-term (Struyf et al., 2010b; Vandevenne et al., 2012).
Thus, burning can potentially reduce the time interval between the state of an
increased Si release immediately after a fire, and a later BSi-depleted state.
Fires and precipitation are predicted to increase in temperate regions with
climate change (Kovats et al., 2014), with potentially even stronger increases
in e.g. warmer and drier climates, for which our data are not representative.
However, it is clear that if after a fire there is a subsequent rain event, this
could cause high increases in DSi export and strong disturbances of
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ecosystem Si fluxes. The magnitude of these changes will be determined by
the ecosystem hydrology and precipitation. Furthermore, the organic soil
material type, the lithology and the presence of minerals in the soil, as well as
burning severity, will play an important role in the ecosystem Si balance. Our
data fit into the emerging view that the terrestrial silica cycle can be out of
steady state (Carey and Fulweiler, 2012; Frings et al., 2014a). Further studies
about Si biogeochemistry will help to better understand the effects of fire on
terrestrial Si fluxes and the total Si exported from soils to the adjacent aquatic
environment.
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Chapter 3
Land use change affects biogenic
silica pool distribution in a
subtropical soil toposequence
This chapter is based on:
Unzué-Belmonte, D., Ameijeiras-Mariño, Y., Opfergelt, S., Cornelis, J.-T., Barão, L.,
Minella, J., Meire, P. and Struyf, E., 2017. Solid Earth 8, 737-750.
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3
Land use change affects biogenic silica pool
distribution in a subtropical soil
toposequence
3.1. Introduction
The terrestrial Si-cycle has received increased attention in the past two
decades. Multiple studies show its complexity, with a strong interaction
among primary lithology and weathering, biotic Si uptake, the formation of
secondary pedogenic phases and environmental controls such as
precipitation, temperature and hydrology (Struyf and Conley, 2012).
Lithology controls the primary source of Si through the weathering of silicate
minerals of the bedrock (Drever, 1994). This process provides Si to the soil
solution in the form of monosilicic acid (H4SiO4), also referred to as dissolved
silicon (DSi). This DSi is taken up by plants and, is resupplied to the soil in the
form of relatively soluble (compared to crystalline silicates) biogenic silicates
(BSi) upon plant die-off, usually in the form of phytoliths (plant silica bodies)
(Piperno, 2006). Biogenic silica is one of the most soluble forms of Si in soils
(e.g. Van Cappellen, 2003), although some pedogenic compounds have similar
reactivities (Sauer et al., 2006; Sommer et al., 2006; Vandevenne et al.,
2015a). During soil formation, the DSi released to the soil solution through
the dissolution of lithogenic and biogenic silicates contributes to the
neoformation of pedogenic silicates, i.e. secondary phyllosilicates (Sommer et
al., 2006). The biogenic control on the DSi availability in soil increases with
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weathering degree. Soil mineralogy, strongly governed by geological and
climatic conditions, therefore plays a key role in the DSi transfer from soil to
plants (Cornelis and Delvaux, 2016). The complex interactions described
above, that act to control the Si cycle in terrestrial ecosystems, are often
referred to as the ‘ecosystem Si-filter’ (Struyf and Conley, 2012), and
ultimately determine an important part of the Si fluxes towards rivers.
Land use change is a particularly interesting global change driver to
address in this context. Dissolution of soil BSi increases immediately after
deforestation (Conley et al., 2008), increasing DSi fluxes out of the soil and
the ecosystem. However, in the long-term, Struyf et al. (2010) showed a
decrease of overall DSi fluxes from cultivated land. The conversion from
forest to croplands decreases the soil biogenic Si stock, the most important
contributor to the easily available Si pool for plants. The decrease in soil
biogenic Si stock has been related to two important factors. The first factor is
the harvesting of crops (Guntzer et al., 2012b; Meunier et al., 1999;
Vandevenne et al., 2012). Harvest prevents the return of plant phytoliths to
the soil, depleting the phytolith pool. The resulting decrease of DSi
availability also reduces the formation of non-biogenic secondary Si fractions
(Barão et al., 2014). A thorough analysis separating both biogenic and nonbiogenic fractions is crucial in this regard, since traditional extraction
procedures to quantify biogenic Si may also dissolve non-biogenic Si
fractions. The second factor affecting BSi losses is erosion. In cultivated
catchments, preferential BSi mobilization is associated with erosion during
strong rainfall events (Clymans et al., 2015b). During such events, biogenic Si
can represent up to 40% of the easy-soluble Si inputs to rivers (Smis et al.,
2011). Clymans et al., (2015) found that Si mobilization did not depend on
tillage technique or crop type but solely on soil loss rate due to erosion.
While it is now accepted that cultivation can cause significant changes in
soil Si pools and Si fluxes in temperate climates (Keller et al., 2012), the effect
of cultivation on (sub)tropical soil Si pools or on soils of volcanic origin is
poorly known. Only specific ecosystems, such as rice fields, have been studied
(Guntzer et al., 2012b) in this regard. Yet, the increasing demand for
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firewood, timber, pasture and food crops is causing an increase in land
conversion to croplands, implying ongoing rapid land degradation in tropical
and subtropical forests (Von Braun, 2007; Hall et al., 1993). The aim of our
study was to investigate the interactive effects of land use change and terrain
slope (as a proxy for erosion) on the distribution of the BSi pool in a
subtropical soil system derived from a basaltic parent material. For this
purpose, we studied terrestrial Si pools in a natural forest and cultivated
land, in gently and steeply sloped locations, applying a recently developed
alkaline extraction technique that permits the biogenic and non-biogenic
phases to be distinguished.
3.2. Methods
Study area
The study area is situated near Arvorezinha, in the south of Brazil
(28°55''54.88" S, 52°6''33.65" W) (Figure 3.1). Four sites with identical
climatic conditions (warm temperate, fully humid with warm summer, Cfb,
(Kottek et al., 2006) were selected. Annual mean temperature is between 14
and 18°C and annual mean precipitation between 1700 and 1800 mm
(Minella et al., 2014)).
The four sampling sites also have the same parent material (rhyodacite).
The mineralogy was similar in all sites with sanidine and quartz as the main
minerals (Ameijeiras-Mariño, 2017). Soil type corresponded to an Acrisol in
three of the sites and a Leptosol (IUSS Working Group WRB, 2015) in the
fourth (steep slope of the cropland), with pH values between 4.7 and 5.9.
They represent two land uses, a well conserved forest and a cropland, and
two slope steepnesses (a steep and a gentle slope), resulting in four different
factor combinations (see Figure 3.2).
The forest site consists of a semi-deciduous forest with Araucaria
angustifolia, Luehea divaricata, Nectandra grandiflora and Campomanesia
guaviroba as the dominant species. Within the same forest area, two adjacent
sites with different slopes were chosen, a gentle slope (maximum 10°) and a
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steeper slope (maximum 18°). On the gentle slope, some scattered small
patches of Yerba mate crop (Ilex paraguarensis) were recently planted (<3
years ago), occupying less than 10 % of the study site. All studied sampling
locations were separated at least 5 meters from these mate patches.

Figure 3.1. Location of study site.

The cropland sites were located in two geographically separated areas, 1.4
km apart. Deforestation occurred around 50 years ago and they have since
experienced the same historical agricultural practices. Intensive soil tillage
occurred from the time of deforestation to 2003, since when a cover cropping
and a minimum tillage practice was introduced (Minella et al., 2014). The
actual soil tillage is traditional, based on topsoil mixing and making ridges
and furrows. Crops in the gently sloping cropland (maximum 7°) rotate
between soybean (Glycine max) in summer and black oat (Avena sativa) in
winter. Some cattle occasionally graze during the vegetative stage, and after
the oat is harvested the biomass is left to produce mulch (cover) to soybean
seeding based on the no-till system. The cropland of the steep slope
(maximum 18°) rotates between tobacco (Nicotiana sp.) or maize (Zea mays)
in summer and fallow or black oat in winter. The winter crop on this slope is
also left behind to produce cover for the next crop.
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Gentle (low erosion rate)
G

Steep (high erosion rate)
S

Forest (well
conserved)
F

Cropland
(deforested 50
years ago)
C

Figure 3.2. Diagram of the studied sites and the acronyms used in the text ordered by ecosystem
(F=Forest, C=Cropland), slope (G=Gentle, S=Steep), position (T=Top, UM=Upper middle, LM=Lower
middle, M=middle, B=Bottom) and replicate (R1=Replicate 1, R2=Replicate 2, R3=Replicate 3). Plus
signs represent sampling points and yellow circles the selected pits.

Soil sampling
Bulk soil samples (n=297) were collected during the summer of 2014. In
the forest sites, 4 positions along the slope (from top to bottom) were
selected. In the croplands, due to time constraints during the field campaign,
only 3 positions along the slope (from top to bottom) were selected. Three
replicate soil pits were dug per position and soil samples were collected
every 10 cm (from top to 50 cm deep) and every 20 cm (from 50 to 110 deep)
(Figure 3.2). Deeper depths were sampled every 50 cm until 200 cm deep or
until the saprolite was reached. At each depth, 10 cm of soil (around 2 kg)
was collected. At larger sample intervals, the 10 cm sample was collected in
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the middle of the depth interval. Soil samples were mixed, dried (~40°C),
gently crushed and sieved (2 mm) prior to analysis.
Kopecky ring samples were also collected at each sampled depth. Samples
were weighted before and after drying at 105°C in order to calculate bulk
densities.
Analyses
One pit per position was selected as a representative pit due to the
impossibility of carrying out the novel alkaline extraction analyses on such a
high number of samples (297), resulting in a total of 81 samples. The
selection avoided pits containing large inclusions (visually) or pits shallower
than the other two replicas. The acronyms and selected pits are shown in
Figure 3.2.
Physicochemical analyses
A portion of the bulk samples was crushed and a sub-sample was heated at
105°C and 1000°C to obtain the dry weight and the loss on ignition. The total
element content was obtained through borate fusion (Chao and Sanzolone,
1992) of another sub-sample of the crushed sample; 100 mg were fluxed at
1000°C for 5 min in a graphite crucible with 0.4 g Li-tetraborate and 1.6 g Limetaborate, then cooled and dissolved in 100 ml of 2M HNO3 under magnetic
agitation at 90–100°C. Elemental contents were determined by Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES); the total reserve
of bases (TRB=[Ca]+[Mg]+[K]+[Na]) was calculated afterwards. TRB is
commonly used as a weathering index as it estimates the content of
weatherable minerals (Herbillon, 1986).
Particle size distribution was executed with a Beckman Coulter device
(LSTM-13320) to quantify the sand (2mm-50µm), silt (50µm-2µm) and clay
(<2µm) fractions.
The mineralogy of sand and silt fractions was determined by powder X-ray
diffraction (XRD, Cu Ka, D8). Clay fraction mineralogy was assessed by XRD
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after K+ and Mg2+ saturation, ethylene glycol solvation and thermal
treatments at 300 and 550°C (Robert and Tessier, 1974).
Alkaline continuous extraction
All samples from selected pits (n=81) together with some additional
depths from other pits, were analyzed for biogenic and non-biogenic Si
content, resulting in a total of 145 bulk soil samples (84 on the forest sites
and 61 on the croplands). Samples were analyzed in a continuous flow
analyzer (Skalar, Breda, the Netherlands), using a continuous alkaline
extraction recently adapted for soils by Barão et al. (2014). The extraction in
180 mL of 0.5 M NaOH, at 85 °C runs for half an hour. Dissolved Si and
dissolved aluminum (Al) are measured continuously (with the
spectrophotometric molybdate blue method and the lumogallion
fluorescence method, respectively), obtaining two dissolution curves which
are fitted with first order Eq. (1).
(
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(∑

(

))

(1)
(

)

(∑

(

))

where Sit and Alt are the concentrations of Si and Al respectively, at any given
time. The equations consist of two parts: the mineral fraction which has a
linear dissolution behavior (DeMaster, 1981; Koning et al., 2002) and the
fractions exhibiting non-linear dissolving behavior. For the mineral fraction,
the model renders a linear dissolution rate (b) and the Si/Al ratio (Si/Almin) of
that linear fraction. Non-linearly dissolving fractions are characterized by:
the total amount of Si (alkaline extractable Si (AlkExSi), mg g-1 dry weight of
initial sample mass), the Si/Al ratio (concentration of Si over concentration of
Al) of that fraction and its dissolution rate (k, min-1). Assuming the same Si
and Al release rate from the same compound and relating the Si and Al
concentration equations through the Si/Al ratio, with the three parameters
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estimated (AlkExSi, k and Si/Al ratio) the different fractions dissolving nonlinearly are distinguished. The same model is fitted with one, two or three
first order equations (summation to n in the formula) and the solution
showing least error (F test) from the three fits is kept. For the non-linear
fractions, the Si/Al ratio of the fraction is used to determine its origin. Barão
et al. (2014) recognised the following fractions: fractions showing Si/Al ratio
>5 was considered as indicative of a biogenic fraction, as the concentration of
Al in phytoliths is low (Bartoli, 1985; Piperno, 2006). A fraction showing a
Si/Al ratio <5 was considered as representative of non-biogenic or pedogenic
Si fractions (clay minerals, oxides and organo-Al complexes). We opted to
discard fractions that represent less than 0.1 mg Si g-1, as they are smaller
than or equal to the detection limit of the method (Barão et al., 2015).
Fractions with k<0.1 were also discarded, as they represent near linearly
dissolving fractions.
Post-data treatments.
AlkExSi pools or stocks every 10 cm depth (kg Si m-2) for selected pits
were calculated according to Eq. (2).
(

)

[

]

(2)

where [AlkExSi] is the concentration (mg g-1) obtained in the alkaline
continuous extraction, BD is the bulk density (g cm-3) of that sample, h is the
thickness of the depth interval of the sample (cm) and 100 is a conversion
factor from mg cm-2 to kg m-2. This calculation takes into account the bulk
density of each sample, correcting the amount of AlkExSi per gram of dried
soil according to the water content at that specific soil depth. It also calculates
the amount of AlkExSi in relation to the thickness of the interval collected (10
cm). For larger intervals, where only 10 cm was collected at mid-interval
depth, values of the non-sampled depths were linearly interpolated between
two known values. The result is given in kg per square meter, in our case, at
10 cm deep intervals.
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In order to estimate the total biogenic and non-biogenic AlkExSi pools per
pit, the sum of all 10 cm-depth biogenic and non-biogenic AlkExSi pools of
each pit was made.
Once having the biogenic and the non-biogenic AlkExSi pools per pit,
averages between the 3 (for the croplands) or 4 (for the forests) selected pits
were made, in order to assign average biogenic and non-biogenic AlkExSi
pool values to the slope and to be able to compare AlkExSi pools between
different sites. Then, comparisons between the different study sites were
made. In order to compare the biogenic and non-biogenic AlkExSi pools from
the forests with the croplands, two different methods were considered,
taking into consideration that the number of positions along the slope in the
forest sites is higher than in the cropland sites (4 and 3 respectively):
Average 1 using all available measurements for the forest (the 4 positions
along the slope) and cropland sites, and Average 2, using a pre-calculated
average between upper and lower middle positions measurements in the
forest sites.
To study the accumulation of biogenic and non-biogenic AlkExSi pools at
the bottom of the slope we have calculated the Accumulation (AC) using the
pool in the bottom compared to the summed pools along the slope for the
forests (Eq. (3)) and the croplands (Eq. (4)). The closer the AC value is to
100%, the higher the accumulation results.
(3)
(4)
Statistical differences between biogenic AlkExSi pool averages for top pits,
middle slope pits, bottom pits and differences between biogenic AlkExSi pool
averages from the top pit and the bottom pit within the same slope were
tested pair by pair for significance at the 5% level confidence using a Student
t-test assuming unequal variances.
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3.3. Results
Soil physico-chemical characteristics
Results from total element content, particle size, bulk density and TRB
values for selected pits are shown in Tables S3.2-S3.4. The XRD
mineralogical analysis of the bedrock (rhyodacitic volcanic rocks) reveals
that sanidine (feldspar group) is the most abundant mineral (45-55%),
followed by very fine grained quartz (~38%) embedded in a matrix of
hematite, goethite and clays (~8%) (Ameijeiras-Mariño, 2017). Bulk densities
of selected pits ranged from 0.7 to 1.54 mg cm-3.
AlkExSi concentrations
AlkExSi values (mg g-1 dried soil) with the corresponding k values and
Si/Al ratio per fraction are presented in Table S3.1. In order to distinguish
fractions according to the Si/Al ratio, the thresholds applied by Barão et al.
(2014) were used: fractions showing Si/Al ratios above 5 were considered to
be biogenic and fractions showing Si/Al ratios below 5 were considered to be
non-biogenic fractions.
Figure 3.3 shows the concentrations of biogenic (Si/Al > 5) and nonbiogenic AlkExSi fractions (Si/Al < 5) within the soil profiles of selected pits.
Overall, the highest concentrations of biogenic AlkExSi appear in the top of
the profiles or near the surface and decrease with depth. Biogenic AlkExSi is
also more abundant at the bottom positions of the slopes. On the other hand,
non-biogenic AlkExSi fractions are generally absent in the top soil layers and
increase in concentration with depth.
AlkExSi pools
The biogenic and non-biogenic AlkExSi pools of selected pits at 10 cm
intervals are presented in Table S3.5.
Figure 3.4 shows the biogenic and non-biogenic AlkExSi pools as a soil
profile cut from the top to the bottom of the slope, for the four study sites.
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The averages of biogenic and non-biogenic AlkExSi pools per position, land
use and slope are shown in Table 3.1. As mentioned, another averaged
AlkExSi pools were calculated when comparing forest to cropland (‘Average
2’ in Table 3.1). The pre-calculated average between the upper middle and
lower middle position was used in the calculation for ‘Average 2’ (Table 3.1)
(i.e. values used for the gentle slope ‘Average 2’ calculation were: 16.7 (top),
16.1 (middle) and 6.79 (bottom) kg m-2). While the gentle and the steep slope
of the forest showed near equal biogenic AlkExSi pools (+10% for the steep
slope), non-biogenic AlkExSi pool might be higher on the steep slope (+81%
for the steep slope).
In the cropland, results were slightly different. Both AlkExSi pools were
higher on the gently sloped cropland (+35% for the biogenic AlkExSi pool and
+85% for the non-biogenic AlkExSi pool).
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(a)

FG
T

FGUM
FGL
M

(b)

FGB

FST
FSUM

FSLM
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(c)

CGT

CGM
CGB

(d)

CST
CSM
CSB

Figure 3.3. Biogenic and non-biogenic AlkExSi concentrations (mg g-1 dried soil) from selected pits of
the sites studied: a) Gentle slope of the forest, b) Steep slope of the forest, c) Gentle slope of the
cropland and d) Steep slope of the cropland. Graphs from left to right: Top, upper middle, lower middle
(or middle) and bottom pit.
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(a)

(b)

(c)

(d)

Figure 3.4. Biogenic and non-biogenic AlkExSi pools (kg m-2) in the studied sites: a) Gentle slope of the
forest (FG), b) steep slope of the forest (FS), c) gentle slope of the cropland (CG) and d) steep slope of
the cropland (CS). Green bubbles represent biogenic AlkExSi pools. Red empty bubbles represent nonbiogenic AlkExSi pools. Labels show values of the pools (kg m-2). Note that the x scales are different.
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When comparing gently sloped forest and cropland (using ‘Average 2’ for
forests), there was only a small difference for biogenic AlkExSi pool (-12% for
the cropland), but non-biogenic AlkExSi might be higher in the cropland
(+57% for the cropland).
On the steep slopes, it was clear that both AlkExSi pools were much lower
in the cropland compared to the forest (-53% for the biogenic AlkExSi pool
and -90% for the non-biogenic AlkExSi pool).
The sum of the AlkExSi pools of selected pits per land use and slope, are
shown in the Table 3.1 (‘Total (Sum)’). The accumulation of the biogenic and
non-biogenic AlkExSi pools at the bottom position of each slope is also shown
in Table 3.1. Both steep slopes clearly showed higher accumulation of both
pools at the lowest position than the gentle slopes with the exception of the
non-biogenic AlkExSi pool in the steep slope of the cropland.
Pairs showing significant differences are represented with the same letter
in Table 3.1.

3.4. Discussion
One of the most striking observations in our study is the interaction
between slope and land use effect. On the steep slope, there is a decrease of
AlkExSi pools from forest to cropland. In contrast, the gentle slopes had
similar biogenic AlkExSi pools. It is also clear that there is redistribution of
biogenic AlkExSi towards the bottom positions of the slope on steeply sloped
croplands and forests.
Redistribution of AlkExSi concentrations in depth and along the
toposequence
In general, the distribution of biogenic AlkExSi shows the same pattern
within each pit: the concentration decreases with depth and highest
concentrations are found at the bottom of the slope (with the exception of the
gentle slope of the cropland). This agrees with earlier observations on the
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distribution of BSi along a toposequence in several soil catenas from
temperate areas (Saccone et al., 2007). The distribution of non-biogenic
AlkExSi shows a complementary pattern. Non-biogenic AlkExSi fractions are
rarely present at the top of the profiles but higher concentrations are found
in deeper layers. Similar patterns were reported in a study carried out in
arkosic sediment soils in California (Kendrick and Graham, 2004) and for
temperate Luvisols in Belgium and Sweden (Barão et al., 2014; Vandevenne
et al., 2015a). Upon leaching of DSi after BSi dissolution, the DSi infiltrates
and reacts to form e.g. secondary clays. It can also be adsorbed onto oxides.
The rate of adsorption of DSi by oxides is determined by water infiltration
rate, pH, water residence time and weathering intensity (Cornelis et al.,
2011a; Jones and Handreck, 1963). A large amount of oxides in soil (see
‘Mineralogy’ in Table S3.4), high DSi supply, strong water infiltration rates
and high pH may result in larger concentrations of Si absorbed by oxides. Our
studied sites satisfy these conditions with the exception of the pH (4.7-5.9).
Uehara and Gillman (1981) suggested that weathered soil systems can result
in a desilicated soil enriched in Fe and Al oxides, with pH close to neutral
values. Similar processes might occur in our soils, although they are not
desilicated, but do show a high weathering intensity.
Biogenic Si concentrations from Vandevenne et al. (2015a) in temperate
Luvisols were one order of magnitude lower than in our study. The high silica
content of the rhyodacite bedrock in our study sites, together with high
weathering rates characteristic of tropical and subtropical soils (Drever,
1994), supply a large amount of DSi to the soil. In addition, weathering
stimulated by plants is particularly strong in the tropics (Blecker et al., 2006;
Kelly et al., 1998);turnover rates of nutrients are also higher in tropical and
subtropical ecosystems than in temperate regions (Alexandre et al., 1997;
Derry et al., 2005), due to high water availability and temperature. Meunier et
al. (2010) showed that the DSi supply from the dissolution of basalts was 1.8
times higher than the DSi produced from the dissolution of the litter in a
Leptosol of La Réunion Island (Indian Ocean).
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Table 3.1. Biogenic and non-biogenic AlkExSi pools (kg Si m-2), of the selected pits, for the two
ecosystems (forest, cropland), for the different slopes (gentle, steep), along different positions along the
slope (top, upper middle, lower middle and bottom). Total (sum), Average 1 (Averaged pool between
all selected pits) and Average 2 (for the forest sites: Averaged pool between top, pre-calculated average
between the upper middle and the lower middle pit (i.e. for the biogenic AlkExSi pool of FG: 16.1 kg Si
m-2) and bottom pits) of biogenic and non-biogenic AlkExSi pools per site. Accumulation of the
biogenic and non-biogenic AlkExSi pools (see Eq. (3) and (4)). Averages by row showing the same letter
are statistically different (p<0.05). *Difference between the top and the bottom pit averages from that
slope is statistically significant (p<0.05). †Statistical comparison between middle position between
forest sites and cropland sites were calculated taking the two middle pits (Upper and Lower middle) for
the forests.
Forest
Cropland
Gentle

Steep

Biogenic

Nonbiogenic

Top

17.6a

Upper middle

19.3†ab

Lower middle

12.9

Bottom

Gentle

Biogenic

Nonbiogenic

1.32

9.06

22.1

6.98†cd

10.3

25.8

25.7

6.79ab

7.63

24.8ac

Total (Sum)

56.6

41.3

Average 1

14.2 ± 5

Average 2

13.5 ± 5

Accumulation

12%*

Steep

Biogenic

Nonbiogenic

Biogenic

Nonbiogenic

31.0

30.7b

15.0

7.50ab

3.25

3.98

0.21ad

8.50

0.43bc

0.93

20.3

5.38cd

16.0

15.8bd

0.80

66.6

81.0

36.3

39.5

23.8

4.97

10.3 ± 7.6

16.6 ± 8.7

20.3 ± 10

12.1 ± 13

13.2 ± 3.3

7.92 ± 6.3

1.66 ± 1

8.4 ± 6.1

16.7 ± 6

22.1 ± 6.7

18%

37%

25%

15%*

41%

67%*

16%

Effects of erosion and land use change on the biogenic AlkExSi pool
along the toposequence
For cropland, it is well documented that the harvest of crops exports large
amounts of BSi from the system. This generates BSi depleted systems in the
long-term (e.g. Vandevenne et al. 2015b). Results from Clymans et al. (2011)
in long-term croplands from Sweden showed a BSi pool reduction of 10%
compared to a forested system.
Guntzer et al. (2012) showed the importance of crop rotation in the
turnover and accumulation of phytoliths in soil. The accumulation of
phytoliths is also influenced by the geochemical stability of phytoliths (Song
et al., 2012). However, the crops rotating in both fields are different and have
different Si-demands. Maize and black oat are known to have high Si content,
while tobacco and soy do not (Currie and Perry, 2007; Piperno, 2006). The
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turnover between maize/tobacco and fallow/black oat on the steep slope
might be an explanation for the smaller biogenic AlkExSi pool at this site.
Moreover, the higher erosion rate increases the biogenic AlkExSi deposition
at the bottom of the steeply sloped cropland. In fact, the TRB in this slope was
higher than at any of the other sites (the lower the TRB, the more weathered
the soil is, or vice versa - the higher the TRB, the closer the soil is to the
composition of the bedrock) suggesting that all weathered material has been
already eroded and the saprolite is closer to the surface.
It is interesting to notice that a redistribution of biogenic AlkExSi occurs
along the slope (Figure 3.4). A higher slope degree, and thus higher erosion
rate, provokes the loss of material through water erosion and tillage (Govers
et al., 1996), transporting material down slope and resulting in an
accumulation of the biogenic AlkExSi pool at the bottom of the slope. In the
gently sloped sample site, biogenic AlkExSi is more stable at the higher
positions of the slope while in the steep slope it accumulates at the bottom.
The biogenic AlkExSi pool in the gentle slope of the forest was ~14 kg Si m2. A high rate of phytolith production in this forest, corresponding to a high Si

demand from trees and efficient internal recycling, can maintain the BSi stock
of the soil system. Ferrasols in Congolese equatorial forests had a phytolith
pool five times smaller than the present results (2.66 kg m-2 in Alexandre et
al. (1997)) and in results from Clymans et al. (2011), the amorphous silica
pool from temperate forests in Sweden was close to half our observations
(6.7 kg m-2).
The biogenic AlkExSi pool was not enriched at the lowest position of the
gently sloped forest. This suggests that the physical erosion at this site is low.
A study carried out in the same forest fields showed a denudation rate of 0.5
± 0.6 mm kyr-1 in the gentle slope and a 5.6 ± 2.9 mm kyr-1 in the steep slope
(Schoonejans et al., 2017). In the steeply sloped forest, higher erosion rate
apparently did provoke the physical loss of biogenic AlkExSi, potentially
decreasing the amount of Si recycled by the vegetation. BSi is consequently
transported to the bottom of the slope before it can dissolve and be recycled
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by plants, resulting in an accumulation of BSi at the bottom of the slope (AC of
37%). However, this apparent effect is not statically confirmed probably due
to the strong variability of biogenic AlkExSi pools within the top and the
bottom pits in the steep sloped forest. Larger biogenic AlkExSi pools are also
found at the lower middle position, which suggests that the accumulation of
eroded material also occurs at the lower-middle slope. Both (lower-middle
and bottom) pits together accumulate the 76% of the total biogenic AlkExSi
pool of the slope. These deposition zones could serve as a location for
permanent BSi storage.
The average biogenic AlkExSi pool size followed the sequence: FS > FG >
CG > CS. Overall, cropland gentle and steep slopes had 10% and 53% lower
biogenic AlkExSi pool, respectively, compared to well-conserved forest. This
loss of biogenic AlkExSi has previously been described in other studies.
Vandevenne et al. (2015b) showed similar results for temperate Belgian
Luvisols, where croplands showed a decrease of total biogenic AlkExSi of
35% compared to the temperate forest. Results from Clymans et al. (2011)
support the same pattern, showing smaller AlkExSi pools in cultivated
systems in Sweden. Our results are apparently in contrast with results from
Struyf et al. (2010) who showed a large reduction in DSi export after
deforestation in croplands deforested >250 years ago. Nevertheless, the
absence of a larger decrease in the gently sloped cropland may indicate that
deforestation occurred too recently to see such a decrease, only triggered by
harvest. Opfergelt et al. (2010) found phytoliths from the previous forested
system in croplands of Cameroon deforested in the early 50s. However, top
and bottom positions do not differ statistically between the cropland and its
forest counterpart for any of the slopes. The difference relies only on the midpositions where erosion is higher (Doetterl et al., 2015), highlighting the
importance of erosion as an added factor, as a consequence of the agricultural
tillage (Govers et al., 1996).
A depletion of >50% is seen at the steep slope of the cropland compared to
its forested counterpart. Although it has been shown that an increase in
erosion rate occurs after the conversion from forests to croplands (Vanacker
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et al., 2014) and this may affect both croplands, Montgomery and Brandon
(2002) described how the erosion rate depends directly on the slope and
stressed the importance of landslides. The consequence is an increase of the
accumulation of biogenic AlkExSi pool at the bottom of the steep slope of the
cropland (AC of 67%).
Importance of scales and methods
The present study clearly shows how deforestation may have a strong
impact on the silica cycling in subtropical soils under steep slopes, and
potentially also on gentler slopes in the long-term. The croplands in earlier
studies, e.g. Vandevenne et al. (2015b), had usually been cultivated for more
than 200 years, and BSi depletion was explained as a result of long-term
cultivation. However, the croplands in the present study were deforested 50
years ago, highlighting how fast the biogenic AlkExSi pool can be depleted
from the soil system when physical erosion is high.
Our results confirm the importance of using a continuous extraction to
determine BSi pools in soils (Barão et al., 2014). The non-biogenic AlkExSi
fractions would have been determined as BSi if conventional alkaline
extractions, applying only analyses during the linear phase of the extraction,
had been used (i.e. adaptations of the method from DeMaster, 1981). We
acknowledge that some difficulties still remain when applying the method we
have used. The dissolution in NaOH does not show a true reactivity within
soils: the non-biogenic AlkExSi fractions probably have lower solubility in
soils (Ronchi et al., 2015) or water (Unzué-Belmonte et al., 2016) than BSi.
Using the Si/Al ratio thresholds described for temperate soils to determine
the character of the fractions in a different soil introduces some concerns.
Without physical extraction we cannot verify that fractions showing specific
ratios (below 5) correspond to the same pedogenic compounds as those
found in temperate soils. The method is also unable to distinguish, among the
Si/Al > 5 fractions, between phytoliths and opal A/CT. Under a silica
saturated system, silica can precipitate in amorphous structures called OpalA, that in further transformations could be transformed into Opal-CT and
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finally microquartz (Chadwick et al., 1987; Drees et al., 1989). Opal deposits
were identified at more than one meter deep layers in temperate pastures
(Vandevenne et al., 2015b) and the tropics (Alexandre et al., 1997). Moreover,
results from (Saccone et al., 2007) showed that the amounts of easy-soluble
silica were larger in deeper horizons, agreeing with the possibility of having
Opal-A at deeper layers in our systems. Despite some concerns, the method
used allowed us to identify a new non-biogenic AlkExSi pool which might
have been affected by land use and erosion as well.
Effects of erosion and land use change on the non-biogenic AlkExSi pool
along the toposequence
The averaged total pool of non-biogenic AlkExSi followed the sequence: FS
> CG > FG > CS. A study in Belgian Luvisols under long-term cropland
management (Vandevenne et al., 2015a) showed a larger non-biogenic
AlkExSi pool in the croplands relative to a forested site. The authors
explained the result by the fact that the high Si-demand from the crops
increases the weathering rate of the mineral phases, transforming lowsolubility compounds into high-solubility ones (with the caveat that solubility
is determined in NaOH). A combination of a relatively short time period since
deforestation, and the increased demand for Si by the crops compared to
forest species, could thus explain the larger non-biogenic AlkExSi pool in
gently sloping cropland, compared to forests.
However, the non-biogenic AlkExSi pool of the steeply sloping cropland is
almost non-existent. As with the biogenic AlkExSi pool, the high Si-demand by
crops together with the higher erosion rate results in a complete depletion of
the non-biogenic AlkExSi pool in the steeply sloped cropland.
The steeply sloped forest showed a larger non-biogenic AlkExSi pool,
mainly accumulated at top and bottom positions (Figure 3.4). It is clear that
the continuous long-term biogenic AlkExSi deposition at bottom positions
(apparent also at the lower middle position) triggers the formation of new
non-biogenic AlkExSi phases that correspond with lower TRB values.
Weathering degree has previously been correlated to the amount of
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pedogenic silica accumulation in sedimentary soils (Kendrick and Graham,
2004). Further, clay minerals and Si absorbed onto oxides were reported by
Delvaux et al. (1989) and Opfergelt et al. (2009) respectively, to be largest at
most weathered sites in a study carried out in volcanic soils from Cameroon.
Implications
We show how slope and land use change have strong interacting effects on
the distribution of the AlkExSi pool in a subtropical soil. In general, our study
agrees well with earlier findings in temperate climates: landscape cultivation
diminishes soil BSi stocks. Even though deforestation occurred only 50 years
ago, the biogenic AlkExSi pool in the steeply sloped cropland was only 50% of
the pool in steeply sloped forests. In contrast, on the gentle slopes, no similar
depletion was observed. This highlights the importance of erosion strength
for the rate of depletion. To our knowledge, almost no studies have included
slope as a potential factor (Ibrahim and Lal, 2014). It could therefore also be
relevant to include erosion rates in studies of BSi in temperate ecosystems.
The presence of phytoliths from the past in soils helps to reconstruct
former vegetation (Kirchholtes et al., 2015; Rovner, 1971). Here, we consider
the biogenic Si pool as a single biogeochemical pool that is able to supply
readily available DSi for plants. Although the presence of two Si pools within
the plant is well documented (Fraysse et al., 2009; Watteau and Villemin,
2001) and different pools may show different solubilities, the higher
solubility of phytoliths in soils compared to non-biological solid Si phases has
been confirmed by several studies (Fraysse et al., 2006b; Lindsay, 1979;
Ronchi et al., 2015; Sommer et al., 2013). Moreover, Alexandre et al., (1997)
described how 92% of the BSi in top soil is rapidly recycled, while only 8%
seems to be permanently stored due to a lower turnover.
The silicon and carbon cycles are closely related through the production of
phytoliths. A recent study showed a positive relation between soil organic
carbon (SOC) and amorphous silica content along a toposequence and along
the depth profile (Ibrahim and Lal, 2014). However, a comparison between
their results and ours is not possible due to the different methods used to
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extract the silica fractions. The assumed tight relationship between both
elements together with the SOC depletion (reported at 45%) after 11-50
years of conversion from forest to cropland (Wei et al., 2014), hints at similar
mechanisms behind both observations. Some studies have indicated that
silica could act as a ‘carbon protector’ through phytolith formation: carbon is
occluded within the phytoliths and remains stored until they dissolve (Song
et al., 2014). Although there are different opinions regarding this topic
(Santos and Alexandre, 2017) some have suggested that atmospheric carbon
sequestration could be enhanced through phytolith production and
subsequent burial (Li et al., 2013; Parr et al., 2010; Song et al., 2016).
Our study highlights the accumulation of biogenic AlkExSi at deposition
zones in croplands. Very little is known on the potential Si sink associated
with such deposition zones, as little research has actually focused on Si
biogeochemistry in these zones. Deposition of BSi here could be an important
sink for Si in the long-term. As shown earlier in tidal marshes (Struyf et al.,
2007), rapid accumulation of BSi can prevent its complete dissolution,
resulting in long-term burial and removal from the global biogeochemical Si
cycle.
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Chapter 4
An alkaline continuous extraction to
determine BSi content of biochars, soils
and soil:biochar amendment mixtures
Dácil Unzué-Belmonte

This study was an integral part of the larger project: Phytolith content in biochar
affects the biological Si cycle in soil-wheat systems. Cooperation with: Zimin Li ,
Jean-Thomas Cornelis and Bruno Delvaux.
My main role was the determination of BSi in complicated soil-soil amendment
mixtures. This chapter focuses on the methodological application.
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4
An alkaline continuous extraction to
determine BSi content of biochars, soils and
soil:biochar amendment mixtures

4.1. Introduction
The role of biota, especially plants, in terrestrial silicon (Si) cycle has
drawn the attention of the scientific community in the last decades
(Alexandre et al., 1997; Ma et al., 2001; Meunier et al., 1999). Although
dissolved Si (aqueous H4SiO40, DSi) is released into the soil solution originally
through mineral weathering, final DSi concentrations in soils are often
governed by parallel biogeochemical processes, such as plant uptake,
secondary mineral precipitation, DSi leaching and Si adsorption onto Fe and
Al oxyhydroxides (Conley, 2002; Cornelis et al., 2011a; McKeague and Cline,
1963; Sommer et al., 2006). Si uptake by plants has been described as an
important process affecting the biogeochemical Si cycle (Carey and Fulweiler,
2012; Hodson et al., 2005). After plant uptake, DSi is polymerized to form
amorphous SiO2•nH2O in plant cell tissues (Epstein, 1994; Piperno, 2006),
often in the form of phytoliths, also referred to as biogenic silica (BSi).
Phytoliths are more soluble than inorganic silicates (Fraysse et al., 2009), and
can thus contribute to a large extent to DSi dissolution in soils, depending on
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their abundance (Alexandre et al., 1997; Conley, 2002; Derry et al., 2005;
Meunier et al., 1999). This biomineralization of Si in plants is considered an
important reservoir in the global Si budget (Conley and Carey, 2015; Frings et
al., 2014a; Trembath-Reichert et al., 2015), exerting an important control on
soil Si biogeochemical cycling, by influencing DSi concentration in soil
solution, especially in highly weathered soils (Cornelis and Delvaux, 2016;
Henriet et al., 2008).
In croplands, the input of BSi to topsoils is disrupted by the harvest of the
crops, when large amounts of phytoliths are exported from the system
(Guntzer et al., 2012a; Keller et al., 2012). Phytolith removal results in Si
depleted ecosystems in the long-term (Vandevenne et al., 2015a). As highly
weathered soils are depleted in both lithogenic (LSi) and secondary
pedogenic Si pools (PSi), the disruption of BSi recycling can result in low Si
bioavailability (Cornelis and Delvaux, 2016). In tropical regions, a Si
amendment is therefore often applied to sustain a cropping system.
Si is widely recognized to benefit plants through protecting against a range
of biotic and abiotic stresses (Fauteux et al., 2005). Si application is estimated
to increase wheat growth by 4.1–9.3%, and rice crops up to 17% in field
experiments (Liang et al., 2015; Ma and Takahashi, 2002). The most common
Si-fertilizers used are silicate slags and natural silicate minerals (Datnoff and
Heckman, 2014). Yet, the solubility of these Si fertilizers and the possible
release of toxic heavy metals into the soil often limit their use (Haynes et al.,
2013). Wollastonite (CaSiO3), a commonly used Si-fertilizer and also a liming
material, is by far the most used inorganic fertilizer, due to its high solubility
and absence of toxic components (Gascho, 2001). However, the finite
occurrence of wollastonite, the extraction cost and its environmental
consequences of its use forces the scientific community to look for
alternatives to silicate minerals.
A potential alternative are biochars. Pyrolyzed biomass is already used as
amendment and is known to increase biomass productivity by improving soil
fertility in tropical and subtropical regions (i.e., organic carbon (OC), pH and
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CEC), (Liang et al., 2006; Major et al., 2010). Whereas the impact of biochar
incorporation on soil properties is the object of numerous publications (Sohi
et al., 2010), the potential ability of biochars to enrich bioavailable Si in soil
solution and the effect on the biological Si cycle is still poorly quantified.
Although structural changes may occur to phytoliths after pyrolysis with
temperature change (Xiao et al., 2014), several studies have confirmed their
presence after pyrolysis (Houben et al., 2013). Moreover, phytolith solubility
increases after burning (Unzué-Belmonte et al., 2016; Xiao et al., 2014).
Dissolution of phytoliths in biochars could thus rapidly supply DSi into the
soils (Houben et al., 2013) so that biochars could be a promising costeffective and environmentally friendly alternative to conventional Si
amendments in agro-ecosystems.
A recent study suggests that the application of biochar derived from the
high Si-accumulator Miscanthus could increase Si mineralomass in cotton
plants (Li et al., 2017). However, the increasing soil fertility parameters and
plant biomass cannot be directly assigned to higher Si bioavailability, as
biochar effect has not been isolated. The overall objective of the project
consists of studying the ability of Si-enriched and Si-depleted biochars with
strictly identical physicochemical properties (besides Si content) to supply
bioavailable Si for wheat plants (Si-accumulator) in two soils with contrasting
weathering degree. The objective of the present study consisted of measuring
and characterizing the BSi pool in the two soils used, the amendments and
the soil:amendment mixtures.
4.2. Materials and Methods
An overview of all methodological procedures and analyses carried out for
the study is presented below (Figure 4.1). Further details can be found in (Li
et al., 2018).
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Figure 4.1. Overview of all methodological procedures and analyses carried out for the study.

Rice plants were grown from seeds in hydroponic systems to produce
biochars (pyrolyzed biomass). Half of the plants grown were supplied with Si
in solution while the other half weren’t. Thus, one of the produced biochars
contained pyrolyzed biomass with Si (Si+/biochar) while the other one
contained pyrolyzed biomass without Si (Si-/biochar). An inorganic fertilizer
commonly used, wollastonite, was as well used as amendment. Total element
content, CEC and pH were measured for the three amendments. An X-Ray
diffraction and Scanning Electron Microscopy were applied on biochar
samples to confirm the presence or absence of phytoliths. A kinetic extraction
in CaCl2 was performed for 128 days to determine the release of bioavailable
Si. A continuous alkaline extraction was performed to determine the BSi
content of each of the amendments.
Two types of soils, with different weathering stage degrees, were collected
for the study: a moderate weathered Cambisol (CA) and a highly weathered
Nitisol (NI). Cambisols cover 10% of the land surface worldwide and
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commonly occur in cool climates of high latitudes; Nitisols only cover 1.3% of
the land surface worldwide and are present commonly in tropical and
subtropical regions at low latitudes. Overall, highly weathered soils (Nitisols,
Acrisols, Lixisols, Arenosols and Ferrasols) represent more than 25% of the
total worldwide surface (IUSS Working Group WRB, 2015). Properties of both
soils differed. The two soils (CA and NI) were amended with Wollastonite, Si/biochar and Si+/biochar. The same amount of both biochars was added
(1.5% of Si-/biochar and Si+/biochar), and the same amount of Si was added
through the Si+/biochar and Wo amendments (0.81 mg g-1 of soil). Thus, the
Si addition through Si-/biochar amendment results in 0.003 mg g-1 of soil.
The mixtures were then analyzed for total element content, CEC and pH as
done for the amendments. A kinetic extraction in CaCl2 and the continuous
alkaline extraction were as well performed on the soils and soil:amendment
mixtures.
After the study of the release of bioavailable Si in the two types of soils and
with the addition of the amendments, wheat plants were grown on those soils
and soil:amendment mixtures. After four weeks of growth, biomass was
collected and weighted. Si content in plants and the remaining Si in soil was
then measured.
A budget calculation was performed afterwards taking into account the Si
added through the amendments, the Si uptake by wheat plants and the
remaining Si in the soil solution. An analysis of the obtained results was
carried out in order to study the Si recycling by plants depending on type of
soil and type of amendment added.
Here, the method and results from the continuous alkaline extraction are
detailed. An overview of the whole study framework can be found in Li et al.,
(2018).
Alkaline Continuous Extraction
Three replicates of each sample (for the amendments, soils and the
soil:amendment mixtures), resulting in 33 samples, were analyzed in a
continuous flow analyzer (Skalar, Breda, the Netherlands), using a continuous
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analysis technique recently refined for soils by (Barão et al., 2014). Samples
were gently crushed prior to analysis. The extraction was accomplished in
180 mL of 0.5 M NaOH, at 85°C for 30 min. Dissolved Si and dissolved
aluminum (Al) extracted are analyzed continuously, obtaining two
dissolution curves which are fitted with first order equations: Eq (1) and (2).
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The method distinguishes between the mineral fractions which have a
linear dissolution behavior (DeMaster, 1981; Koning et al., 2002) and the
fractions exhibiting a non-linear dissolving behavior. The curve model (with
one, two or three non-linearly reactive fractions) exhibiting the lowest error
was kept. For the mineral fraction, the model renders a linear dissolution rate
(b) and the Si/Al ratio (Si/Almin). Non-linearly reactive fractions are
characterized by: the total amount of Si (alkaline extractable Si (AlkExSi), mg
g−1 dry weight of initial sample mass), the Si/Al ratio (Si/Al) of that fraction
and its reactivity (k, how fast it dissolves). The Si/Al ratio of the fraction is
used to determine the origin of the non-linear fraction. Barão et al., (2014)
distinguished the following fractions: ratio > 5 was considered as indicative
of a biogenic fraction (Biogenic Si, BSi), as the proportion of Al in phytoliths is
low (Bartoli, 1985; Piperno, 2006). A fraction with a Si/Al ratio between 1
and 5 was considered as representative of the mineral fractions (secondary
clays) and Si/Al ratios <1 can indicate multiple pedogenic Si fractions
(Oxides-Si), including Si adsorption. Although it is not possible to distinguish
BSi from pedogenic Opal A/CT among the Si/Al>5 fraction, the absence of
other sources in our soils allow us to assign the fraction characterized with a
Si/Al>5 as BSi.
Few more replicates (a total of 5) were run for the NIWo samples, due to
the variable results of the three first ones that were run. The Wollastonite
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samples were modeled with only Eq. (1) due to the absence of aluminum in
the mineral. Only AlkExSi and k values are given.
Data analyses
The increment of biogenic AlkExSi after the amendment addition was
considered to be the result from the subtraction of the amount of AlkExSi in
the non-amended soil (CA and NI) from the AlkExSi in the soil:amendment
mixture (Eq. 3).
ΔBiogenic AlkExSi (Increment of biogenic AlkExSi) = AlkExSi_soili:amendment –
AlkExSi_non-amended soili

(3)

Considering the Si-/biochar as a Si-absent amendment, the biogenic
AlkExSi obtained in soils amended with Si-/biochar might be the result of an
experimental or modeling error. Subtracting then the amount of biogenic
AlkExSi obtained in soils amended by Si-/biochar to the amount of biogenic
AlkExSi in the other soil:amendment mixtures (soils amended by Si+/biochar
and Wo) we estimate then the final and more accurate effect of the addition
of Si+/biochar and Wo (Eq. 4).
Net ΔBiogenic AlkExSi = ΔBiogenic AlkExSi_soili:amendment –
AlkExSi_soili:Si-/biochar

(4)

Tukey’s test was carried out using Excel 2010.
4.3. Results
Figure 4.2 shows the content of alkaline extractable silica (AlkExSi, g kg-1)
in the biochars, wollastonite, soils and soil:amendment mixtures. Figure 4.2a
shows a dominant biogenic silica fraction in biochars. Yet, the content of
biogenic AlkExSi in the Si+/biochar (35.0 g kg-1) is much larger than the
biogenic AlkExSi in Si-/biochar (0.13 g kg-1). AlkExSi values for the
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Wollastonite are 10 times lower than the biogenic AlkExSi in the Si+/biochar
(3.63 g kg-1).
In the CA, there is only one consistent biogenic AlkExSi fraction, although
one replicate shows a small Si/Al<1 fraction as well. The biogenic AlkExSi (SiAl > 5) measured in the soil:amendment mixtures compared to the biogenic
AlkExSi measured in the non-amended CA (3.64 g kg-1) does not differ after
the Si-/biochar application (3.68 g kg-1); is slightly larger after the
Si+/biochar application (4.49 g kg-1); and slightly smaller after Wo
application (3.24 g kg-1). In the NI, no biogenic AlkExSi is found in the nonamended NI. Only one of the replicas again shows a small Si/Al<1 fraction.
The biogenic AlkExSi measured in the soil:amendment mixtures compared to
the biogenic AlkExSi measured in the non-amended NI (0 g kg-1) is larger
after the Si-/biochar application (0.96 g kg-1), larger after Si+/biochar
application (1.88 g kg-1) and larger as well after Wo application (0.53 g kg-1).
In Table 4.1 the results of the biogenic AlkExSi fractions described are
detailed. The total Si input and the relative and net increase are as well
included.
Statistically, only the addition of Si+/biochar was significant compared to
the non-amended soil in both soils. In the case of the NI, the addition of Si/biochar is as well significantly different from the non-amended NI.
The increment of biogenic AlkExSi was positive after the addition of Si/biochar and Si+/biochar in the CA (+0.04 and +0.81 for the Si-/biochar and
the Si+/biochar, respectively), and negative after the addition of Wo (-0.40).
The increment of biogenic AlkExSi was positive after the addition of all
amendments in the NI (+0.96, +1.88 and +0.53 for the Si-/biochar,
Si+/biochar and Wo, respectively). The net increment of biogenic AlkExSi was
positive after the addition of Si+/biochar in both soils (+0.81 and +0.92 in CA
and NI, respectively), and negative after the addition of Wo (-0.44 and -0.43
in CA and NI, respectively).
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Figure 4.2. Alkaline extractable silica (AlkExSi, mg g-1 of sample) of the different treatments. a:
Amendments: biochars (Si- and Si+) and wollastonite (Wo). b: Cambisol (CA) and Cambisol amended by
Si-/biochar (CASi-/biochar), Si+/biochar (CASi+/biochar) and Wollastonite (CAWo). c: Nitisol (NI) and
Nitisol amended by Si-/biochar (NISi-/biochar), Si+/biochar (NISi+/biochar) and wollastonite (NIWo).
Note that Wo sample was modeled only with Eq. (1). The character of the fraction according to a Si/Al
ratio is thus not determined for the Wo sample. The average values presented with distinct letters (a, b,
c, d, e and f) are significantly different at the p<0.05 level of confidence according to Tukey’s test.
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Table 4.1. Biogenic AlkExSi content in the amendments (Si-/biochar, Si+/biochar and Wo), soils (CA
and NI) and soil:amendment mixtures (CASi-/biochar, CASi+/biochar, CAWo, NISi-/biochar,
NISi+/biochar and NIWo). The Si input added through the addition of the amendments. The average
values presented with distinct letters (a, b, c, d, e and f) are significantly different at the p<0.05 level of
confidence according to Tukey’s test.

Total Si input

Biogenic
AlkExSi

ΔBiogenic
AlkExSi

Net ΔBiogenic
AlkExSi

g kg-1 of soil

g kg-1 of soil

g kg-1 of soil

g kg-1 of soil

Si-/biochar

0.13±0.02a

Si+/biochar

34.01±0.56b

Wo

3.63±0.04†

CA

0.00

3.64±0.17c

CASi-/biochar

0.003

3.68±0.62c

+0.04

CASi+/biochar

0.81

4.49±0.13d

+0.85

+0.81

CAWo

0.81

3.24±0.18c

-0.40

-0.44

NI

0.00

0.00a

NISi-/biochar

0.003

0.96±0.78e

+0.96

NISi+/biochar

0.81

1.88±0.65f

+1.88

+0.92

NIWo

0.81

0.53±0.35ae

+0.53

-0.43

†Only

modeled with Eq. (1) and impossible to determine the character of the AlkExSi. No statistics
were done.

4.4. Discussion
Biogenic AlkExSi in soils
The alkaline continuous extraction allows us to characterize fractions
showing a non-linear dissolution behavior (AlkExSi) in 0.5 M NaOH. The Si
contained in the wollastonite did not show a specific non-linear dissolution
behavior; yet, 1.5% of the total Si present as wollastonite was characterized
as AlkExSi. In the extraction of both biochars however, it is clear that the
majority of Si is contained in an AlkExSi fraction: 42-67% of the total Si is
characterized as AlkExSi, more precisely as biogenic AlkExSi. The Si content
of the biochars is assumed to correspond to phytoliths and/or Si embedded
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within the cell walls (Fraysse et al., 2010). This secondary pool has been
recently confirmed to show, as phytoliths, high reactivities in NaOH and high
Si/Al ratios when samples were analyzed using the same method (UnzuéBelmonte et al., 2016). This finding confirms that phytoliths can resist to
pyrolytic temperatures up to 500°C and still persist as amorphous BSi,
although some structural changes can occur (Xiao et al., 2014).
Despite the high total Si content in NI (Li et al., 2017), our results
confirmed that this type of soil did not contain any biogenic AlkExSi. This is
perfectly in line with the fact that the NI used is a buried paleosol that was
not in recent contact with vegetation. This soil thus represents a soil with
complete absence of BSi, that allows to study the Si cycling after the addition
of inorganic or biogenic Si in BSi depleted soils. On the contrary, the Cambisol
showed the presence of a BSi pool (Figure 4.2, Table 4.1). This BSi pool
(~3.64 mg g-1 of soil) was in the same range than that observed in Barão et
al., (2014) who observed biogenic AlkExSi values of ~3.5 mg g-1 of soil for a
cultivated slightly weathered Cambisol.
Our results also demonstrate that Si-/biochar could not significantly
increase the biogenic AlkExSi pool in the Cambisol, confirming the absence of
phytoliths in that biochar. However, the still apparent small increase in the
amount of biogenic AlkExSi obtained in the Nitisol amended by Si-/biochar
indicates even the treatment with no Si addition actually resulted in the
appearance of an NaOH reactive Si fraction. The reason could be an
experimental error, supported by the high deviation obtained between the
three replicates, or a possible change on solubility condition of Si compounds
present in the Nitisol due to the effect of the biochar on soil properties.
Considering such error or effect, a net and more accurate increase is
calculated for the soils amended with the same amount of Si added per kg of
soil (Si+/biochar and Wo amendments) consisting on the subtraction of the
increase measured after the addition of Si-/biochar to the increases obtained
after the addition of Si+/biochar and Wollastonite (see Methods, Table 4.1).
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The addition of Si+/biochar clearly increases the biogenic AlkExSi pool in
both NI and CA. The addition of 0.81 mg of Si per g-1 of soil, corresponds
exactly with the net increment resulted of biogenic AlkExSi in the CA (+0.81
mg g-1 of soil). In the NI, the resulting increase (0.92 mg g-1 of soil) slightly
exceeded the concentration added by the Si+/biochar (Table 4.1). We can
determine that the addition of 1 mg of biogenic AlkExSi from Si+/biochar per
gram of soil results in an increase of 1 mg gram of biogenic AlkExSi per gram
of soil. Our results confirm the accurate precision of the continuous alkaline
extraction method when analyzing samples with biogenic silica content even
in a challenging environment.
The application of Wo only shows a small non-linear dissolving AlkExSi
pool in NI (NIWo), not significantly different from the AlkExSi pool in the
non-amended NI. However, considering 1) the non-biogenic character of the
Si supplied by wollastonite, 2) the absence of a biogenic AlkExSi fraction in
the non-amended NI and 3) the 1.5% of the total Si content in Wo was
described as AlkExSi in the continuous analysis of Wo, we can confirm that
this fraction was not biogenic. The continuous extraction method can indeed
not distinguish silicate minerals without Al from BSi (Unzué-Belmonte et al.
2017), for the mineral part that shows non-linear dissolution. The Si/Al>5
AlkExSi fraction corresponds to the alkaline-soluble part of the inorganic Si
added from the Wo. Special care should be applied when analyzing soils with
larger Wollastonite addition if applying the present method.
The negative net increase occurring after the addition of Wollastonite
suggests that the inorganic mineral seems to decrease the solubility of the
pre-existent BSi pool in the Cambisol. The dissolution of Wollastonite
releases DSi and Ca2+ in solution. The addition of bivalent cations in solution
was shown to decrease the solubility of phytoliths from biochars derived
from rice-straw in an experiment carried out under controlled conditions
(Nguyen et al., 2014). However, the real process occurring in our mixtures
cannot be confirmed based on the present data.
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Importance of results from the alkaline continuous extraction in the
study
The XRD and SEM analyses carried out by Li et al., (2018) help to confirm
the absence and presence of phytoliths in Si-/biochar and Si+/biochar
respectively. However, the quantification of biogenic silica is not possible
using such methods. The alkaline continuous extraction is able to determine
the character of the AlkExSi (whether a fraction is biogenic or not) and
quantifying the biogenic silica in one single extraction.
It is commonly accepted that phytoliths show higher solubilities in soils
than other solid phases, confirmed by several studies carried out under
controlled conditions (Fraysse et al., 2006b; Ronchi et al., 2015). Moreover,
burned plant material has been shown to have higher solubilities than fresh
plant material (Unzué-Belmonte et al., 2016). The solubility however depends
on in situ conditions which may influence phytolith solubility: bioavailable Si
concentrations in soils might not correspond to the amount of BSi.
In the complete study which our results are part from, a quantification of
the amount of bioavailable Si in the non-amended soils and amended soils
was performed. As such, it is only possible to relate the BSi content to the
bioavailable Si content in soils using an accurate analysis as performed here,
to draw conclusions regarding phytolith solubility. Furthermore, in this
study, wheat plants were grown in the soils and soil:amendment mixtures
and Si content in the plants were quantified afterwards. The study of the
relation between Si uptake by plants, soil bioavailable Si and soil biogenic
AlkExSi contributes to better understand the recycling by plants of Si from
organic and inorganic origin in different weathering stage soils.
The samples analyzed in the study were specially challenging for the
method. The analysis of wollastonite, a mineral with no Al content, gave us
some insights about how these kind of minerals might be determined using
our method. The result shows that indeed, wollastonite can be erroneously
described as a biogenic fraction. However, the fraction of total Si that
dissolves non-linearly seems to be extremely low, accounting for only 1.5% of
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the total amount of the Si in the mineral. Even though, this conclusion should
be taking into account when analyzing soil samples with non-Al minerals
content.
Overview of results in Phytolith content in biochar affect the biological Si cycle in soilwheat systems

SEM and XRD analyses
Results from the SEM and XRD analyses confirm the absence of phytoliths
in Si-/biochar and the presence in Si+/biochar.
Kinetic extraction in CaCl2
During the 128 days of extraction the release of Si in soils amended with
Si-/biochar was equal to the release in the non-amended soils. However
when comparing the release of Si in soils amended with Si+/biochar and
Wollastonite a different pattern was found regarding the soil. While in the
Nitisol the highest release of Si occurred after the application of Si+/biochar,
in the Cambisol, the highest release of Si occurred after the application of
Wollastonite. The explanation behind lies in the presence in the nonamended CA of BSi, confirmed and measured with the continuous alkaline
extraction, and overall properties that probably prevent the added BSi from
the biochar to dissolve and release bioavailable Si. As the addition of the
inorganic fertilizer, wollastonite, does not increase the biogenic AlkExSi pool
in any of the soils, the Si released in the NI is obviously coming from the
dissolution of the mineral.
Wheat growth
The addition of Si+/biochar and Wo increased indistinctly the biomass of
plants grown in the CA. Si-/biochar did not increase the biomass of plants
grown in the CA. The addition of both biochars (Si-/biochar and Si+/biochar)
increased the biomass of the plants grown in the NI. Wo did not increase the
biomass of the plants grown in the NI.
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However, the Si content per gram of biomass showed different patterns.
While in soils amended by Si-/biochar the biogenic AlkExSi pool only varied
in the NI, plants grown with the addition of Si-/biochar showed higher Si
content (mg Si per g of biomass) than plants grown in both non-amended soil,
probably due to the improvement of soil conditions through the biochar
properties (addition of other nutrients, changes in pH and CEC). Plants grown
in any of the soils amended by Wo clearly showed a higher concentration of Si
than the plants grown on the non-amended soils. Finally, plants grown with
the addition of Si+/biochar showed higher Si concentration than plants
grown in the non-amended soils. This increase was higher than the
experimented by plants grown with Si-/biochar but lower than the increase
experimented by plants grown with Wo addition. Regarding the soil type, a
higher concentration of Si in plants grown in NI resulted, than in CA.
Si budget
Considering the Si added through the amendments, the release of
bioavailable Si in the soils and the Si taken up by plants (per g of biomass) it
is concluded that: Si-/biochar contributes only to increase in biomass in NI,
but no effect on the Si pool or recycling is observed. The beneficial condition
added through the biochar properties (pH, CEC, C…) contributes to increase
the Si uptake by plants. The Si+/biochar increases the bioavailable Si (largely
in NI) and the Si uptake by plants (largely in NI as well). The Wo increases the
bioavailable Si (largely in CA) and the Si uptake by plants in both soils. In
conclusion, the soil properties determine the recycling of Si by plants. The
ability of Si-enhanced biochar in the enrichment of bioavailable Si in soils and
increase of Si mineralomass in crops is also proved. However, this effect will
be larger in highly weathered soils than in moderately weathered soils with
background BSi content.
The main conclusion of the study “Phytolith content in biochar affect the
biological Si cycle in soil-wheat systems” relates to the differences of BSi
content and soil properties in the CA and NI soils, and determines that the
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recycling of Si by plants depends directly on the soil properties and the type
of Si-fertilizer added.
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5
Biogenic alkaline extractable silica (AlkExSi)
in Kenya: addendum to ‘Hippos
(Hippopotamus amphibius): the animal silica
pump’.
5.1. Introduction
The Schoelynck et al. (2017) paper studies the influence of large grazers
(hippopotamuses) on the Si fluxes in the Mara River, Kenya. The influence of
animals is known to affect elemental cycles like carbon or phosphorous
(Bakker et al., 2016; Doughty et al., 2016), but little has been quantified in
relation to the terrestrial Si-cycle. Large herbivores feeding on grasses affect
Si translocation, as Si is not an essential element for animals and is commonly
excreted through feces deposition. Vandevenne et al., (2013) showed how the
solubility of phytoliths increased after large grazer’s digestion. Hippos in
Africa are an interesting species to study at this respect because their
particular ethology. Hippos feed on savannah grasses during the night and
excrete their feces, which contain large amounts of Si, into the river water
during daytime. Thus, hippos could be considered as large vectors
transferring from the savannah grasses directly into the river highly soluble
BSi. Such hippo influence on the Si load in the Mara river, and thus potentially
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on the Si input into Lake Victoria is studied through the analysis of BSi
content in grasses and hippo’s feces, DSi in the river- and porewater, BSi
content of suspended matter and of sediments from the riparian area of the
river, and the isotopic fractionation of the mentioned Si compartments. An
estimation of fluxes is calculated. The complete detailed study is presented in
Schoelynck et al. (2017) (see Supplementary material). The present work
corresponds to the analyses to characterize and quantify the BSi pool along
hippos’ activity: from the savannah grasses to the sediments in the river.

5.2. Methods
Study area and sampling
The study area is located in the Maasai Mara National Reserve (MMNR) in
the south-west of Kenya. The Mara River eventually flows into Lake Victoria,
the most important water reservoir in East-Africa. The studied savannah soils
were Vertisols with high clay content (Mati et al., 2008).
The sampling campaigns took place during the dry season (Feb. 2014). Ten
positions along the Mara River were selected for sampling (Figure 5.1). Site 1
is located outside the MMNR; here, hippo influence is negligible. Along the
river, the presence of hippos is fairly constant thus the cumulative effect can
be expected to increase progressively. Site 10 is situated right before the
Tanzanian border. Three additional tributary sites were also sampled:
contributing to the Mara before the reserve were the Amala and Nyangores.
The third one, Talek, flows into the Mara within the Reserve, between sites 8
and 9. Suspended matter and sediment cores in the riparian area were
collected in the river (details, see Schoelynck et al. (2017)), with the
exception of the sediment core at Talek and the suspended matter at
Nyangores. Savannah cores were collected at sites 2, 5, 7, 8, 9 and 10 at a
perpendicular distance of >1 km to the river. Grass and fresh dung samples
were collected at sites 1, 3, 5, 6, 8 and 10, and at Amala and Nyangores at the
flanks of the river.
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Extended descriptions of the study area, site location and sampling
protocols are detailed in the Supplementary material in Schoelynck et al.
(2017).

Figure 5.1. Map showing the sample points along the Mara River. From Schoelynck et al. (2017).

Methodology
The continuous alkaline extraction in NaOH was carried out on the
samples mentioned according to the methodology described in Barão et al.
(2014). Briefly, samples were extracted in NaOH at 85°C and through
different chemical reactions dissolved Si and dissolved Al are measured
continuously for half an hour. The dissolution curves are fitted into the
following model (Eq. 1), which corrects for the mineral dissolution:
(

)

(∑

(

))

(1)
(

)

(∑

(

))

where b is the slope of the mineral Si component, Si/Almin is the ratio
between the two elements in the mineral Si component; AlkExSi is the
amount of alkaline extractable silica of the non-linear dissolving fraction(s), k
the reactivity or how fast that fraction dissolves in NaOH and the Si/Al is the
ratio between the two elements in that corresponding fraction. According to
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the Si/Al ratio of the non-linearly dissolving fractions the character of that
fraction can be determined. In Barão et al. (2015), Si/Al ratios above 5 were
considered to be biogenic silica, due to the proportion of the elements in
phytoliths; fractions showing Si/Al ratios were considered to be clay
minerals; and fractions showing Si/Al ratios below 1 were considered to be
oxides, hydroxialuminosilicates (HAS) and Si absorbed onto other
compounds.
In the present work we set the boundaries to determine the origin of the
fraction as follows: Si/Al <1 for oxides and Si absorbed onto surface of
different compounds, 1<Si/Al<4 for clay minerals and Si/Al>4 for biogenic
silica (phytoliths). A fraction was considered to be ‘non-linearly dissolving’
when k value was higher than 0.08 min-1.

5.3. Results
The results of different fractions described for the grass and hippo fresh
dung, savannah soil, suspended matter and sediment samples are presented
in Table 5.1.
Table 5.1. Results of the continuous alkaline extraction. Fractions described according to the equations
used (Eq. 1). The AlkExSi, k value and Si/Al ratio of each non-linearly dissolving fraction described for
the samples collected are presented for the grass and dung, savannah soil, suspended matter and
sediments samples. Biogenic, clay minerals and oxides fractions are noted in green, purple and orange,
respectively. Fractions discarded due to a low k value (k<0.1 min -1) are noted in light red.

GRASS AND DUNG
Site

Type

AlkExSi1

k1

Si/Al1

AlkExSi2

k2

Si/Al2

1

grass

18.8

0.52

>100

4.14

2.74

>100

3

grass

13.7

0.56

44.0

8.05

0.07

9.64

5

grass

27.1

0.44

>100

6

grass

11.8

0.47

>100

2.84

0.11

>100

8

grass

11.1

0.83

>100

6.99

0.17

34.4

10

grass

12.6

0.30

49.2

8.67

0.90

>100

1ꜝ

dung

3

dung

41.1

0.38

>100

22.0

0.13

45.5
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5

dung

14.3

0.50

14.9

22.1

0.16

>100

6

dung

31.1

0.63

92.9

24.4

0.08

65.7

8

dung

29.1

0.64

99.3

20.7

0.13

>100

10

dung

31.8

0.50

>100

15.6

0.09

28.1

AlkExSi1

k1

Si/Al1

AlkExSi2

k2

Si/Al2

1.88

0.78

>100

17.1

0.10

2.54

34.4

0.12

12.1

1.66

1.01

1.27

27.1

0.12

>100

SAVANNAH SOIL
Site
Depth
2

-5

2ꜝ

-13

5

-5

5ꜝ

-13

7

-5

7ꜝ

-13

8

-5

27.0

0.08

6.18

9.66

0.33

5.57

8

-13

28.0

0.13

63.6

0.66

0.05

0.07

9

-5

5.04

0.45

1.77

41.3

0.05

4.17

9

-16

7.20

0.29

1.19

75.0

0.03

3.16

10

-5

26.2

0.08

11.2

10

-13

28.1

0.05

>100

AlkExSi1

k1

Si/Al1

AlkExSi2

k2

Si/Al2

Amala

24.2

0.26

>100

26.2

0.05

1.12

1

14.1

0.31

4.21

42.8

0.07

6.95

2†

32.8

0.14

42.9

1.36

1.07

4.64

3

10.4

0.42

6.31

68.7

0.05

4.47

4†

39.4

0.08

88.7

8.27

0.31

3.26

5

3.81

0.49

5.68

31.8

0.10

4.38

6

13.1

0.30

7.83

66.8

0.04

4.80

7

9.71

0.34

10.5

61.3

0.05

5.14

8

9.32

0.32

4.42

49.4

0.05

6.04

9

9.68

0.38

14.3

42.1

0.07

3.76

10

38.6

0.09

5.50

7.39

0.43

3.69

Talek

4.03

0.98

>100

31.8

0.14

4.97

SUSPENDED MATTER
Site
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SEDIMENT
Site

Depth

AlkExSi1

k1

Si/Al1

AlkExSi2

k2

Si/Al2

Amala

0 to -2

27.9

0.14

6.74

2.41

0.70

2.42

Amala

-2 to -6

16.2

0.22

5.25

Amala

-6 to -10

10.7

0.27

6.80

Nyangores

0 to -2

13.3

0.12

62.3

1.15

0.46

0.82

Nyangores

-2 to -6

0.57

0.59

1.29

Nyangores

-6 to -10

5.60

0.17

5.09

1

0 to -2

7.64

0.42

5.41

1

-2 to -6

8.87

0.17

>100

1

-6 to -10

6.12

0.26

>100

2

0 to -2

5.11

0.14

10.6

2

-2 to -6

5.08

0.14

14.9

2

-6 to -10

0.96

0.25

>100

6.23

0.06

>100

3

0 to -2

11.4

0.16

5.23

3

-2 to -6

11.0

0.20

6.34

3

-6 to -10

14.3

0.08

42.5

2.69

0.32

4.25

4

0 to -2

4.00

0.23

9.45

4

-2 to -6

0.92

1.12

24.1

6.55

0.11

7.47

4

-6 to -10

4.89

0.35

5.89

5

0 to -2

3.84

0.16

8.39

5

-2 to -6

10.9

0.21

>100

25.3

0.02

1.79

5

-6 to -10

4.57

0.28

5.47

38.3

0.02

4.05

6

0 to -2

11.8

0.32

6.95

88.4

0.03

3.22

6

-2 to -6

18.8

0.14

>100

4.98

0.35

2.48

6

-6 to -10

10.6

0.22

4.96

82.2

0.02

5.39

7

0 to -2

5.88

0.27

>100

7

-2 to -6

11.0

0.13

>100

0.68

0.60

3.29

7

-6 to -10

5.54

0.37

8.05

8

0 to -2

12.3

0.29

7.43

8

-2 to -6

7.63

0.50

5.91

8

-6 to -10

13.4

0.28

6.25

9

0 to -2

8.81

0.28

4.23

16.5

0.08

8.05

9

-2 to -6

10.5

0.22

4.34

89

9

-6 to -10

8.77

0.25

4.28

1.63

4.34

3.98

10

0 to -2

10.1

0.41

4.93

28.5

0.10

4.74

10

-2 to -6

17.5

0.30

7.59

119

0.02

4.74

10

-6 to -10

21.2

0.13

>100

2.35

0.96

375

ꜝSamples were not analyzed due to the absence of hippos for the dung sample in site 1, and the
impossibility to sample that depth by the device used at the moment those sites were sampled for the
soil samples.
†An additional third fraction was described for these samples. The parameters were: AlkExSi (1.25), k
(0.06), Si/Al (0.09) for sample of Site 2 and AlkExSi (71.9), k (0.02), Si/Al (1.67) for sample of Site 4.

All samples but two from grass and fresh dung showed similar results: two
non-linearly dissolving fractions with high Si/Al ratios, both corresponding to
a biogenic silica origin. Samples from the savannah soil showed a biogenic
silica fraction (Si/Al>4) at all lower depths (-5 cm) except for site 9. However,
there are also non-linearly dissolving fractions with Si/Al~2 in four of the
samples and fractions with low k values (k<0.08 min-1) in another four
samples. Such low values correspond to an almost linear dissolution.
Samples of suspended matter showed in all cases a non-linearly dissolving
fraction with Si/Al>4 which corresponds to biogenic silica, and an additional
variable fraction. In five of the sites the additional fraction showed a nonlinear dissolution, three of them with Si/Al>4 and two with Si/Al<4. Nine of
the additional fractions showed k values<0.08 min-1, which is considered to
be an almost linearly dissolving fraction. There were no apparent differences
between samples from the Mara River and the samples collected outside the
River (Amala and Talek), although Talek had a particularly low BSi content.
Sediment samples from the riparian zone showed in all cases (except only
one sample from Nyangores), as in the suspended matter, a non-linearly
dissolving fraction with Si/Al>4 which corresponds to biogenic silica.
Additional fractions were found in 16 of the 20 samples: only five at 0 to -2
cm depth (two reactive biogenic silica, one reactive clay fraction, one reactive
oxide fraction and one non-reactive (k<0.08 min-1)), five at -2 to -6 cm depth
(one reactive biogenic silica, two reactive clay fractions and two nonreactive), and six at -6 to -10 cm depth (two reactive biogenic silica, one
reactive clay fraction and three non-reactive). Samples collected outside the

90

Chapter 5: Hippos

MMNR (Amala and Nyangores) showed similar values than samples collected
in the Mara River.
Figure 5.2 shows the BSi content (non-linear dissolving fractions with
Si/Al>4) in the sediments per depth analyzed (from 0 to -2 cm, from -2 to -6
cm and from -6 to -10 cm) and the BSi content in the suspended matter along
the river. The average of BSi of the three depths is also included.

5.4. Discussion
In the present work, we decided to use different parameter boundaries
than proposed in Barão et al. (2014, 2015) to determine the biogenic silica
fraction (phytoliths) (Si/Al>4 and k>0.08 min-1 instead of Si/Al>5 and k>0.1
min-1). Some shallow sediments samples that were hypothesized to contain
mostly BSi (as all the rest of shallow sediments samples) showed only one
non-linear dissolving fraction with Si/Al ratio between 4 and 5. Earlier
studies confirmed that the larger part of the suspended matter (and hence
also recently deposited material) consists of hippo feces (Cary et al., 2005;
Subalusky et al., 2015). Additionally, the work carried out in Unzué-belmonte
et al. (2017) (Chapter 3), showed that a strongly weathered soil from the
south of Brazil, containing high amounts of secondary clay minerals and
oxides, showed no Si/Al ratios between 4 and 5. The work carried out in
Clymans et al., (2015) also determined the Si/Al ratio of clay minerals
between 1 and 4. This suggests (in detail in Chapter 6) that secondary clay
minerals do not show ratios as high as 5, and probably these fractions consist
of old phytoliths with some structural changes due to dissolution processes
and aging (Bartoli and Wilding, 1980). Some authors already suggested that
old diatoms show lower ratios and reactivity than fresh diatoms (Koning et
al., 2002). In soils, the progressive weathering of phytoliths and consequent
possible adsorption of free Al3+ will theoretically decrease Si/Al ratios and in
situ solubility of phytoliths. However, the solubility in NaOH, expressed
through the k-value, does not represent the real solubility in soils and
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drawing a clear assumption about how the k-value could vary is not possible
(see Chapter 6 for more insights).

Biogenic AlkExSi (mg g-1)

40
35
30
25
20

0 to -2

15

-2 to -6

10

-6 to -10

5

Average

0

SM

Sites
Figure 5.2. Biogenic AlkExSi of the sediments cores of the three depths analyzed (0 to -2 cm, -2 to -6 cm
and -6 to -10 cm depth), the average of the three depths and the suspended matter (SM) along the river.

The boundary to determine whether a fraction is considered to be nonlinearly dissolving was also slightly varied from Barão et al. (2014, 2015)
from k>0.1 min-1 to k>0.08 min-1. The reason is the presence in some of the
grass and dung samples of biogenic fractions with such a low k value.
Considering that grasses may contain only biogenic silica such described
fractions (k>0.08 min-1) should correspond to phytoliths. Thus, we decided to
consider fractions with k values higher than 0.08 as non-linearly dissolving
fractions and include them in the final results.
Our results clearly show that grasses from the Kenyan savannah contain
two distinguishable silica pools (Table 5.1, ‘Grass and dung’). Four of the six
samples analyzed showed two biogenic fractions. The existence of a
secondary biogenic pool in plants consisting of small polymers of H 4SiO4
embedded in an organic matrix has been previously described by Fraysse et
al. (2010). This secondary pool was identified in spruce and beech organic
matter using the same continuous extraction method applied here (UnzuéBelmonte et al., 2016). However, Fraysse et al., (2010) suggested that the
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secondary Si pool in plants might account for 10-20% of the total Si-plant
content. Here, we clearly observe that the secondary biogenic Si-pool can
represent between 18 and 41% of the total Si-plant content in savannah
grasses. The fact that the dung collected in the savannah soils showed similar
fractions (Table 5.1, ‘Grass and dung’) confirms that most of the Si passes
through the digestive tract relatively unchanged. As described in Vandevenne
et al. (2013), BSi is not digested by the animals’ digestive system and is
excreted almost in the totality through the feces.
The savannah soil contained BSi at every location and depth: it was the
majority of the extracted AlkExSi (Table 5.1, ‘Savannah soil’). However, some
fractions with Si/Al ratios lower than 4 exist, which suggest the presence of
secondary clay minerals and oxides, products of weathering processes. Some
of these fractions showed k-values close to linearity (k<0.08 min-1). Primary
minerals as well as some secondary minerals dissolve linearly due to their
crystalline structure (DeMaster, 1981), which can result in lowly reactive
fractions with low k-values (k≤0.07 min-1). However, high reactive (k>0.08
min-1) secondary clays were described in four of the samples. The presence of
high reactive clays in extractions with alkaline solvents was already pointed
out by Koning et al. (2002). Using conventional methods (like in DeMaster,
1981) these fractions would be described as BSi. The clear advantage of the
continuous alkaline extraction method indeed, is the possibility to distinguish
between these fractions; biogenic silica and reactive secondary clays and
oxides in one single extraction (Unzué-Belmonte et al., 2017).
The suspended matter form the Mara River is composed of biogenic silica
in suspension (Table 5.1, ‘Suspended matter’) which likely originates mostly
from the input of hippos’ feces (Cary et al., 2005). A lower averaged k value
compared to the fresh dung’s samples may suggest the partial dissolution of
the phytoliths contained within the dung in suspension. However, the kvalues rendered by our model do not show real reactivity in nature, so this
remains a hypothesis. Nevertheless, the lower reactivity was confirmed also
in the dissolution experiments in the Schoelynck et al. (2017) work. The
additional fractions in suspended matter similar to the fractions from the
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savannah soil suggest that the presence of reactive clays and non-dissolving
fractions are a product of erosion processes occurring during rain events in
the savannah. The low k values of these fractions may be the reason why
these fractions are present along the whole river. The core sediments
collected along the river were composed mainly of biogenic silica as well
(Table 5.1, ‘Sediment’). The dung is directly deposited in the river and entails
0.4-0.7 t day-1 (Subalusky et al., 2015) of BSi input. Thus, considering that the
suspended matter carries a large amount of dung in suspension we can
assume then that the majority down to 10 cm deep in the sediment
corresponds to biogenic silica (phytoliths) passed through the hippo’s
digestive system. The punctual additional fractions present in a few samples
are probably the same type of additional fractions present in the suspended
matter that originate from the savannah soil. The presence of these fractions
in relation to the sediment depth appears to be distributed randomly,
appearing at different depths and locations. Possibly the stream flow and
geomorphology of the river is determining where the products from the
savannah soil carried in suspension are more prone to deposition. Moreover,
the local distribution of hippos along the river, with the creation of pools with
higher abundance of hippos, may influence the local deposition at areas less
affected by the stirring of sediments by hippos. Another possibility is that
new autogenic clays are formed within the sediment. The fact that additional
non-biogenic fractions became more abundant only after site 5, suggests that
the presence of dung deposits from hippos is related to this presence. Our
AlkExSi results cannot solely rule out any of both possibilities. The analyses
of the isotopic fractionation and fluxes calculation carried out in Schoelynck
et al. (2017) however, suggest that the result is probably a combination of
both processes of deposition and new clays formation taking place at the
same time.
Biogenic silica content in sediments was mostly constant and no
distribution patterns along the river are found (Figure 5.2). The biogenic
silica content of the material in suspension is already high before entering the
Masai Mara (Amala suspended matter, Figure 5.2). The high BSi content of
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the sediments of the tributaries outside the Mara River (Amala and
Nyangores) confirms this. However, the averaged biogenic silica of the whole
sediment cores analyzed showed a slight tendency to increase towards the
end of the river (sites 9 and 10), a tendency also apparent on the suspended
matter. Considering that the suspended matter content or sediment load in
the river increases towards the end (see Schoelynck et al. 2017), it is clear
that in order to keep a constant Si concentration in the suspended matter, the
addition of Si should increase at the same rate as the increase of material load
in suspension. Clearly, these AlkExSi results confirm the influence of the
hippos in the BSi input to the Mara River. In Schoelynck et al. (2017),
combining all analyses carried out, is demonstrated that the hippo’s influence
accounts for 80% of the total Si increase along the Mara River.

5.5. Conclusion
Our results show that the boundary chosen to determine whether a
fraction is biogenic or not as well as the k value to consider whether a
fraction is reactive or not, when using the continuous alkaline extraction of Si
and Al, might slightly vary depending on the characteristics of the samples
analyzed.
The savannah grasses contain two different biogenic silica pools and the
majority of hippos dung is made of grass material. Soil samples of the
savannah consist largely of BSi and a small portion of other non-biogenic
phases, products of weathering processes. The suspended matter and
sediments within the river were confirmed to contain BSi from the hippos
dung and a small contribution from soil material, probably a consequence of
erosion. The influence of the hippos presence on the BSi accumulation along
the river can clearly be inferred but cannot be quantified based on the
present results. A more detailed study is published in Schoelynck et al.
(2017).
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6
A mathematical refinement for the modeling of
the dissolutions curves of NaOH-extracted Si
and Al to determine biogenic silica in soils.
6.1. Introduction
The continuous alkaline extraction, as described and applied in earlier
chapters, has been proven to extract and provide reliable results to estimate
the biogenic silica pool in subtropical and temperate soils (Barão et al., 2015;
Clymans et al., 2014; Vandevenne et al., 2015a). The analyses carried out in
the framework of my thesis confirm that the methodology is able to extract,
describe and distinguish the biogenic silica (BSi) from other silicate fractions
in samples, even in challenging environments such as burned and pyrolyzed
biomass (Chapter 2 and 4), soils with high content of oxides (Chapter 3) and
volcanic soils and suspended matter in tropical rivers (Chapter 5).
The advantage of using the continuous alkaline extraction method to
extract and quantify the BSi in soils and sediments is also increasingly
recognized. It has a stronger affinity for biogenic phases than the original
DeMaster extraction (DeMaster, 1981), and is less time-consuming than
heavy-liquid phytolith extraction and separation (Parr et al., 2001). It is clear
that, if an alkaline extraction is used for BSi analysis in soils with significant
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other extractable fractions of Si, the advantage of using this or a similar
corrective method is large (Alfredsson et al., 2015; Clymans et al., 2014).
Based on the novel experience acquired during this thesis, it became
apparent that further improvements can be made however to how the model
is currently solved numerically, and to improve its general applicability. The
model is currently fitted to the extraction curve using a standard Solver plugin in Excel. This Solver is essentially a ‘black box’ that only allows a limited
number of user specified options to minimize the sum of square errors for the
dissolution curve models. Furthermore, the maximum number of iterations is
limited, which implies that the optimization has to be repeated multiple times
in order to achieve the minimum sum of square errors. Finally, a set of initial
parameters has to be provided manually. The eventual result is thus
potentially influenced by the choice of these parameters.
Another aspect that is limited in the current analysis relates to the
quantification of the accuracy of the estimates given. The adequacy of using
one, two or three fractions is tested using a simple F-test and an extra Akaike
test (Akaike, 1974). However, an extra sensitivity approach is needed in
order to determine not only which model to choose, but also quantify the
accuracy of the estimates that the model renders.
Once the extraction has been performed on the continuous extraction
setup, and the data have been extracted from the interface unit of the Skalaranalyzer, multiple different samples that were analyzed need to be isolated;
the precise starting point of each curve has to be picked manually. Although
normally this is not a problem, in samples with low concentrations this can
prove challenging and a mathematical solution would be a strong advantage.
Although the current method has thus proven to be robust and is able to
provide an improved quantification of confounding fractions in alkaline
extraction of BSi, its assumed more widespread implementation in the future
would strongly benefit from adaptations to the:
-
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Robustness, accuracy and run time
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-

Inputs of the initial estimates

-

Accuracy of the estimates

-

Automation of the isolation of independent curves

These aspects were specifically addressed in this chapter, written in
collaboration with the Maths Department of the University of Antwerp. The
new script will be published online, freely available to all interested
researchers.

6.2. Methodology
Overview
The specific steps we followed, the method used and the deliveries
obtained are summarized in the scheme below (Figure 6.1), and elaborated
further in this section.

Figure 6.1. Summary of the methodology carried out: specific steps we followed, method used and
deliverables.
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Instrument error
A total of 4 samples from Chapter 4 (amended soils) were analyzed with
the Skalar-analyzer three times in order to calculate the instrument error. An
averaged curve was rendered from the three replicated curves per element
(Si and Al). Results of the four samples analyzed are shown in Figure 6.2.

Figure 6.2. Results of the three runs and the average curve rendered for the four samples analyzed to
calculate the instrument error. Si and Al dissolution curves (mg g-1) for the three replicates in red and
blue, respectively. Averages curves for Si and Al in magenta and cyan, respectively.

The standard deviation for each data point of each replicate curve
compared to the averaged curve was calculated. In Figure 6.3, the variation
of the standard deviation along the dissolution time for the three replicates of
two of the Si-curve samples is presented.

100

Chapter 6: The method

Figure 6.3. Standard deviation (error, mg g-1) of each data point compared to the averaged curve at
that time. Results for the three replicates runs of two of the Si-curves of the four samples analyzed.

The standard deviations were transformed into percentages in order to
compare the errors of small and large values, and to study how the error was
distributed. The error did not follow a normal distribution. In Figure 6.4 a
histogram with the number of cases of occurrence of each error percentage
(by 0.5% intervals) for one of the samples is presented as an example.

Figure 6.4. Distribution of the frequency of occurrence of each error percentage (by 0.5% intervals) for
sample 2, for the Si (left) and Al (right) data.

Although not distributed normally, the large majority of percentual errors
were below 10%. In order to avoid including outliers and only consider the
most representative data, a confidence band including 90% of the error
percentages was applied. Thus, highest and less abundant errors were
dismissed. Afterwards, the maximum error percentage for each element
curve that was included in the 90% of the total of error percentages was
determined. In Table 6.1 the maximum error percentage included in the 90%
of the total of error percentages per curve analyzed are shown.
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Table 6.1. Maximum error percentage included in the 90% of the data.

Sample 1

Sample 2

Sample 3

Sample 4

R1

R2

R3

R1

R2

R3

R1

R2

R3

R1

R2

R3

Si

6

8

7

5

4

8

8

6

11

9

6

5

Al

9

7

4

8

6

11

7

7

9

8

4

8

An example of two samples is represented in Figure 6.5. The bounds
(dashed lines) represent the 11% of error percentage. Data points inside
show thus lower error percentage than 11% and data points outside the
bounds show error percentages larger than 11%. The outer data points
represent less than the 10% of the data per definition.

Figure 6.5. Results of the two of the samples: the three runs (replicates) with the average curve and the
bounds (dashed lines) showing error percentages lower than 11%.

Conservatively, based on this approach, we assumed the maximum error
encountered (11%) to be the instrument error. The percentage of data points
included between the ±11% bounds are detailed in Table 6.2. The higher the
percentage included the more conservative the percentage chosen.
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Table 6.2. Percentages of data points of each curve that show an error lower than 11%.

Sample 1

Sample 2

Sample 3

Sample 4

R1

R2

R3

R1

R2

R3

R1

R2

R3

R1

R2

R3

Si

93

93

97

97

99

96

96

95

98

97

95

96

Al

99

97

98

95

99

91

96

96

100

93

98

94

Parameter optimization in Python
The optimization of the Si and Al dissolution curves to determine BSi
focuses on determining the parameter values in the model equations that
minimize the error. In other words, we should find the parameters that
describe the dissolution curves most accurately. To achieve this goal, the
Excel solver was replaced with a Python implementation. The Python
language is widely used and has an extensive open source library of
mathematical packages. It allows better control over how the curve model
optimization is performed, thus potentially providing improved insight in the
obtained results.
The model equations consist of two well differentiated parts, the first
order equation, representing the non-linearly dissolving sample fractions,
and the linear equations to correct for the mineral and linear dissolution.
Both are subsequently related through the Si/Al ratio. Different fractions are
distinguished according to the Si/Al ratio obtained, assuming that both
elements are released from the same fraction in a fixed ratio at the same rate.
( )

( )

∑

∑

(

(

(

(

)

)

)

)

(

)

(

)

The parameters to be estimated are thus:
{
{
{

}
}
}
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b
Si/Al0
t0

where AlkExSi is the total amount of alkaline extractable Si (mg g-1), k is the
dissolution rate (min-1), Si/Al is the molar concentration of Si divided by the
molar concentration of Al, b is the linear dissolution rate of the mineral
fraction and Si/Al0 is the element ratio of the mineral part. A new parameter
(t0) was included as a correction for the possible displacement of the
manually-selected starting point of the dissolution curve.
The model for the Si and Al concentration can be seen as the sum of a
linear part and one to three exponentially decaying parts. Assuming that the
exponential part decays to zero before the end of the experiment, a linear
regression can be adjusted on the last ten minutes of the observational data
in order to estimate all the parameters except for k and t0.
For the model n = 1, we can subtract our linear estimate from the data, use
a logarithmic transformation for the first 10 minutes of the dissolution and
once again perform a linear regression analysis in order to estimate k. t 0 is
simply set to zero.
For model n = 2, the optimal parameters found for model n = 1 can be used
with the extra parameters set to 0 (or 1 in order to avoid division by 0). This
will ensure that model 2 will always find a better or the same fit than model
1. For model n = 3 the same is done starting from the optimal parameters
found for model n = 2.
The optimization itself was done using the stochastic Newton Markov
chain Monte Carlo method (MCMC, Martin et al., 2012). In this method new
estimates for the optimal parameters are determined by drawing a sample
from a local Gaussian distribution centered at the current set of parameters.
The new parameters are used based on a Metropolis Hastings criterion which
will sometimes accept less accurate estimates. This method is slower than
most local optimization methods, but if enough samples are drawn, a global
minimum for the sum of square error can be found. Number of iterations and
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runs per model (1, 2 or 3 decaying parts) can be modified. Here we run each
model three times and applied 350 iterations per run.
The difference between the model output and the real data was evaluated
through the minimization of the cost function:
̅‖

‖

̅̅̅ ‖

‖

where ̅ and ̅̅̅ are vectors in ℝ containing the observation data at every
measured time {t1 , . . . , tm} and Si and Al are the vectors in ℝ with our model
predictions.
An Akaike test was performed afterwards to select the best model fit
(among the models with one, two or three non-linear dissolving fractions).
The advantage compared to a simple F-test is that the Akaike test considers
the number of parameters of each model in the calculation of the Akaike’s
index:
(

)

(

)

(

)

A correction is made in order to account for the difference between
parameters and

of

of samples:
(

)
(

)

(

)

(

)

This correction becomes important when ( parameters)2 ≪ ( samples).
The model showing the smallest AICc is the preferred model. Instead of
performing

the

Akaike

test

in

an

online

service

(https://www.graphpad.com/quickcalcs/aic1/) which requires manual
input, the inclusion of the Akaike test as another step in the run script after
the modeling automatize the performance.
The result of the modeling is the parameter estimates for: t0, b, SiAllin,
parameters for the first (AlkExSi1, k1, Si/Al1), second (AlkExSi2, k2, Si/Al2, if
applicable) and third (AlkExSi3, k3 and Si/Al3, if applicable) decaying fraction.
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Accuracy of the estimates
In order to verify the accuracy of the estimates, we could choose to run the
same sample multiple times, perform the Monte Carlo optimization and
compare the results of every run to see how much the estimated parameters
differ in each analysis. However, since this is time consuming and expensive,
we decided to apply an alternative approach. Since even in the largest model
only 12 parameters need to be estimated, an accurate estimate of the curve
parameters can be made theoretically using only a selection of the data
points.
A random subset of 50 measurements of the raw dissolution curve data
was therefore taken in order to “simulate” new analyses of the same sample.
To increase the accuracy of the simulation, a random noise (error) between 11% and +11% (instrument error) was added to the selected subset of data
measurements. With this, the overall simulation includes the instrument
variation.
With the optimal parameters provided by the MCMC analysis, a new local
optimization is subsequently performed on the smaller data set, in order to
find a new estimate for the parameters.
If this is repeated 100 times, we can subsequently estimate the average
and the standard deviation of all estimated parameters. The solution of each
run is kept and compared parameter by parameter to all other runs, which
allows the standard deviation of every parameter to be calculated. The
smaller the SD, the larger the confidence is on the estimate of that particular
parameter. The simulation was performed for all 50 test samples obtaining a
mean and a SD value per parameter. The SD obtained for each parameter was
converted into a percentage to obtain the percent deviation and compare
different range of values. We present the results of all non-linearly dissolving
fractions (k>0.1 min-1), classified as main and secondary fractions (fractions
showing the largest AlkExSi and second largest AlkExSi values, respectively),
obtained for the 50 samples and highlighting particularly the results for the
biogenic fractions.
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Validation of earlier data
The results obtained using the two approaches for the same 50 samples
mentioned above were compared. Matches and mismatches between the
fractions described by the new and the former approach were analyzed. The
following considerations were applied to determine the match or mismatch
between fractions:
-

If the character of the fraction according to the Si/Al ratio distinction
as in Barão et al., (2014) is identical, the characterization of the
fraction was considered to match.

-

k value was considered to match if the identification as non-linear or
semi-linear was identical (k>0.1 and k<0.1 respectively).

-

When one or both of the above conditions was not fulfilled the results
were consider to ‘mismatch’.

-

The AlkExSi amount in a particular fraction was considered to match
if the difference in amount was <25%. The percentage from the total
number of fractions showing a difference between the estimates of
<10%, <25% and higher than 25% was counted.

Separate comparisons were performed according to the importance and
the character of the fraction: fractions included in the results (main fraction
and secondary fraction) and fractions discarded (due to AlkExSi<1% of total
AlkExSi or values of k<0.1, following (Barão et al., 2014)), as well as
comparisons for only biogenic fractions.
When a mismatch occurred, the samples characterized wrongly were
checked for: 1) if the value obtained using the former approach was included
within the +- standard deviation of that parameter rendered by the
simulation and 2) if the mismatching value was close to the relevant
boundaries. If no one of these statements occurred, it was considered that the
result obtained using the former approach was wrong, since boundaries
would have to be shifted to unrealistic values to obtain same fraction
definition.
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6.3. Results
Parameter optimization in Python
The estimates values obtained applying the new approach for the 50
samples analyzed are detailed in Table 6.3 (‘Estimates MCMC’). The values
presented are the result of the MCMC modeling (350 iterations and 3 runs
per model and sample) and the afterwards best model selection showing
lowest error.
Accuracy of the estimates
Results of the analysis of accuracy of the estimates after the simulations
are shown in Table 6.3. The mean and the standard deviation per parameter
(AlkExSi, k and Si/Al) and the percent deviations are shown for the main and
the secondary fraction. Percent deviations ranged from 0 to 10%, 10 to 25%,
25 to 50% and larger than 50% are shaded in different colors, and will be
discussed later.
For the main fraction, the majority (38 out of 50) of percent deviations for
the AlkExSi value were lower than 10%. For the k value the majority (34 out
of 50) showed percent deviations between 10 and 25%. Finally the majority
(31 out of 50) of percent deviations for the Si/Al value were lower than 10%.
For the secondary fractions the percent deviations were overall higher than
for the main fraction and more variable. The majority (12, 12 and 11 out of
the 33 samples, for the AlkExSi, k and Si/Al value respectively) of percent
deviations were higher than 50%.
For both main and secondary fractions, the parameter Si/Al showed the
highest percent deviations, but the percent deviation for the k value was in
more cases higher than 10% or 25%. The relation between these percentages
and the characteristic of the fractions will be discussed later.
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Table 6.3. Results of the parameter optimization in Python (new approach) and the accuracy of the estimates analysis. Estimates for AlkExSi (mg g-1), k (min-1)
and Si/Al for the 50 samples (separated by main and secondary fraction) resulted from the MCMC modeling. Mean and standard deviations of all parameters
after the 100 times simulations and percent deviations that the SD entails from the mean value of every parameter estimated. Biogenic fractions are shaded in
green. Percent deviations lower than 10%, between 10 and 25%, between 25 to 50% and higher than 50% are shaded in white, blue, purple and orange
respectively. In bold, results of biogenic fractions showing percent deviations higher than 25%. In bold light red, parameters with SD overlapping the boundary
(k=0.1 or Si/Al=5) for BSi fractions.
Estimates MCMC
Main fraction

Sample
1 - Cropland
Acrisol UM 0-10
2 - Cropland
Acrisol UM 40-50
3 - Forested
Acrisol GT 40-50
4 - Forested
Acrisol GUM 30-40
5 - Forested
Acrisol GB 40-50
6 - Forested
Acrisol SLM 180190
7 - Forested
Acrisol SB 0-10
8 - Forested
Acrisol GB 20-30
9 - Forested
Acrisol GB 75-85
10 - Forested
Acrisol SUM 10-20
11 - Forested
Acrisol SB 75-85
12 – Forested
Acrisol SLM 75-85
13 - Cropland
Acrisol T 10-20

AlkExSi

k

Simulation Results. Mean ± SD (SD %)

Secondary fraction
Si/Al

11.17

0.10

7.70

15.93

0.25

0.72

6.78

0.48

0.84

9.28

0.41

0.64

16.78

0.10

16.30

AlkExSi

k

Si/Al

2.22

0.18

0.17

1.41

3.33

0.49

0.25

0.41

0.67

3.80

0.12

0.23

17.00

0.16

9.26

0.15

0.33

0.03

11.08

0.11

6.42

1.20

0.57

0.27

10.15

0.40

0.48

1.46

2.62

455

28.51

0.16

10.9

17.13

0.13

1.35

3.24

1.09

602

11.52

0.62

0.45

0.00

9.61

0.16

314

0.00

Main fraction

Secondary fraction

AlkExSi

k

Si/Al

11.17 ± 0.01
(0.06)
15.88 ± 0.53
(3.34)
6.69 ± 0.44
(6.62)
9.11 ± 0.48
(5.31)
16.21 ± 2.76
(17.0)
15.08 ± 1.98
(13.1)
17.08 ± 0.21
(1.21)
11.08 ± 0.01
(0.10)
9.85 ± 0.83
(8.44)
28.52 ± 0.03
(0.12)
16.82 ± 1.24
(7.39)
11.25 ± 0.86
(7.67)
9.69 ± 0.84
(8.70)

0.10 ± 0.01
(11.7)
0.25 ± 0.03
(10.5)
0.54 ± 0.16
(29.2)
0.42 ± 0.04
(8.46)
0.12 ± 0.03
(23.5)
0.46 ± 0.10
(21.9)
0.17 ± 0.01
(7.81)
0.11 ± 0.01
(10.6)
0.43 ± 0.07
(15.9)
0.16 ± 0.03
(18.9)
0.14 ± 0.02
(14.3)
0.75 ± 0.12
(16.5)
0.15 ± 0.03
(19.4)

7.70 ± 0.00
(0.03)
0.71 ± 0.08
(11.5)
2.23 ± 10.3
(463)
0.63 ± 0.06
(8.81)
1.31 ± 0.32
(24.7)
0.70 ± 0.07
(10.3)
9.53 ± 1.96
(20.6)
6.42 ± 0.00
(0.08)
0.48 ± 0.05
(10.0)
10.9 ± 0.01
(0.12)
3.29 ± 10.1
(306)
0.46 ± 0.05
(10.8)
314 ± 0.00
(0.00)

AlkExSi

k

Si/Al

2.44 ± 3.03
(124)

0.19 ± 0.05
(23.8)

0.17 ± 0.13
(77.6)

3.26 ± 0.76
(23.2)
3.82 ± 0.20
(5.29)
0.21 ± 0.17
(80.0)
1.20 ± 0.01
(0.60)
1.66 ± 0.40
(24.1)

0.66 ± 0.23
(34.5)
0.14 ± 0.03
(23.3)
0.33 ± 0.02
(6.82)
0.57 ± 0.04
(6.89)
45.5 ± 229
(503)

0.28 ± 0.06
(23.1)
0.21 ± 0.04
(17.1)
0.04 ± 0.03
(80.1)
0.27 ± 0.02
(7.96)
455 ± 0.01
(0.00)

3.15 ± 0.93
(29.6)

28.4 ± 83.4
(294)

602 ± 0.00
(0.00)

14 - Cropland
Acrisol B 40-50
15 - Cropland
Acrisol B 55-65
16 – Cropland
Leptosol M 10-20
17 - Cropland
Leptosol B 30-40
18 – Cropland
Acrisol B 0-10
19 - Cropland
Leptosol M 40-50
20 - Forested
Acrisol GlM 95405- Cambisol
21
+Wollastonite

0.23

0.37

0.02

2.36

0.14

0.79

0.08

0.29

972

1.34

0.61

0.20

1.88

0.17

0.29

8.55

0.61

2297

13.82

0.30

1448

0.71

0.48

0.04

2.87

0.39

132

1.24

0.12

501

0.04

0.22

0.06

0.11

53.5

40.0

0.05

0.23

0.07

2.12

0.11

0.94

0.66

0.48

20.0

25 - Cambisol

3.00

0.33

93.6

26 - Si-/biochar

3.81

0.28

2279

27 - Si+/biochar

3.21

0.21

232

1.79

0.57

0.31

28 - Cambisol
+Wollastonite

1.64

0.43

58.4

1.09

0.55

0.17

29 - Nitisol

0.30

0.43

0.73

2.63

0.50

168

0.17

0.66

0.03

27.62

0.80

92.6

22.16

0.14

632

6.62

0.11

20.9

0.93

1.11

42.2

22 - Nitisol
23 - Nitisol Si/biochar
24 - Nitisol
Si+/biochar

30 - Cambisol Si/biochar
31 - Savannah
Grass
32 - Sediment
Kenya 4-6

10.03

0.29

41.1

10.31

0.24

0.62

2.91

0.26

4.49

10.12 ± 0.34
(3.39)
10.07 ± 0.92
(9.16)
2.86 ± 0.21
(7.34)
4.29 ± 0.75
(17.5)
1.89 ± 0.09
(4.67)
8.55 ± 0.00
(0.02)
13.86 ± 0.44
(3.21)
2.87 ± 0.00
(0.01)
1.24 ± 0.00
(0.01)
0.12 ± 0.02
(16.7)
2.08 ± 0.38
(18.4)
3.00 ± 0.00
(0.04)
3.81 ± 0.00
(0.03)
3.27 ± 0.15
(4.53)
1.65 ± 0.07
(4.54)
0.35 ± 0.10
(27.9)
2.61 ± 0.10
(3.64)
27.27 ± 2.44
(8.95)
6.79 ± 1.08
(16.0)

0.30 ± 0.03
(10.5)
0.26 ± 0.05
(18.9)
0.25 ± 0.04
(13.8)
0.31 ± 0.08
(25.9)
0.17 ± 0.02
(11.1)
0.65 ± 0.08
(12.3)
0.31 ± 0.04
(13.6)
0.39 ± 0.03
(7.09)
0.12 ± 0.01
(7.20)
53.6 ± 0.00
(0.01)
0.11 ± 0.01
(13.1)
0.34 ± 0.05
(14.1)
0.29 ± 0.04
(12.9)
0.20 ± 0.05
(25.5)
0.47 ± 0.13
(28.4)
0.40 ± 0.11
(28.3)
0.56 ± 0.10
(17.5)
19.7 ± 193
(981)
0.10 ± 0.02
(19.5)

41.1 ± 0.00
(0.01)
0.63 ± 0.06
(9.34)
2.35 ± 0.76
(32.2)
972 ± 0.00
(0.00)
0.30 ± 0.02
(7.83)
2297 ± 0.00
(0.00)
1448 ± 0.00
(0.00)
132 ± 0.00
(0.00)
501 ± 0.00
(0.00)
40.0 ± 0.00
(0.00)
0.95 ± 0.19
(20.0)
93.6 ± 0.00
(0.00)
2279 ± 0.00
(0.00)
232 ± 0.00
(0.00)
58.4 ± 0.00
(0.00)
0.75 ± 0.09
(12.3)
168 ± 0.00
(0.00)
97.9 ± 57.8
(59.0)
20.7 ± 2.19
(10.6)

0.32 ± 0.32
(102)

0.39 ± 0.06
(15.5)

0.03 ± 0.03
(97.6)

0.21 ± 0.25
(115)
1.59 ± 0.68
(43.1)

0.96 ± 0.31
(32.5)
0.69 ± 0.11
(15.2)

0.12 ± 0.13
(106)
0.25 ± 0.11
(43.9)

0.73 ± 0.41
(56.2)

0.52 ± 0.08
(14.6)

0.04 ± 0.02
(56.4)

0.04 ± 0.00
(2.94)
0.05 ± 0.05
(101)
0.70 ± 0.25
(35.8)

0.23 ± 0.05
(19.9)
0.25 ± 0.07
(27.2)
0.49 ± 0.13
(26.2)

0.06 ± 0.01
(21.7)
0.06 ± 0.06
(87.7)
20.2 ± 0.75
(3.72)

1.85 ± 0.20
(10.8)
1.09 ± 0.08
(7.72)

0.77 ± 0.33
(43.1)
0.58 ± 0.10
(16.4)

0.35 ± 0.07
(18.7)
0.18 ± 0.02
(8.72)

0.14 ± 0.10
(67.0)
22.49 ± 2.46
(10.9)
1.00 ± 0.15
(15.5)

0.74 ± 0.11
(15.5)
0.16 ± 0.21
(128)
1.42 ± 0.99
(69.2)

0.02 ± 0.02
(66.2)
648 ± 175
(27.0)
42.2 ± 0.11
(0.26)

33 - Sediment
Kenya 8-10
34 - Sediment
Kenya 4-6
35 - Sediment
Kenya 0-2
36 - Sediment
Kenya 8-10
37 - Savannah soil
Kenya 0-10
38 - Savannah soil
Kenya 0-10
39 - Sediment
Kenya 8-10
40 - Hippos dung
deposit
41 - Spruce 550°C
burned OM
42 - Peat 350°C
burned OM
43 - Beech 550°C
burned OM
44 - Peat 550°C
burned OM
45 - Spruce 350°C
burned OM
46 - Beech 350°C
burned OM
47 - Spruce 550°C
burned OM
48 - Beech 550°C
burned OM
49 - Peat 550°C
burned OM
50 - Beech 350°C
burned OM

12.45

0.35

6.08

8.96

0.27

4.28

2.39

0.37

4.91

14.30

0.08

13.1

2.11

0.43

4.57

16.76

0.10

2.51

1.69

0.73

8965

26.23

0.12

27.7

0.68

0.58

1.04

5.65

0.30

903

0.12

0.15

0.10

24.15

0.17

61.3

12.24

0.73

17.7

223

0.50

28.8

2.49

0.21

524

0.32

0.77

0.18

27.39

0.92

20.6

21.77

0.11

4.92

7.15

1.63

6248

2.10

0.58

0.16

69.67

0.73

53.7

8.93

0.09

59.8

22.98

0.98

2706

12.95

0.15

6.29

165.3

0.91

66.6

15.68

0.15

23.4

37.40

0.92

107

19.58

0.10

4.82

7.25

0.52

0.48

1.74

3.91

76.4

18.76

1.14

539

11.85

0.21

16.9

12.47 ± 0.15
(1.18)
9.21 ± 0.94
(10.2)
2.38 ± 0.07
(3.13)
14.50 ± 0.64
(4.41)
14.98 ± 3.06
(20.4)
26.57 ± 0.81
(3.06)
5.66 ± 0.13
(2.27)
24.74 ± 1.48
(6.00)
220 ± 15.2
(6.89)
2.53 ± 0.06
(2.47)
27.41 ± 0.34
(1.23)
7.02 ± 0.64
(9.07)
65.44 ± 12.5
(19.0)
23.13 ± 0.49
(2.10)
146 ± 49.1
(33.7)
37.42 ± 0.12
(0.33)
6.97 ± 0.74
(10.6)
18.40 ± 1.18
(6.39)

0.36 ± 0.04
(12.1)
0.26 ± 0.02
(7.54)
0.40 ± 0.08
(19.1)
0.08 ± 0.01
(15.4)
0.12 ± 0.01
(12.1)
0.11 ± 0.02
(18.3)
0.33 ± 0.05
(16.4)
0.16 ± 0.03
(19.3)
0.55 ± 0.08
(14.6)
0.20 ± 0.02
(8.85)
1.01 ± 0.24
(23.7)
2.32 ± 1.31
(56.4)
0.81 ± 0.20
(24.7)
1.05 ± 0.19
(18.4)
2.19 ± 7.03
(321)
0.97 ± 0.17
(17.4)
0.57 ± 0.06
(10.2)
1.42 ± 0.55
(38.8)

6.26 ± 0.42
(6.72)
6.12 ± 11.7
(191)
5.02 ± 0.42
(8.35)
13.3 ± 0.46
(3.49)
2.36 ± 0.47
(19.7)
27.7 ± 0.07
(0.24)
903 ± 0.00
(0.00)
61.2 ± 0.58
(0.94)
28.2 ± 2.88
(10.2)
524 ± 0.00
(0.00)
20.2 ± 1.22
(6.05)
6248 ± 0.00
(0.00)
55.1 ± 9.70
(17.6)
2706 ± 0.00
(0.00)
64.8 ± 28.4
(43.8)
107 ± 0.00
(0.00)
0.49 ± 0.05
(10.6)
539 ± 0.02
(0.00)

2.20 ± 0.42
(19.3)
2.35 ± 4.64
(197)
0.96 ± 0.66
(68.5)
0.12 ± 0.07
(54.8)
12.23 ± 1.20
(9.84)

0.43 ± 0.24
(54.7)
303 ± 1739
(573)
1.00 ± 1.35
(135)
0.16 ± 0.04
(26.4)
2.42 ± 8.08
(334)

4.77 ± 0.88
(18.4)
8965 ± 0.05
(0.00)
1.34 ± 0.84
(62.6)
0.10 ± 0.05
(53.8)
18.0 ± 1.61
(8.95)

0.35 ± 0.09
(24.9)
21.62 ± 2.34
(10.8)

0.81 ± 0.25
(30.4)
0.11 ± 0.03
(27.9)
0.64 ± 0.10
(15.2)
0.12 ± 0.15
(130)
0.17 ± 0.31
(179)
0.24 ± 0.25
(102)
0.10 ± 0.04
(43.5)
102 ± 492
(485)
0.20 ± 0.06
(29.9)

0.20 ± 0.06
(28.8)
4.73 ± 1.28
(27.1)
0.18 ± 0.06
(32.1)
69.4 ± 49.8
(71.8)
6.35 ± 1.12
(17.7)
53.9 ± 67.8
(126)
4.80 ± 0.21
(4.30)
76.9 ± 3.13
(4.07)
16.9 ± 5.01
(29.7)

2.31 ± 0.7 (30.4)
13.45 ± 12.51
(93.0)
13.32 ± 1.04
(7.79)
38.12 ± 50.1
(131)
19.59 ± 0.06
(0.30)
1.79 ± 0.35
(19.8)
12.38 ± 1.01
(8.16)

Validation of data analyzed using former approach
A total of 98% of the analyzed samples showed a better result (lower cost
value) using the new refinement than the previous approach (data not
shown). Comparisons between results from the two approaches are shown in
Table 6.4. Results are divided in results of the main fraction and result of the
secondary fraction. The main fraction was considered to be the largest
fraction (AlkExSi) from the non-linearly dissolving fractions (k>0.1 min-1).
The discarded fractions correspond to fractions not included in results due to
a low k (k<0.1 min-1) or a low AlkExSi amount (<1% of the total AlkExSi). The
number of new extra fractions described by the new approach and fractions
absent using the new approach and the overall totals of included in results
and discarded fractions are included in Table 6.4 as well.
Table 6.4. Comparison between results obtained using Solver (GRG Nonlinear) in Excel and MCMC in
Python. Percentages of the fractions from the 50 samples analyzed matching (% cor) the character of
the fraction (Si/Al ratio) or the k value (k>0.1 or k<0.1). Percentage of the fractions differing less than
10%, 25% and more than 25% in AlkExSi amount. Results for all fractions and biogenic fractions.

All fractions

N

Biogenic fractions

Si/A
l
%
cor

%
cor

<10
%

<25
%

>25
%

k

AlkExSi

Included
fractions

79

87

98

43

63

37

Main fraction

50

86

100

52

72

28

28

89

93

29

50

50

1

100

100

0

0

100

48

90

92

21

33

67

Secondary
fraction
Third fraction
Discarded
New fractions
Absent
Total

12

N
4
5
3
5
1
0
9

Si/A
l
%
cor

%
cor

<10
%

<25
%

>25
%

91

100

58

78

22

91

100

57

77

23

90

100

60

80

20

78

89

11

44

56

89

98

50

72

28

k

AlkExSi

4

3
12
7

88

95

35

52

48

5
4

For the main fraction 86% of the samples (from the 50 samples analyzed)
had the same character (Si/Al<1, 1<Si/Al<5 and Si/Al>5) according to both
models, and all (100%) were in the same k-boundary. A total of 72% of all
main fractions had a deviation of less than 25% for the total AlkExSi. For the
secondary fraction, 89% of the fractions described (28) had the same
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character and 93% were in the same k-boundary. A total of 50% of all
samples had a deviation of less than 25% for the total AlkExSi. From the
fractions discarded, a 90% and 92% of the fractions had the same character
and were in the same k-boundary respectively, but only 33% had a deviation
of less than 25% for the total AlkExSi. A new 12 fractions were described
using the new approach, and 3 fractions were absent in the results using the
new approach.
The results of only the biogenic fractions were overall better than the
results taking into account all fractions described. So that, for the main
biogenic fractions, a 91% of the samples (from the total of 35 fractions) had
the same character, and all of them (100%) were in the same k-boundary. A
total of 77% of all main biogenic fractions had a deviation of less than 25%
for the total AlkExSi. For the secondary biogenic fractions, 90% of the
fractions described (10) had the same character and 100% were in the same
k-boundary. A total of 80% of the secondary biogenic fractions had a
deviation of less than 25% for the total AlkExSi.
Results of fractions showing an incorrect SiAl or k, or with a variation
>25% for the AlkExSi (only biogenic fractions shown) are detailed in Table
6.5. A total of 12 fractions were described wrongly regarding the Si/Al or k
value (7 and 5 main and secondary fractions respectively). From that total,
three biogenic fractions were described as clays using the new approach, and
four fractions previously described as clays or oxides were now characterized
as biogenic. Considering the SD’s obtained and the proximity of values to the
boundaries chosen, three of those biogenic fractions could ‘accord’ for both
approaches.
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Table 6.5. Detailed values of mismatching fractions. Parameters estimated using Solver (former
approach) and MCMC (new approach). Fractions are separated by fractions included in results (main
and secondary fractions) and discarded fractions. Mismatching fractions (‘Mism.’) are classified by the
inclusion of the parameter value obtained using the former approach within the error determined by
the SD obtained in the simulation or the proximity of the value to the boundaries set: ‘Yes’ when one of
the circumstances applies or ‘No’ when any of those applied. In green, fractions described as biogenic
(Si/Al>5) and in red SD values that overlap the boundary Si/Al=5 or k=0.1 for biogenic fractions. Note
that for fractions showing a >25% of difference in AlkExSi only biogenic fractions are included.
Solver
Sample

Simulation (Mean + SD)

AlkExSi

k

Si/Al

AlkExSi

k

Si/Al

Mism.

8.71

0.35

1.02

6.69 ± 0.44

0.54 ± 0.16

2.23 ± 10.33

Yes

11.13

0.11

4.34

11.08 ± 0.01

0.11 ± 0.01

6.42 ± 0.00

Yes

18.33

0.14

5.11

16.82 ± 1.24

0.14 ± 0.02

3.29 ± 10.05

Yes

7.87

0.26

0.59

10.12 ± 0.34

0.30 ± 0.03

41.13 ± 0.00

No

25.94

0.13

4.27

10.07 ± 0.92

0.26 ± 0.05

0.63 ± 0.06

No

12.02

0.38

0.57

8.55 ± 0.00

0.65 ± 0.08

2297 ± 0.00

No

2.17

0.16

25.58

2.08 ± 0.38

0.11 ± 0.01

0.95 ± 0.19

No

19.15

0.11

12.08

9.69 ± 0.84

0.15 ± 0.03

314 ± 0.00

6.09

0.29

41.51

4.29 ± 0.75

0.31 ± 0.08

972 ± 0.00

12.02

0.38

0.57

8.55 ± 0.00

0.65 ± 0.08

2297 ± 0.00

22 - Nitisol

1.97

0.09

15.91

1.24 ± 0.00

0.12 ± 0.01

501 ± 0.00

27 – Si+/biochar

4.64

0.29

29.94

3.27 ± 0.15

0.20 ± 0.05

232 ± 0.00

3.04

0.36

28.24

1.65 ± 0.07

0.47 ± 0.13

58.36 ± 0.00

4.00

0.23

9.45

2.38 ± 0.07

0.40 ± 0.08

5.02 ± 0.42

456.1

0.60

36.60

146 ± 49.1

2.19 ± 7.03

64.8 ± 28.4

0.21

0.84

1.02

0.70 ± 0.25

0.49 ± 0.13

20.16 ± 0.75

No

0.00

0.44

0.00

0.96 ± 0.66

1.00 ± 1.35

1.34 ± 0.84

Yes

21.88

0.10

5.22

21.62 ± 2.34

0.11 ± 0.03

4.73 ± 1.28

Yes

Included fractions
Main fraction
Incorrect SiAl
3 – Forested Acrisol
GT 40-50
8 – Forested Acrisol
GB 20-30
11 – Forested
Acrisol SB 75-85
14 – Cropland
Acrisol B 40-50
15 – Cropland
Acrisol B 55-65
19 – Cropland
Leptosol M 40-50
24 – Nitisol
Si+/biochar
AlkExSi >25%
13 – Cropland
Acrisol T 10-20
17 – Cropland
Leptosol B 30-40
19 – Cropland
Leptosol M 40-50

28 – Cambisol +
Wollastonite
35 – Sediment
Kenya 0-2
47 – Spruce 550°C
burned OM
Secondary fraction
Incorrect SiAl
24 - Nitisol
Si+/biochar
38 – Savannah soil
Kenya 0-10
43 – Beech 550°C
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burned OM
Incorrect k
14 – Cropland
Acrisol B 40-50
27 – Cambisol
Si+/biochar

0.12

0.04

0.00

0.32 ± 0.32

0.39 ± 0.06

0.03 ± 0.03

No

2.07

0.02

0.65

1.85 ± 0.20

0.77 ± 0.33

0.35 ± 0.07

No

0.21

0.84

1.02

0.70 ± 0.25

0.49 ± 0.13

20.16 ± 0.75

2.69

0.32

4.25

2.20 ± 0.42

0.43 ± 0.24

4.77 ± 0.88

35.46

0.05

3.42

31.00 ± 3.08

0.06 ± 0.01

5.76 ± 2.47

Yes

32.85

0.04

1.95

22.65 ± 0.32

0.07 ± 0.02

207.2 ± 0.00

No

32.90

0.07

18.40

48.16 ± 0.09

0.04 ± 0.00

0.84 ± 0.06

No

6.22

0.04

40.47

6.27 ± 0.11

0.05 ± 0.01

3.71 ± 4.34

Yes

7.38

0.03

1.06

4.61 ± 0.00

0.04 ± 0.00

0.75 ± 0.06

Yes

26.14

0.05

1.66

16.21 ± 2.76

0.12 ± 0.03

1.31 ± 0.32

Yes

0.00

0.45

0.00

0.18 ± 0.21

0.10 ± 0.09

0.06 ± 0.05

Yes

0.00

0.39

17.75

13.45 ± 12.5

0.12 ± 0.15

69.4 ± 49.8

Yes

0.01

0.09

0.00

0.02 ± 0.14

4.77 ± 1.68

0.13 ± 0.57

Yes

AlkExSi >25%
24 - Nitisol
Si+/biochar
36 – Sediment
Kenya 6-10
Discarded fraction
Low k value
Incorrect SiAl
3 - Forested Acrisol
GT 40-50
6 – Forested Acrisol
SLM 180-190
14 – Cropland
Acrisol B 40-50
28 - Cambisol +
Wollastonite
30 - Cambisol Si/biochar
Incorrect k
5 – Forested Acrisol
GB 40-50
27 - Cambisol
Si+/biochar
45 - Spruce 350°C
burned OM
Low AlkExSi
Incorrect k
24 - Nitisol
Si+/biochar

The script
The script file with the code to run the analysis can be found in:
https://github.com/nschenkels/AlkExSi/tree/v1.0.0. The DOI of the script
can be found in: 10.5281/zenodo.1184427. The script is presented in
Supplementary Material Chapter 6.
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6.4. Discussion
The MCMC automated parameter optimization in Python is able to obtain
better results than the Solver function in Excel. The modeling of the curves
consists in finding the best set of parameters values that adjust better to the
experimental dissolution curves. To do so, the model varies the estimate
values, applies the equations to obtain the expected Si and Al concentration at
any given time and calculates the error of that particular fitting. The error or
cost value consists in the sum of the differences between each measured data
point and the corresponding modeled data point. The lower the cost the
better the adjustment is. Standard approaches will search for a better
adjustment decreasing the cost in each try.
The Metropolis Hastings criterion added in the MCMC approach allows to
try a set of estimates less accurate (higher error) than the previous try, in the
search for a further possible better set of estimates. Every model can feature
several local minimums, and one global minimum. In Figure 6.6, a
visualization of the performances of a model without and with the
Metropolis-Hastings criterion is detailed. In conclusion, including the
Metropolis-Hastings criterion increases the possibility to find the global
minimum.
Besides the acquisition of a better solution, the provision of an error per
parameter calculated in the simulation adds sensitivity to the estimates.
Finally, the new conservative 11% instrument error added to the simulation
is included in the analysis.
The settings (number of iterations and runs carried out for the MCMC
modeling, number of data points selected and number of runs for the
simulation) can be adjusted. Moreover, extra analysis can be easily added.
The adjustability of all settings provides the flexibility for researchers to
adapt to the trade-off between the acquisition of more robust and precise
results and the time constraints related to the available time for analyzing the
data.
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Figure 6.6. Visualization of a hypothetical modeling including and not including the MetropolisHastings criterion. The Metropolis-Hastings criterion allows selecting a set of parameters resulting in a
higher cost value in the search of possible lower local minimum and eventually the global minimum.

Our approach also speeds up the analysis compared to the earlier Solver
solution. Although we did not automatize the extraction of the data (isolation
of each data curve from the day-run and the consequent transformations),
the average time of the whole run was less than ~15 min using an Intel®
Core™ i7-4600U CPU @2.10GHz and 16GB Ram memory, far faster than the
~30 min using Solver. However the time needed may vary depending on the
hardware properties. In case multiple samples have to be analyzed, the
running time could be a constraint. The bottle neck in this regard resides in
the MCMC analysis.
The method to quantify BSi in soils and sediments evolved from an
estimation based on three-data points from DeMaster, (1981) to a mineral
interference corrected method but with a blind acceptance of estimates in
Barão et al. (2014). The new refinement includes the mineral correction and
adds errors on the estimates resulting in a huge progress in the quantification
of BSi in soils and sediments.

Instrument error
To our knowledge, this is the first time an instrument error is determined
for the continuous extraction of Si and Al based on an evaluation of potential

117

error contributed by all analysis points of the dissolution curves. The
estimate of a conservative error of 11% should in the future be verified using
a larger variety of samples, and could potentially be adapted if only a specific
sample type is analyzed (e.g. only marsh sediments, only soil horizon O and A
samples). Considering that previous methodologies used to determine BSi
(Barão et al., 2014; DeMaster, 1981; Koning et al., 2002) did not include a
targeted sensitivity analysis or confidence interval for the parameters, the
present refinement is a clear progress in the determination of BSi in soils.
We demonstrate that there is variability in the measurements that
accounts up to 11% of the value, with possibly even higher deviations in
specific outliers. In the hypothetical case that the same variation is applied to
the DeMaster (1981) extraction, where the quantification of BSi is based on
three data points that are assumed to represent the linear stage of the
extraction, the over- or underestimation of BSi is potentially much larger, as
the intercept used to calculate the BSi amount would vary drastically. In the
example presented in Figure 6.7, a realistic error was applied to hypothetical
traditional three point extraction data. A huge difference in the quantification
of BSi is clearly obtained when calculating the intercept based on only three
data points, taking into account potential instrument and sample variability
error.

Figure 6.7. Representation of DeMaster method applying different errors to the data points. The
hypothetical real DSi concentration data (triangle) and two data sets with errors (square and diamond).
For each including-error-data set, the errors applied are detailed in the legend. The estimated BSi
concentration (the intercept) hypothetically obtained from each data set are detailed by each trend line.
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Data
The validation of the data presented in this thesis, modeled with the
former approach, was in most cases consistent to the results obtained
applying the new refined approach, that we developed based on the
experiences obtained in this thesis. The ‘character’ (Si-Al ratio) of the largest
fraction, was described identically in 86% of the cases. The mismatches in
Si/Al determination for the secondary fraction were even slightly lower than
for the main fraction (fractions described correctly: 89%). Moreover, the
fractions discarded because of a low k or low AlkExSi values were all
identical.
Based on our results it is clear that the accuracy in describing the BSi
fractions is higher than the accuracy for the totality of fractions. The
character of the largest BSi fraction was described correctly in 91% of the
cases. The mismatches in Si/Al determination for the secondary BSi fractions
were slightly lower than for the main fraction (fractions described correctly:
90%). Moreover, all fractions included in results matched in relation to the kvalue (Table 6.4). As our methodological objective is to distinguish the BSi
from other fractions that also dissolve non-linearly in 0.5 NaOH, here we
focus on results regarding mismatching fractions described as BSi.
Fractions with large errors in BSi quantitative determination
Our results suggest that the quantification of BSi using the former and
current curve analysis procedures can vary quite strongly: a total of ten
fractions identified as BSi (out of 45) showed a difference in AlkExSi >25%. In
these cases the MCMC approach renders smaller amounts of AlkExSi than the
Solver approach, associated with higher k values. The ample variety in the
samples that were in this case (including cropland soils, biochars, sediments
and burned organic matter, and with AlkExSi ranges between 1.24 and 146
mg g-1, k values between 0.12 and 2.19 min-1 and Si/Al ratios between 4.77
and >100) makes it impossible to assign a higher uncertainty of AlkExSi
estimation to a specific type of sample.
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It is clear from our results that the amount of AlkExSi of BSi main fractions
is consistently described using the MCMC approach, with generally low
deviations (<34%). Results for the BSi secondary fractions showed high
deviations only for three fractions, two of which corresponded to a secondary
BSi fraction.
Determination of the k-value
Only two k-values were misidentified using the former approach.
Interestingly none of them corresponded to a BSi fraction. We can thus
confirm that based on our results, the BSi fractions were accurately described
in relation to the k value.
The boundary set is important at this regard. We divide fractions as
reactive (k>0.1 min-1) and non-reactive (k<0.1 min-1) in 0.5 M NaOH, with
k<0.1-fractions visually (near-) linear. However, the k value estimated only
shows how fast the fraction is dissolving in 0.5 M NaOH: it does not represent
solubility in soils, and thus should not be assigned an ecological meaning. In
soils, the solubility of phytoliths depends on several factors: the plant species,
as the characteristics of phytoliths are specific for every species; age of the
phytoliths, which may affect the phytolith structure potentially decreasing
their solubility (Fraysse et al., 2006; White et al., 2012; Koning et al., 2002);
the phytolith’s Al-content which is known to decrease phytolith’s solubility;
and soil conditions like water content, high pH, presence of humic acids and
other compound that may react with phytoliths increasing their solubility. A
base assumption of the method is that all BSi dissolves non-linearly, and
phytoliths (and other plant BSi) should thus show k values higher than 0.1
min-1 in the extraction in 0.5 M NaOH (Barão et al., 2015). Here, we obtained
k values for biogenic fractions between 0.10 and 54 min-1. Koning et al.
(2002) showed biogenic silica in sediments showing k values down to 0.06
min-1. Similarly, we detailed in Chapter 5 the possibility of having old
phytoliths in Kenyan soils with k=0.08 min-1. The reason was the presence of
only one fraction with a lower k value (0.08 min-1) in some of the samples
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where a large amount of phytoliths should be present (as confirmed through
microscopic analyses).
Using the former approach, the best solution rendered by the model was
assumed to be correct with no concerns. Originally, the new method delivers
also a standard deviation for the k value, which provides valuable
information to decide whether a fraction is ‘reactive’ and will be included as a
result or not. Some of the samples analyzed in the simulation showed ranges
of variation for the k parameter that overlap the boundary k=0.1. Such
fractions correspond to samples of soils (from depths between 20 and 85 cm
deep), Kenyan riparian sediments and grass, and burned organic matter.
Interestingly, the majority of them correspond to a secondary biogenic
fraction from plant material (Table 6.4). These secondary BSi fractions were
described in previous chapters (Chapters 2 and 5) as a secondary biogenic Si
pool in plants consisting of Si polymers of H4SiO4 embedded within the plant
cell walls. The dissolution of the secondary BSi pool was described as having
a strong in situ solubility (faster than phytolith’s) (Fraysse et al., 2010). The
majority of fractions showing k-values >1min-1 shows as well high SD values
that overlap the boundary. The methodological approach seems to be less
accurate when a BSi fraction is extremely reactive in 0.5 M NaOH. According
to our results, there is an apparent difficulty to assign a consistent k-value to
this secondary plant BSi pool, possibly related to dissolution patterns.
However, the presence of large BSi fractions (main fractions) in burned OM
samples showing such high k-values confirms that phytoliths are possibly
described with k-values >1 m-1 in the extraction in 0.5 M NaOH.
Determination of the Si/Al ratio
The determination of the Si/Al is arguably the most important parameter,
as biogenic-non-biogenic characterization of any fraction is based on this
estimate. We obtained a total of 4 biogenic fractions (out of 45) misidentified
as non-biogenic and another 3 fractions misidentified as BSi by the former
approach (Table 6.5). The majority of the fractions corresponded to soil
samples from Acrisols from Chapter 3. The complexity of these soils samples
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results in an apparent difficulty to assign a consistent Si/Al ratio to the
fractions. The presence of secondary clay minerals, high content of Si
adsorbed onto oxides or the occurrence of more than three non-linearly
dissolving fractions are possibly the reason of the uncertainty in the
modeling of these samples.
In theory, secondary silicate minerals with no Al may show, after
modeling, similar characteristics as a BSi fraction (high k value, Si/Al>5).
However, when analyzing Olivine ((Mg, Fe)2SiO4) with the present method, a
reactive ‘biogenic’ AlkExSi fraction that accounted only for 2% of the total
amount of olivine-Si added, was described (unpublished data/personal
information). Wollastonite (Chapter 4) also showed a first order dissolving
behavior corresponding only to 1.5% from the total amount of Si added.
Assuming the linear dissolution of primary minerals and the experience from
previous chapters, we can argue that the mistakes associated to rapidly
dissolving minerals are small.
It is clear that the SD values are extremely relevant for the determination
of the character of the fractions: three of the misidentified fractions showed a
SD that overlaps the boundary to distinguish clay minerals from BSi
(Si/Al=5). Thus, a clear determination of the character of those fractions
should be done with care.
We here applied the boundaries determined by Barão et al. (2014). These
authors assumed that phytoliths could show Si/Al ratios down to 5 in a study
on temperate soils. However, it has also been shown how some sediment
samples, that contain mostly phytoliths, showed a single fraction with Si/Al
ratios between 4 and 5 (Chapter 5). Some authors already discussed the
existence of fresh and old phytoliths that show changes in structures (Fraysse
et al., 2006a; White et al., 2012). Such changes may affect the elemental
proportion of Si and Al, possibly decreasing the Si/Al ratio. Moreover, it is
known that Al can be adsorbed onto the surface of phytoliths during soil
processes, possibly decreasing Si/Al ratios as well. Koning et al. (2002)
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described how old diatoms showed lower Si/Al ratios than fresh diatoms
using the same extraction.
In the simulation results, the majority of the cases showing a percent
deviation higher than 50% for the Si/Al value corresponded to biogenic
fractions with ratios higher than >50, and fractions with extremely low ratios
(<0.17) (Table 6.3), that corresponded to several type of samples: sediments,
soils and burned organic matter. This implies that a differentiation between
biogenic fractions, based on Si/Al ratios obtained, is challenging. Vandevenne
et al. (2015) assigned a specific range of k values and Si/Al ratio’s to
distinguish BSi from Opal-CT in AlkExSi fractions in a study in temperate
pastured soils. Opal CT is an accumulation of amorphous Si due to an
oversaturation of DSi in soils, that normally occurs at soil depths deeper than
1 m with strong leaching of elements (Chadwick et al., 1987; Drees et al.,
1989). Deposits of Opal CT were identified at more than 1m deep layers in
temperate pastures (Vandevenne et al., 2015a) and the tropics (Alexandre et
al., 1997). The presence however of Opal CT was confirmed in the mentioned
study by additional analyses. Unfortunately, the method itself cannot
distinguish between biogenic Si and Opal CT. It is recommended when BSi
fractions are described more than 1 m deep, especially if the soil profile
pattern is so different from the BSi patterns observed above, to use other
methods for instance, microscopy, to confirm the origin of such fraction.
The (im)-possibility to quantify non-biogenic fractions in the extraction
It is generally assumed that a linear dissolution in an alkaline extraction
corresponds to the dissolution of primary minerals (DeMaster, 1981). The
solubility of clay minerals is known to decrease with the increase of pH
(Amram and Ganor, 2005; Cama et al., 2002; Hiemstra et al., 2007). The 0.5 M
NaOH extraction takes place in a pH 13 solution (Barão et al., 2015), which
strongly reduces the dissolution of clays. However, the dissolution rates of
secondary clays and oxides in 0.5 M NaOH can show a non-linear behavior
and the range of dissolution rates can be ample. Barão et al. (2014) showed
some results for temperate soils in order to describe the non-biogenic
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AlkExSi fractions. Clay minerals on average showed k values between 0.14
and 0.79 min-1 (Barão et al., 2015), and oxides normally above 0.7 min-1
(Barão et al., 2014). Here we obtained a range between 0.10 and 0.58 min-1
for clay minerals and a range between 0.11 and 0.79 min-1 for oxides.
In Koning et al. (2002), clay minerals such as kaolinite or illite showed
ratios close to their elemental Si to Al proportion (~1 and ~2 respectively).
However,

other

minerals

like

montmorillonite

((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) did not show an elemental ratio in
the analysis (~3) in the mentioned study but lower (~2). Barão et al. (2015),
also found Si/Al ratios for clay minerals between 1 and 4. Moreover, the Si/Al
ratios of the fractions determined as clay minerals that were analyzed for
Chapter 3, although clays were not physically separated, corresponds to the
results of the mineralogy. Si/Al ratios from 1-4 matched the presence of
kaolinite, hallyosite, sanidine etc. (see Supplementary data of Chapter 3).
Even though a clear Si/Al ratio for non-biogenic fractions can thus be
obtained in the continuous alkaline extraction, the quantitative interpretation
of fractions considered as oxides and reactive clay minerals is impossible: the
extraction is not designed to extract the totality of such fractions. The
analysis is not able to characterize the non-linearly dissolving oxide’s
fractions further than the mere identification of a fraction present with low
Si/Al ratio with a high solubility in 0.5 M NaOH. The high deviations of Si/Al
values for some oxides fractions indicate the high uncertainty in the
estimation of a precise Si/Al ratio for oxides. Whether these oxides are Feoxides, Si adsorbed onto other oxides or hydroxy-aluminum silicates should
be studied using other methods such as physical separation, mineralogy or
XRD analyses.
Final recommendations
The description of fractions using the former approach revealed that the
sensitivity analyses and standard deviations for the different characterizing
parameters (k and Si/Al), are an essential new asset for the characterization
of the fractions. The identification of such ‘challenging fractions’ allows for
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the first time to have an objective indication of potential “BSi-like” fractions
in the dissolution.
The following considerations should be taken into account when
identifying BSi under these challenging conditions:
-

A thorough consideration of the set of boundaries applied for k and
Si/Al parameters, considering the type of sample and additional
analyses. When several estimate values are close to the boundary a reset of boundaries could be considered, based on microscopy, physical
separation or XRD analyses.

-

Especially when the SD overlaps the Si/Al boundaries set, extra
characterization should be considered using other methods like
mineralogy or microscopy in order to confirm the presence of
phytoliths and/or highly soluble clay minerals.

-

Large SD values: A clear uncertainty exists about the modeling of
these fractions, possibly due to a difficulty to model the curve
(dissolution anomalies, noise, outliers). In this case, the re-run of the
sample

is

recommended.

Another

possible

suggestion

to

improve/decrease the SD is to run again the analysis in the search of a
global minimum previously not found, and/or just the simulation in
case the errors taken randomly during the simulation were
particularly high.

6.5. Conclusion
Nowadays, several authors are still using the traditional DeMaster (1981)
methodological extraction (Krause et al., 2017; Ribeiro et al., 2017), or the
correction from Ragueneau et al. (2000) (Wang et al., 2015; Zhu et al., 2016)
to determine BSi in soil or sediments. The work presented here shows that
the continuous alkaline extraction of Si and Al and consequent modeling of
the dissolution curves is however strongly recommended, since it allows
defining potential challenges associated confounding fractions with strong
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accuracy. We showed that the phytolith pool is accurately determined
showing more accuracy than the non-biogenic fractions in a broad type of
samples: highly weathered tropical soils, burned organic matter, riparian
sediments and moderate and highly weathered soils mixed with organic and
inorganic fertilizers. An apparent uncertainty only exists in the modeling of
the BSi embedded within the plant cell walls.
Moreover, the adapted modeling approach was able to find a more
accurate solution than the modeling carried out in the former software. All
the parameters used in the test can easily be adjusted (the number of runs,
the number of iterations, etc.) and other test or analyses can be easily added.
The new selection of the starting parameters provides a complete
independence of human biased results and contributes to save time in the
modeling. The addition of the calculation of a standard deviation or range of
variability for each parameter estimated allows us to detect the presence of
complex fractions and give a more precise characterization of the BSi pool.

126

Chapter 7: Conclusions

Chapter 7
Conclusions

127

7
Conclusions

7.1. Synthesis of results
This work aimed to identify multiple effects of global change on the
terrestrial Si cycle, specifically on the biogenic silica pool that is present in
soils, and transported through rivers. The environments studied were all
considered to be challenging for the accurate determination of the biogenic
silica pool, and hence a novel continuous alkaline extraction of Si and Al in 0.5
M NaOH throughout the thesis was applied. Generally, the present work
helped to better understand the dynamics of the terrestrial BSi pool and to
update the analysis protocol, that allows a fully automated quantification and
characterization of the BSi pool based on Si and Al concentrations. In detail,
these are the overarching novel outcomes of my thesis:
-

Fire increases the solubility of BSi. In Chapter 2, two different BSi
pools in organic matter were identified using the continuous alkaline
extraction. The burned organic matter was more soluble than the nonburned material. However, BSi solubility did not increase when low
BSi-content-organic matter was burned. The fate of released DSi and
depends on the in situ conditions.
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-

Land use change and associated erosion strongly affects the
distribution of BSi in subtropical ecosystems. In Chapter 3, the results
showed that erosion processes increase the deposition of BSi at
bottom-slopes, where a strong potential for long-term BSi storage
arises; cultivation decreased the BSi pool in slope soils; and the
synergic effect of both together results in a larger decrease and
storage of BSi at bottom positions.

-

The type of Si-source and soil weathering stage controls the Sirecycling by plants. In Chapter 4 results showed that in highly
weathered soils the addition of Si through biochars increase to a
higher degree the growth and Si content in plants than the addition of
Si through an inorganic fertilizer but in the moderately weathered soil
the inorganic fertilizer was able to provide better results. The analysis
of BSi in the applied soil mixtures was particularly challenging: we
showed that application of a continuous BSi extraction is absolutely
necessary to obtain trustworthy results.

-

The study carried out in Chapter 5 was a strong test-case for the
method. Is it possible to follow the transport of BSi from savannah
grasslands, through the intestines of hippos, to a river system, even in
conditions with strong volcanic interference (and hence strong
inorganic Si solubility)? We were able to show that the BSi of the
savannah plants corresponded to the BSi observed in the suspended
matter and the sediments in the river as a consequence of hippo BSi
transfer through the feeding on grasses and egestion into the river. As
the BSi content from the suspended matter remained constant along
the river but the loads of material in suspension increased, it could be
concluded that the BSi in the river increases at the same rate as the
input material (hippo depositions).
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-

The experience acquired during my PhD culminated in the
development of a refined methodology to model the Si and Al curves
in the continuous BSi extraction (Chapter 6). A more precise
approach was developed including a new simulation that provides a
confidence interval for each estimated parameter. With the new
refinement proposed we reached a clear progress in the
determination of BSi in soils, evolving from a three-data-points based
estimation and a ‘blind’ acceptance of estimates, to an addition of an
interval of variance for every parameter estimated.

7.2. Global change effects on the Si cycle
Global change is indisputably affecting the global Si cycle. Effects on the
ocean Si sub-cycle were already studied. For instance, the increase of the
ocean temperature increases the dissolution of Si-minerals releasing DSi, and
also diatom growth; sediment translocation and dam construction decrease
Si transfer from the rivers to the oceans decreasing ocean DSi content. A
minimum amount of Si in the ocean is needed to maintain the ocean food
chain. The opposite could lead to undesirable consequences ranging from
punctual algae blooms and eutrophication processes to the complete
disruption of the ocean food chain.
In the terrestrial system scarce knowledge about the possible
consequences of global change on the large BSi pools in ecosystem soils is
available. Climate change (temperature rise and changes in precipitation
patterns) affects the weathering of Si (Amram and Ganor, 2005; Cama et al.,
2002; Hiemstra et al., 2007). However, effects on the BSi pool remained
under the radar before this thesis. It is now clear that the potential effect of
increasing fire events should be considered.
Next to climate change, land cultivation is one of the main drivers in the
contribution to the global change. The need of providing food to an
exponentially increasing population led to an exponential increase on the
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conversion from forest to cropland, together with the increase of the use of
fertilizers, which add exogenous elements to the ecosystem altering its
functioning. This thesis showed potentially large consequences for the
distribution of BSi pools, with the creation of long-term sinks for BSi in
downslope positions
Animal extinction’s rates are dramatically increasing due to human
activities (for instance: land use change, pollution, and hunting). The
consequences affect biodiversity, ecosystem functioning and element cycles.
This thesis was the first to highlight that grazer extinction can also lead to
strong shifts in BSi distribution at the landscape scale.
A more detailed look at small scales
Fire affects the structure of phytoliths, thus increasing its solubility and its
bioavailability, which can be beneficial for plants. Si uptake is known to
decrease plant stress and increase resistance to toxicity (Mn and Al toxicity,
(Che et al., 2016; Ma et al., 2001)). Consequently, the increase of solubility
could benefit plant growth and especially performance. The extent of that
benefit however, will depend on plant species and other soil properties. Some
species, for instance rice, show production increases with higher soil Si
content (Liang et al., 2015; Ma and Takahashi, 2002). However, plant uptake
is not the only potential loss from soil. In the case a rain event occurs after a
fire, a large amount of Si could be eventually exported and lost from the soil
system. This could thus cause a large landscape translocation of BSi, to DSi
transported in the aquatic system. Similar soil BSi loss occurs after the
harvesting of the crops, in the form of long-term plant BSi export through
harvest (Vandevenne et al., 2015a). We now showed that the reduction of BSi
in the soil can rapidly be increased with coupled slope-cultivation effects.
This subsequently plays a role in the detriment of plants and crops
performance.
Fertilizers play a crucial role at this respect. The re-supply of Si to soils by
fertilizers compensates the loss due to the harvest of the crops. The type of
fertilizer and the quantities supplied are extremely important for the
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effective management. In the case the Si added equals the Si amount taken up
by the crops the system will remain in a steady-state for next growing season.
However, in the case the Si supply excesses the Si amount taken up by the
crops, an extra accumulation of Si will result. The fate of this Si surplus will
depend on soil conditions.
BSi at large scales
The erosion process changes the distribution of BSi consequently storing
BSi at bottom-slopes. The accumulation of BSi and possible subsequent
dissolution can result in precipitation of Opal CT and re-crystallization
processes, already explained by Drees et al., (1989). Moreover, the
immobilization of stored BSi results in a net Si loss from the source system.
Carbon I has also been reported to be accumulated at the bottom of the
slopes due to the physical transport to lower areas. Processes altering the
distribution of BSi and C in large amounts i.e. damn’s construction and urban
development, are extremely relevant for the global Si cycle. It has been shown
in this thesis that the activity of large herbivores, like hippos, control to a
large extent as well the Si cycle in specific ecosystems like the African
savannah. They transfer huge amounts of Si into the riverine system. In other
words, they are a key factor to the Si input into large African lakes where
some of the highest food provision to the continent occurs. Massive species
extinction, specifically large herbivores that contribute to the mobilization
(Vandevenne et al., 2013) and transport of Si (Subalusky et al., 2015), are
affecting the global Si cycle and should be taken into account in future
research.
An overview of the effects studied and their consequences at small and
large scales can be seen in Figure 7.1.

7.3. Towards a management of the terrestrial Si cycle
In the early Earth, Si was only present in silicate rocks in the Earth’s crust
(and in the nucleus) (Ohtani et al., 2016). Climatic conditions transformed,
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fragmented and weathered silicate rocks. There are some authors that
suggest that silicate minerals played a role in the origin of the first protocells,
precursors of life (Maurel and Leclerc, 2016). With the onset of plants in
terrestrial ecosystems, and the development of soils, a whole new Si
equilibrium emerged. A large pool of plant BSi and pedogenic was built up in
soils: a new sub-pool thus emerged of reactive terrestrial Si. This could be
seen as the first massive terrestrial translocation of Si from a relatively
unreactive mineral pool, to a relatively easily soluble Si pool on the short
term. A similar to the current Si cycle thus developed: Si was taken up by
plants and reached the ocean where diatoms growth maintained the ocean
food web. Humans evolved and eventually induced a fast ongoing change at
all ecosystem levels, the so-called ‘global change’.

Figure 7.1. Overview of effects at small and large scales of the effects studied.

My thesis shows clearly that human induced-change in climate, land use
and biodiversity directly impact on this biological sub-pool. In this context, it
is interesting to note that, although we can consider the global Si cycle to be a
factual cycle where Si eventually recycles completely, this process can only
occur on a geological timescale. In an ecosystem management context, the Si
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cycle can thus be considered unidirectional: Si fluxes from land to the ocean,
with the rate determined by weathering rates, but equally also by the storage
of BSi at the landscape scale and DSi export.
In a management context, there will always be a source of BSi and a sink
for the translocated BSi: a negative consequence (reduced Si availability of Si
due to BSi loss) for the terrestrial system could actually represent a desirable
condition for the ocean’s compartment (improved Si-N-P ratios). If the
objective is eventually to be able to manage the Si cycle, how do we solve the
compromise between the terrestrial and the ocean sub-system?
The most important issue to answer this is the lack of knowledge about
many aspects of the cycle. There is a vast unknown about the whole
functioning and specifically about local soil processes involving Si, for
instance the contribution of oxides to the bioavailable Si-pool, isotopic
preferences of different Si-compounds, the role of microbiota in the Si-filter
and the effect of organic acids on the solubility of compounds containing Si.
My thesis shows that a central point in a potential management of the Si cycle
lies in the understanding of where BSi is buried along the land-ocean
continuum. A need to investigate and determine the Si fluxes from the
terrestrial system towards the river is crucial in order to move forward a
better understanding. Only few studies had been carried out at this regard
(Frings et al., 2016; Ronchi et al., 2013). Moreover, the contribution to the soil
DSi supply from non-biogenic phases appears now as being more relevant
that was previously thought (Barão et al., 2018). Finally, there is a large
compartment of the Si cycle that has been clearly ignored up to now in
relation to Si fluxes: the waste human system. (Vandevenne and Struyf, 2018)
roughly estimated that only 7% of the amount of Si that enters the human
loop and the waste management system returns to the natural system.
Targeted studies should be performed at these respects in order to move
forward a complete understand of the Si cycle.
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Despite the need of gathering more knowledge about the terrestrial Si
cycle, it is possible to draw some advices for good practices based on the
results of this thesis:
It was clearly shown how the conversion from forest to cropland together
with erosion can deplete the BSi pool in the short-term in Acrisols from the
south of Brazil (Chapter 3). Thus, the cultivation of such highly weathered
soils under steep slopes is not recommended. If no-action is taken these
ecosystems will become a complete Si-depleted systems in the long-term
(Vandevenne et al., 2015b). The supply of nutrients by fertilizers could
compensate such loss. However, the weathering stage of the soil should be
considered when selecting the fertilizers to apply, as well as the type of crop
intended to grow. When growing high Si-accumulator crops (i.e. rice), in
highly weathered soils, organic fertilizers, for instance biochars, can be
applied in case the objective is to increase the Si plant content and crop
growth. On the other hand, if the same Si-accumulator crop is grown in
moderate weathered soils; inorganic fertilizers are preferred in this case to
increase Si plant content.
Despite the negative consequence of erosion leading to large BSi
accumulations at bottom-slopes, this new finding should be considered in
conservation purposes: First, it shows the importance of field geomorphology
regarding the Si cycle. Field geomorphology should be considered to avoid
deposition zones for instance in Si-accumulator croplands and estuaries. And
second, the soil translocation from deposition to active zones could return
the BSi back into the turnover between plants and soil.
Finally, the re-introduction of grazers is another possibility to compensate
the scarcity of soil-Si in croplands or highly weathered soils. However in
order to determine the correct procedure, a whole understanding and
description of BSi in the system is needed. To do so a method able to
distinguish and characterize BSi in soil is extremely important.
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7.4. Methodological considerations
Although some studies apply already the continuous alkaline extraction to
determine BSi in soils, it is not the preferred method in many cases. Many
researchers are applying modified DeMaster (1981) type-extractions (Krause
et al., 2017; Ribeiro et al., 2017; Wang et al., 2015; Zhu et al., 2016). From the
work carried out here and also in former studies (Barão et al., 2015;
Vandevenne et al., 2015b), it is clear that the dissolution of other secondary
phases like clay minerals or oxides during the alkaline extraction (Na2CO3,
NaOH) strongly interfere in the estimation of BSi in most terrestrial
environments. Some clay minerals or oxides show alkaline solubilities similar
to BSi. Applying the continuous alkaline extraction and subsequent modeling
with the equations from Barão et al., (2014), the BSi can be distinguished
from other non-linearly dissolving fractions.
In Chapter 6, we went further and include a refinement of the latter
methodology which allows us to get a more accurate estimation of
parameters. A simulation was included in order to calculate a confidence
interval for each parameter that is estimated. We have now developed a
method that can be readily used through the constructed script, and points
researchers to challenges potentially associated with the extraction: Si/Al
ratios near the boundary to distinguish between biogenic and non-biogenic
fractions, or k-values that could actually almost be considered linear. This can
be a good indicator to apply additional methods for BSi analysis.
There are still limitations to the method developed. It is known that the
distinction between BSi and Opal CT cannot be made using the continuous
alkaline extraction (Chapter 3). In addition, it is still unknown if some clay
mineral with no Al could show similar signals than BSi (Chapter 4). Groups
like quartz’s, the pyroxene group (MgSiO3) or the amphibole group
(Mg7Si8O22(OH)2) would be described as the linear part of the equations used
to model the dissolution curves, or lacking that, as a non-linearly dissolving
fraction with a low k-value. Still, other minerals like the humite group or the
serpentine group, as well as several minerals (datolite, titanite, hemimorphite
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(calamine), ilvaite, benitoite, bazzite, talc, sepiolite, milarite) might show as
well a non-linearly dissolving behavior when analyzed with the continuous
alkaline extraction. Moreover, some Si absorbed onto Fe-oxides like
ferrihydrite or hematite should be considered in this regard. Finally, some
minerals with theoretical Si/Al ratios higher than 4 (sugilite (Al2 Si12),
mordenite (Al2Si10)) may possibly be described as BSi. Further experiments
are needed in order to confirm the dissolution behavior of these minerals in
0.5 M NaOH and how the model may describe them.

7.5. Future research
On the methodological aspect
Future research regarding the methodology should focus on:
The possibility to distinguish the currently undistinguishable fractions
applying the alkaline continuous extraction: Opal CT and biogenic silica. Can
specific parameters characteristics distinguish the two fractions? Another
possibility is applying a previous gravimetric separation (Parr et al., 2001;
Piperno, 2006) to separate the biogenic silica from the Opal CT.
The characterization of non-biogenic phases: We cannot characterize
fractions showing Si/Al ratios <1 besides a fraction highly reactive in NaOH
with a low Si content. One option consists on measuring other elements as
well during the extraction, for instance iron (Fe). Having the three dissolution
curves (Si, Al and Fe), the equations could be adapted in order to determine
Si/Fe ratios that could help to understand and characterize the oxide fraction
described with the help of additional analyses i.e. mineralogy or XRD.
However a quantification of oxides will still not be possible as the dissolution
of oxides in NaOH is probably only partial. The additional measurement of
other elements could only contribute to perform a better distinction of
fractions. The continuous alkaline extraction method is not to be used to
quantify other soil phases than BSi.
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On human impacts on the biological Si cycle
If we want to determine which of the studied drivers is most important for
future research, we should consider future trends. Although some authors
recently showed some discrepancy (Doerr and Santín, 2016), it is commonly
accepted that climate change contributes to an increase in occurrence of
natural wildfires through the increase in temperature and drought periods
(Joyce et al., 2014; Kovats et al., 2014). With global warming, a progressive
increase in fire risk is highly probable (Kovats et al., 2014). However, fire is
not a risk that affects the whole globe, besides the secondary effect related to
CO2 emissions (Joyce et al., 2014). Therefore, studies linking fire and the Si
cycle are mostly important at local scales.
Only 10% of the megafauna present during Pleistocene survived up to now
and human impact is known to have contributed the most to the extinction
(Sandom et al., 2014). Around 60% of large herbivores’ species are
considered endangered or threatened nowadays, with vast ecological
implications expected in the near future (Ripple et al., 2015). Hunting for
meat is the activity mostly affecting the large herbivores’ decline (Ripple et
al., 2015), which in turn is related to the increase in food demand. Since
largest extinction occurred already in the past, studies relating impacts of
large grazer to Si cycling are mainly relevant to natural reserves where they
are still abundant.
Deforestation rates have been recently estimated in several countries,
showing the highest increases in tropical countries in South America and
Southern Asia, increasing by 15% in the last decade compare to the period
2000-2006 (Austin et al., 2017). Agriculture is estimated to drive 80% of the
total deforestation (Kissinger et al., 2012). Considering the lack of
conservationist policies in low-developed countries and the high demand for
food supply parallel to the population increase, expectations for the future
are not optimistic. Deforestation was also shown recently to increase local
temperature (Joyce et al., 2014), which might increase fire risk in turn. On a
global scale, deforestation could therefore be considered the most important
human driver for the global Si cycle.
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Studies about solubility in situ could provide important information about
interrelations between soil compounds like oxides, secondary clays and BSi
in croplands. Such studies need to take into account the vegetation as well, as
the recycling by plants is a fundamental actor in the soil Si cycle: little or
nothing is known about the effect of plants on the soil water DSi
concentrations, although the latter drive dissolution rates of Si in the soil.
Moreover, the contribution of microfauna on the Si cycle at small scales has
been as well neglected. Although a little influence is expected, direct and
indirect effects of the microbial activity on Si mobilization and distribution is
still unknown.
Studies measuring isotopic composition could help at this regard.
However, it has been recently shown that secondary or tertiary clay minerals
in subsoils can be enriched in light isotopes (Cornelis et al., 2014b), which
make the distinction between BSi and secondary clay minerals isotopically
undistinguishable. To avoid so, studies applying isotope spiking of Si and
subsequent analysis could be an option to approach this. A combination of
methods is needed in order to accurately describe soil fractions playing a role
on the Si filter at small scales and their interactions. A whole understanding
of processes involved at small scales could be extrapolated to explain
processes and distribution of BSi at larger scales. In order to approach the
study of the Si cycle at large scales additional global effects on the Si cycle
should be considered.
The human loop and waste treatment of Si residues should be an objective
to include in future studies. First, a precise of Si quantification entering the
human system through the harvesting of the crops and how the BSi is
transformed afterwards during food production is needed. Besides, a huge
technologic industry extracting and using inorganic Si from silicate rocks
exists. Humans extract Si silicate rocks to produce chips, photovoltaic plates
and other electronic assets. However the treatments and processes
performed in waste treatment plants and the possible recycling of such
organic or inorganic Si from the food or industrial system are not clear.
Special effort should be applied to investigate the properties of the Si
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returning the natural system from the waste treatment plants to further
study a possible sustainable Si return to the global cycle.
Ecosystem services (ES) are defined as the services that nature provides to
humans. ES are classified regarding the type of service they provide:
recreation, food and water supply, protection, regulation, etc. Nowadays, the
study of ES is crucial in order to communicate to the population and policy
makers about the value of a particular ecosystem. Unfortunately, there is no
ES’s described regarding the Si cycle. The conservation of a healthy Si system
able to provide protection for plants against herbivores is possibly the line to
follow regarding this research. For instance, one of the direct benefits of the
application of Si to rice crops, which results in growth increase, could be
perfectly consider as an ecosystem service in relation to food provision.

7.6. Final words
In this thesis we have shown that the effects due to climate change on an
apparently ignored elemental cycle like silicon are real and could experiment
some crucial affection in the future. We only covered a little research on a
particular element which not much was known about. Thus, effects on
systems or processes we are not aware of are possible and could as well have
some future implications for ecosystems functioning and biodiversity in the
future. A strong continuous effort studying possible consequences of climate
change on ecosystems is needed to convince and prove to the society, policy
makers and ecosystem’ managers that we do need to act now if we want to
stop or mitigate the global change.
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Supplementary material
Chapter 3
Table S3.1. Results from the continuous extraction. From left to right: Pit codes (Figure 3.2) and
depth, AlkExSi fractions obtained ordered by Si/Al ratio (Si/Al > 5 and Si/Al < 5). The amount of
AlkExSi (AlkExSi, mg g-1 of sample), the reactivity (k, min-1) and the Si/Al ratio (Si/Al) are shown for
biogenic and non-biogenic fractions (see Eq. (1)). Missing values indicate the absence of additional
fractions according to the curve model.
Code
Depth
AlkExSi1
k1
Si/Al 1
AlkExSi2
k2
Si/Al2

FGTR3

0 - 10
10 - 20

27.78
28.45

0.11
0.14

88.09
54.54

20 - 30

12.95

0.22

19.05

30 - 40

18.59

0.19

7.96

55 - 65

31.34

0.14

26.28

75 - 85

20.75

0.21

28.55

75 -85

32.11

0.17

92.99

0 - 10
10 - 20

18.32

0.11

139.96

40 - 50

FGUMR1

FGUMR2

1.30

0.25

0.31

0.01

17.77

0.15

2.32

11.38

0.22

1.36

30 - 40

10.78

0.35

0.67

40 - 50

12.20

0.36

0.62

55 - 65

17.54

0.30

0.67

22.72

0.26

0.88

95 - 105

14.69

0.11

15.49

12.17

0.31

0.41

130 - 140

20.65

0.24

8.49

1.03

0.30

0.05

9.47

0.41

0.67

1.09

0.16

0.11

9.24

0.17

0.99

0.80

0.57

0.22

7.05

0.30

0.59

33.89

0.07

1.24

13.93

0.32

0.57

13.49

0.29

0.68

8.10

0.25

2.40

9.06

0.35

0.45

12.88

0.29

0.61

180 - 190
0 - 10
10 - 20

15.00
6.81

0.10
0.27

12.38
108.60

20 - 30
30 - 40
40 - 50

11.53

0.25

12.15

55 - 65

13.78

0.23

381.88

75 - 85
95 - 105

17.09

0.22

140.85

130 - 140

FGLMR3

0.35

20 - 30

75 - 85

FGLMR2

9.09

00 -10
20 -30

14.51

55 - 65

20.72

95 - 105

0.22
0.11

1528.41
10.03

155

FGBR1

0 - 10
10 - 20

17.26
11.78

0.09
0.15

20 - 30

4.67

0.38

43.06

30 - 40

9.25

0.26

281.92

0.16

0.52

0.02

40 - 50

8.66

0.39

0.55

55 - 65

12.83

0.25

0.48

75 - 85

13.14

0.36

0.60

155

3.46

0.54

0.54

00 - 20

14.88
11.13

0.16
0.11

2.06
4.34

1.30

0.64

0.31

95 - 105
FGBR2

39.92
100.60

10.36

0.25

18.21

20 - 30
FGBR3

FSTR2

55 - 65

8.57

0.23

11.79

0.45

0.34

0.04

75 - 85

19.69

0.18

20.49

0.29

0.35

0.02

130 - 140

14.59

0.18

0.94

0 - 10
10 - 20

35.75

0.16

1.03

20 - 30

45.40

0.13

4.33

30 - 40

43.14

0.13

2.53

26.06

0.18

3.76

11.45

0.12

0.40

44.25

0.13

1.07

56.02

0.15

2.96

24.61

0.15

2.43

10.65

0.27

1.49

17.40

0.13

1.96

6.25

0.47

0.38

47.62

0.12

46.31

40 - 50
55 - 65
75 - 85

25.29

0.21

20.11

95 - 105
FSUMR1

FSUMR2

00 - 10
20 - 30

18.08

0 - 10
10 - 20

30.06
30.07

0.13
0.13
0.14

6.93
43.93
120.87

20 - 30
30 - 40
0 - 10
10 - 20

FSLMR2

16.37

0.13

536.57
4.32

0.32

1.08

20 - 30

9.21

0.19

1.15

30 - 40

4.76

0.43

0.58

40 - 50

6.47

0.58

0.58

10.92

0.40

0.46

55 - 65
75 - 85
95 - 105

6.88

0.10

28.34

130 - 140

35.13

0.18

14.03

180 - 190
FSLMR3
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00 - 10

18.58

0.16

89.46

9.01

0.12

0.46

11.71

0.50

0.45

16.63

0.40

0.48

20.98

0.30

0.64
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20 - 30

11.65

0.25

53.74

55 - 65
75 - 85
95 - 105

29.07

0.23

0.66

17.86

0.44

0.74

23.97
76.64

20 - 30

14.35

0.14

35.86

30 - 40

5.46

0.30

96.05

40 - 50

7.26

0.12

20.19

4.71

0.46

0.44

55 - 65

17.83

0.09

57.64

6.22

0.54

0.42

3.38

0.68

265.09

18.33

0.14

5.11

95 - 105

14.84

0.18

16.90

8.64

0.10

0.31

2.58

0.60

0.20

130 - 140

3.05

0.79

388.21

12.61

0.23

0.52

13.04

0.31

0.75

0.29

1.16

0.15

28.23

0.11

1.38

2.12

0.54

0.68

19.15

0.11

12.08

20 - 30
30 - 40

27.74

0.14

8.93

40 - 50

45.69

0.10

6.37

2.30

0.24

0.13

55 - 65

41.00

0.15

5.36

0.37

0.25

0.02

2.66

0.38

0.32

22.35

0.23

0.78

0.35

0.23

0.01

22.52

0.11

2.98

25.63

0.17

0.97

12.05

0.33

0.50

21.59

0.24

0.72

40 - 50

18.04

0.20

0.71

75 - 85

36.62

0.12

1.03

34.00

0.11

2.35

3.77

0.60

0.40

20 - 30

0.45

1.57

0.15

30 - 40

3.17

0.35

0.36

75 - 85
95 - 105
130 - 140

20.33

0.19

5.75

65.56

0.09

14.87

24.50

0.08

7.56

11.86
19.40

0.08
0.12

5.04
15.14

0 - 10
20 - 30
55 - 65
95 - 105
130 - 140
180 - 190
0 - 10
20 - 30

95 - 105

CGMR3

0.36

0.15
0.13

0 - 10
10 - 20

CGMR1

16.92

19.57
13.43

180 - 190

CGTR2

3.57

0 - 10
10 - 20

75 - 85

CGTR1

0.26

52.20

180 - 190

FSBR2

15.62

0 - 10
10 - 20

0.61
0.84

237.60
0.24

5.10
106.43
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CGBR2

40 - 50

36.04

0.10

0.98

55 - 65

10.38

0.27

0.56

0 - 10
20 - 30

23.03

0.12

1.50

40 - 50

29.48

0.16

1.03

95 - 105

72.96

0.11

1.51

15.51

0.10

1.35

2.24

0.70

0.83

20 - 30

5.60

0.27

0.52

30 - 40

9.65

0.26

0.85

40 - 50

7.87

0.26

0.59

25.94

0.13

4.27

0.46

0.17

0.02

24.13

0.22

0.86

0.38
2.06

0.89
0.45

0.15
0.65

1.42

0.41

0.37

12.71

0.42

0.55

3.95

0.77

0.97

0 - 10

3.51
0.57

0.26
0.69

4.66
0.24

10 - 20

3.25

0.25

2.46

2.15
12.02

0.35
0.38

0.86
0.57

0 - 10
10 - 20

CGBR3

55 - 65
75 - 85

21.03

0.16

64.19

95 - 105
CSTR1

0 - 10
10 - 20

5.40

0.16

21.78

0 - 10
10 - 20

9.15
10.17

0.09
0.08

186.97
128.40

20 - 30
CSTR3

30 - 40
40 - 50

5.50

0.37

5.94

55 - 65

CSMR1

75 - 85

10.76

0.41

9.60

95 - 105

9.87

0.17

239.81

20 - 30
CSMR2

CSBR3
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3.58

0.20

12.35

0 - 10
40 - 50
0 - 10
10 - 20

9.32
5.63

0.13
0.27

29.94
12.79

2.69

0.53

0.34

20 - 30

8.19

0.22

42.84

0.94

0.65

0.12

30 - 40

6.09

0.29

41.51

40 - 50

14.29

0.10

13.41

1.93

0.72

0.42

55 - 65

16.91

0.32

13.16

75 - 85

17.89

0.34

30.91

0.42

0.39

0.02

95 - 105

14.18

0.36

17.11
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Table S3.2. Bulk density (g cm-3) and TRB values (cmolc kg-1) of depths from selected pits. ꜝMissing
bulk densities. The value assigned is the bulk density average of that slope.
CODE

BD

TRB

FGT_0010

1.16

55

FGT_1020

1.00

46

FGT_2030

0.96

FGT_3040
FGT_4050

CODE

BD

TRB

FST_2030

0.90

28

FST_3040

1.02

28

42

FST_4050

0.90

1.25

42

FST_5565

1.15

39

FST_7585

FGT_5565

0.92

45

FGT_7585

0.92

FGUM_0010

0.89

FGUM_1020

CODE

BD

TRB

CGT_7585

1.36

30

CGT_95105

1.42

28

28

CGT_130140

1.44

27

0.93

28

CGM_0010

1.44

50

0.99

30

CGM_1020

1.48

29

FST_95105

1.01

29

CGM_2030

1.39

28

55

FSUM_0010

1.16ꜝ

88

CGM_3040

1.43

36

53

FSUM_1020

1.16ꜝ

92

CGM_4050

1.39

40

1.06

44

FSUM_2030

1.16ꜝ

88

CGM_5565

1.35

38

FGUM_2030

1.21

44

FSUM_3040

1.16ꜝ

93

CGBR3_0010

1.23

59

FGUM_3040

1.25

45

FSLM_0010

1.05

59

CGB_1020

1.25

42

FGUM_4050

1.22

47

FSLM_1020

1.14

55

CGB_2030

1.25

33

FGUM_5565

1.03

47

FSLM_2030

1.27

55

CGB_3040

1.28ꜝ

38
42

FGUM_7585

1.20

44

FSLM_3040

1.28

54

CGB_4050

1.28ꜝ

FGUM_95105

1.37

42

FSLM_4050

1.23

56

CGB_5565

1.28ꜝ

44

FGUM_130140

1.38

44

FSLM_5565

1.16

57

CGB_7585

1.28ꜝ

36

FGUM_180190

1.45

68

FSLM_7585

1.33

57

CGB_95105

1.28ꜝ

34

FGLM_0010

0.72

61

FSLM_95105

1.37

57

CST_0010

1.27

151

FGLM_1020

1.07

44

FSLM_130140

1.46

49

CST_1020

1.24

122

FGLM_2030

1.19

44

FSLM_180190

1.38

51

CST_2030

1.27

112

FGLM_3040

1.32

44

FSB_0010

1.04

44

CST_3040

1.22

84

FGLM_4050

1.07

45

FSB_1020

1.12

41

CST_4050

1.09

87

FGLM_5565

1.19

50

FSB_2030

1.10

40

CST_5565

1.03

90

FGLM_7585

1.25

52

FSB_3040

1.36

39

CST_7585

1.22

88

FGLM_95105

1.39

52

FSB_4050

1.34

43

CST_95105

1.19

100

FGLM_130140

1.53

53

FSB_5565

1.33

50

CSM_0010

1.33

133

FGB_0010

0.92

42

FSB_7585

1.37

51

CSM_1020

1.20ꜝ

132

FGB_1020

1.18

39

FSB_95105

1.38

53

CSM_2030

1.20ꜝ

130

FGB_2030

1.25

37

FSB_130140

1.45

46

CSB_0010

1.06

88

FGB_3040

1.30

40

FSB_180190

1.54

48

CSB_1020

1.32

84

FGB_4050

1.38

42

CGT_0010

1.48

43

CSB_2030

1.32

80

FGB_5565

1.18

44

CGT_1020

1.43

34

CSB_3040

1.31

76

FGB_7585

1.31

45

CGT_2030

1.49

25

CSB_4050

1.21

73

FGB_95105

1.29

45

CGT_3040

1.32

25

CSB_5565

1.06

76

FST_0010

0.72

37

CGT_4050

1.33

31

CSB_7585

1.18

76

FST_1020

0.86

30

CGT_5565

1.24

32

CSB_95105

1.26

76
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Gentle (G)
Steep (S)

Cropland (C)

Steep (S)

Forest (F)

Gentle (G)

Table S3.3. Total element content averages and standard deviation in brackets (g kg -1) for the different positions along the slopes.
Al

Fe

Si

Ti

Ba

Ca

K

Mg

Mn

Na

P

Sr

Zr

Top (T)
FGT

73
(16)

47
(3)

314
(21)

6.3
(0.6)

0.2
(1.0E-02)

0.9
(0.6)

5
(0.4)

3.0
(0.5)

0.5
(0.1)

1.2
(0.2)

0.4
(3.6E-02)

1.7E-02
(5.1E-03)

0.4
(2.6E-02)

Upper Middle
(UM) FGUM

80
(19)

58
(6)

301
(23)

7.1
(0.4)

0.2
(6.2E-02)

0.7
(0.5)

6
(1.3)

2.6
(0.5)

0.7
(0.2)

1.6
(0.6)

0.5
(8.8E-02)

2.0E-02
(5.5E-03)

0.4
(3.1E-02)

Lower Middle
(LM) FGLM

69
(22)

47
(7)

322
(29)

6.5
(0.7)

0.3
(2.6E-02)

0.7
(1.0)

7
(0.5)

2.5
(0.8)

0.8
(0.2)

1.7
(0.3)

0.5
(5.5E-02)

2.3E-02
(7.0E-03)

0.5
(4.9E-02)

Bottom (B)
FGB

72
(18)

49
(5)

318
(22)

6.7
(0.4)

0.2
(1.8E-02)

0.9
(0.3)

4
(0.1)

2.8
(0.5)

0.8
(0.3)

0.8
(0.1)

0.5
(5.2E-02)

2.1E-02
(2.6E-03)

0.5
(4.5E-02)

Top (T)
FST

93
(12)

51
(3)

286
(10)

6.6
(0.3)

0.2
(8.2E-02)

0.4
(0.1)

3
(0.2)

2.3
(0.1)

0.3
(0.1)

0.4
(0.4)

0.5
(8.8E-02)

1.1E-02
(1.2E-03)

0.4
(2.8E-02)

Upper Middle
(UM) FSUM

60
(5)

47
(2)

302
(11)

6.3
(0.2)

0.3
(1.1E-02)

2.0
(0.7)

16
(1.3)

2.2
(0.1)

1.5
(0.2)

5.1
(0.5)

0.6
(9.4E-02)

3.8E-02
(4.6E-03)

0.4
(2.8E-02)

Lower Middle
(LM) FSLM

76
(23)

56
(4)

306
(28)

7.5
(0.9)

0.3
(1.9E-02)

1.0
(0.6)

8
(0.8)

2.4
(0.7)

0.8
(0.3)

2.2
(0.6)

0.4
(1.0E-01)

2.3E-02
(4.7E-03)

0.5
(4.1E-02)

Bottom (B)
FSB

66
(22)

56
(10)

321
(31)

8.2
(0.7)

0.2
(1.8E-02)

1.0
(0.2)

6
(0.5)

2.4
(0.7)

0.9
(0.3)

1.5
(0.3)

0.4
(6.0E-02)

2.3E-02
(2.6E-03)

0.5
(4.2E-02)

Top (T)
CGT

90
(23)

64
(3)

287
(25)

8.5
(0.4)

0.1
(4.4E-02)

0.7
(0.5)

2
(0.6)

2.3
(0.3)

0.7
(0.2)

0.5
(0.2)

0.5
(2.1E-01)

1.9E-02
(5.2E-03)

0.5
(1.3E-02)

Upper Middle
(UM) CGM

82
(27)

65
(5)

295
(33)

8.2
(0.3)

0.1
(3.3E-02)

1.3
(0.8)

2
(0.2)

2.7
(0.6)

1.1
(0.5)

0.4
(0.2)

0.5
(1.2E-01)

1.7E-02
(2.7E-03)

0.5
(1.5E-02)

Bottom (B)
CGB

94
(23)

63
(6)

278
(26)

8.8
(0.5)

0.2
(6.9E-02)

1.3
(0.8)

2
(0.4)

3.2
(0.5)

1.1
(0.8)

0.4
(0.2)

0.5
(2.4E-01)

1.7E-02
(6.2E-03)

0.6
(4.3E-02)

Top (T)
CST

70
(17)

49
(3)

316
(19)

6.2
(0.8)

0.4
(6.9E-02)

2.3
(1.4)

18
(3.6)

3.8
(1.1)

0.8
(0.3)

3.6
(0.8)

0.4
(2.3E-01)

3.2E-02
(7.7E-03)

0.4
(3.5E-02)

Upper Middle
(UM) CSM

65
(2)

44
(1)

321
(2)

5.5
(0.1)

0.5
(1.7E-02)

2.6
(0.1)

26
(1.2)

3.2
(0.3)

0.8
(0.1)

5.9
(0.3)

0.5
(7.9E-02)

4.6E-02
(1.3E-03)

0.4
(1.0E-02)

Bottom
(B) CSB

69
(21)

54
(1)

315
(22)

7.3
(1.2)

0.3
(3.7E-02)

1.2
(0.4)

14
(2.2)

3.0
(0.9)

1.0
(0.4)

2.8
(0.6)

0.6
(3.3E-01)

2.1E-02
(3.8E-03)

0.5
(3.3E-02)

Table S3.4. Granulometry (Average % (SD) of total texture) and mineralogy content (% of total minerals) for the different positions along the slope. For the
mineralogy analysis only samples at 20-30 and 55-65 depths were analyzed. ꜝSample CGB_5565 was not analyzed due to the scarce of sample remaining. In the
case of FG slope, instead of the bottom position, upper middle position was selected in order to avoid repeatability with the bottom of FS. Matrix consists on a
mixture of sanidine, goethite, hematite, gibbsite, smectite, vermiculite and illite. *Values below 5% might not be reliable due to the limitations of the quantifying
method.

Gentle (G)
Steep (S)
Gentle (G)
Steep (S)

Cropland (C)

Forest (F)

Granulometry

Mineralogy*

% sand

% silt

% clay

% quartz

% cristobalite

% halloysite

% kaolinite

% matrix

Top (T) - FGT

14 (5)

70 (3)

15 (4)

55

0-3

18 - 25

14 - 16

4 - 10

Upper Middle (UM) - FGUM

15 (8)

67 (5)

18 (4)

51 - 66

0–5

12 - 17

11 - 27

5-6

Lower Middle (LM) - FGLM

14 (4)

69 (3)

17 (2)

Bottom (B) - FGB

9 (2)

73 (4)

18 (4)

Top (T) - FST

13 (4)

70 (3)

16 (1)

54 - 66

1–3

15 - 26

13

4–5

Upper Middle (UM) - FSUM

22 (1)

68 (1)

10 (1)

Lower Middle (LM) - FSLM

15 (2)

67 (3)

18 (2)

Bottom (B) - FSB

9 (5)

73 (4)

18 (2)

63 - 79

0

7 - 16

0 - 15

6 - 14

Top (T) - CGT

18 (4)

64 (6)

18 (6)

38 - 60

5–6

19 - 20

8 - 19

9 - 17

Upper Middle (UM) - CGM

16 (5)

60 (3)

25 (4)

Bottom (B) - CGB

18 (8)

57 (4)

25 (5)

58ꜝ

8ꜝ

10ꜝ

11ꜝ

13ꜝ

Top (T) - CST

21 (6)

61 (6)

17 (2)

45 - 61

2

4–8

14 - 19

19 - 27

Upper Middle (UM) - CSM

43 (7)

45 (5)

13 (2)

Bottom (B) - CSB

19 (3)

62 (2)

19 (2)

52 - 61

1

4–5

7 - 18

24 - 27

Table S3.5. Biogenic and non-biogenic AlkExSi pools (kg Si m-2). ꜝpools interpolated
Position

FGT

FGUM

FGLM

162

Depth

Biogenic

Non-biogenic

0 - 10

3.23

10 - 20

Position

Depth

Biogenic

Non-biogenic

0.00

130 - 140

5.14

0.00

2.84

0.00

140 - 150ꜝ

4.07

0.61

20 - 30

1.24

0.00

150 - 160ꜝ

3.02

1.20

30 - 40

2.33

0.00

160 - 170ꜝ

1.99

1.78

40 - 50

0.00

1.05

170 - 180ꜝ

0.98

2.35

50 - 55ꜝ

0.81

0.24

180 - 190

0.00

2.90

55 - 65

2.88

0.00

0 - 10

2.04

0.00

65 - 75ꜝ

2.39

0.01

10 - 20

1.51

0.00

75 - 85

1.90

0.02

20 - 30

1.57

0.00

0 - 10

1.63

0.00

30 - 40

0.74

0.00

10 - 20

0.00

1.89

40 - 50

0.97

0.63

20 - 30

0.00

1.37

50 - 55ꜝ

0.84

0.36

30 - 40

0.00

1.35

55 - 65

2.38

0.83

40 - 50

0.00

1.48

65 - 75ꜝ

2.67

0.42

50 - 55ꜝ

0.00

0.84

75 - 85

2.98

0.00

55 - 65

0.00

1.81

85 - 95ꜝ

2.51

0.77

65 - 75ꜝ

0.00

0.00

95 - 105

2.05

1.55

FSLM

FSB

75 - 85

0.00

2.72

105 - 115ꜝ

1.61

1.63

85 - 95ꜝ

0.94

2.24

115 - 125ꜝ

1.15

1.71

95 - 105

2.01

1.67

125 - 130ꜝ

0.40

0.88

105 - 115ꜝ

2.25

1.23

130 - 140

0.44

1.83

115 - 125ꜝ

2.49

0.80

140 - 150ꜝ

0.36

1.86

125 - 130ꜝ

1.34

0.24

150 - 160ꜝ

0.27

1.90

130 - 140

2.86

0.14

160 - 170ꜝ

0.18

1.94

140 - 150ꜝ

2.31

0.38

170 - 180ꜝ

0.09

1.97

150 - 160ꜝ

1.75

0.62

180 - 190

0.00

2.01

160 - 170ꜝ

1.17

0.87

0 - 10

0.00

0.04

170 - 180ꜝ

0.59

1.12

10 - 20

2.74

0.02

180 - 190

0.00

1.37

20 - 30

0.00

4.53

0 - 10

1.08

0.01

30 - 40

3.66

0.00

10 - 20

0.73

0.00

40 - 50

6.06

0.31

20 - 30

0.00

1.19

50 - 55ꜝ

2.78

0.09

30 - 40

0.00

0.93

55 - 65

5.09

0.05

40 - 50

1.23

0.00

65 - 75ꜝ

2.67

0.20

50 - 55ꜝ

0.71

0.00

75 - 85

0.00

0.36

55 - 65

1.64

0.00

85 - 95ꜝ

0.00

1.74
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FGB

FST

FSUM

FSLM

65 - 75ꜝ

0.84

0.85

95 - 105

0.00

3.18

75 - 85

0.00

1.74

105 - 115ꜝ

0.83

2.29

85 - 95ꜝ

1.13

0.92

115 - 125ꜝ

1.66

1.40

95 - 105

2.38

0.00

125 - 130ꜝ

2.29

0.73

105 - 115ꜝ

1.75

0.55

130 - 140

2.92

0.05

115 - 125ꜝ

1.08

1.13

0 - 10

0.09

0.00

125 - 130ꜝ

0.27

0.79

10 - 20

0.12

0.00

130 - 140

0.00

2.06

20 - 30

0.00

0.06

0 - 10

1.60

0.00

30 - 40

0.00

0.45

10 - 20

1.39

0.00

40 - 50

0.00

4.99

20 - 30

0.58

0.02

50 - 55ꜝ

0.00

1.59

30 - 40

1.20

0.00

55 - 65

0.00

1.41

40 - 50

0.00

1.20

0 - 10

0.00

0.00

50 - 55ꜝ

0.00

0.69

10 - 20

0.00

2.22

55 - 65

0.00

1.52

20 - 30

0.00

0.70

65 - 75ꜝ

0.00

1.62

30 - 40

0.00

1.24

75 - 85

0.00

1.73

40 - 50

0.00

1.01

85 - 95ꜝ

0.67

0.86

50 - 55ꜝ

0.00

1.10

95 - 105

1.34

0.00

55 - 65

0.00

3.38

0 - 10

0.00

2.57

65 - 75ꜝ

1.35

1.70

10 - 20

4.08

0.00

75 - 85

2.69

0.02

20 - 30

0.00

4.10

85 - 95ꜝ

1.35

1.56

30 - 40

0.00

4.42

95 - 105

0.00

3.09

40 - 50

0.00

3.36

0 - 10

1.16

0.00

50 - 55ꜝ

0.00

1.87

10 - 20

1.26

0.00

CGUM

CGB

55 - 65

0.00

4.12

20 - 30

0.00

0.00

65 - 75ꜝ

1.21

2.13

30 - 40

0.00

0.17

75 - 85

2.50

0.00

40 - 50

0.60

0.00

85 - 95ꜝ

1.27

2.80

50 - 55ꜝ

0.15

0.34

95 - 105

0.00

5.67

55 - 65

0.00

1.31

0 - 10

3.49

0.00

65 - 75ꜝ

0.61

0.72

10 - 20

3.49

0.00

75 - 85

1.31

0.00

20 - 30

0.00

1.24

85 - 95ꜝ

1.24

0.24

30 - 40

0.00

2.74

95 - 105

1.18

0.47

0 - 10

1.72

0.00

0 - 10

0.00

0.54

10 - 20

0.00

0.49

10 - 20

0.00

0.39

20 - 30

0.00

1.17

20 - 30

0.43

0.00

30 - 40

0.00

0.61

0 - 10

0.99

0.28

CST

CSM
CSB
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40 - 50

0.00

0.80

10 - 20

0.74

0.00

50 - 55ꜝ

0.00

0.79

20 - 30

1.08

0.12

55 - 65

0.00

2.31

30 - 40

0.80

0.00

65 - 75ꜝ

0.00

1.97

40 - 50

1.72

0.23

75 - 85

0.00

1.56

50 - 55ꜝ

0.89

0.05

85 - 95ꜝ

0.47

1.92

55 - 65

1.80

0.00

95 - 105

0.94

2.28

65 - 75ꜝ

1.95

0.02

105 - 115ꜝ

2.09

1.66

75 - 85

2.11

0.05

115 - 125ꜝ

3.28

1.01

85 - 95ꜝ

1.95

0.03

125 - 130ꜝ

2.10

0.26

95 - 105

1.79

0.00
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Chapter 5
Hippos (Hippopotamus amphibius): the animal silica pump
Schoelynck, J., Subalusky, A. L., Struyf, E., Dutton, C. L., Unzué-Belmonte, D., Van de Vijver,
B., Post, D. M., Rosi, E. J., Meire, P. and Frings, P., 2017. In prep.
1. Introduction to the silica cycle

Animals play an important role in the distribution of resources across
landscapes, because of their capacity to ingest large quantities of food in a
different location to that in which they egest, excrete, or die (Bauer and Hoye,
2014; Doughty et al., 2016). This resource translocation has important effects
on carbon and nutrient cycling, ecosystem productivity and food web
structure in both the source and recipient ecosystems (Bakker et al., 2016;
Schmitz et al., 2014). Lateral phosphorous transport in the Amazon basin
dropped by 98 % following late-Pleistocene megafauna extinctions (Doughty
et al., 2013). Studies of animals predominantly focused on the biogeochemical
cycles of major nutrients, but animals also move other elements that are
essential to biological processes, such as Si. Although our understanding of
the biogeochemical Si cycle, and the strong biotic control on global Si fluxes,
has evolved dramatically over the past decades, we have yet to integrate the
potential role of large fauna into this cycle.
The scientific understanding of the Si cycle has progressed from
conceptualizing it as almost purely driven by geological processes, to a much
more nuanced understanding that includes biological transformation and
cycling. Mineral weathering is the ultimate source of all dissolved Si (DSi) in
rivers and the oceans, but biota in terrestrial ecosystems typically control an
important portion of continental Si fluxes (Struyf and Conley, 2012). Studies
in various ecosystems demonstrate that vegetation increases the retention
time of Si as it moves from the land towards the rivers and ultimately the
ocean (see Schoelynck et al., (2013) for a review). Plants take up weathered
Si from the soil and accumulate it in amorphous biogenic silica (BSi). When
plants die and decompose, a large BSi stock is built up in ecosystem soils, and

165

its persistence, transformation into secondary Si-pools, and stability exerts a
strong control on continental Si export (Struyf and Conley, 2012).
Quantifying Si export from land to water is crucial for understanding lake
and coastal biogeochemistry (Carey and Fulweiler, 2012). Diatoms
(Bacillariophyta) – that utilize biologically available silica from the water to
form their frustrules – are predominant contributors to global carbon
fixation, carrying out about 20 % of photosynthesis on Earth (Armbrust,
2009). Si limitation can put a strong constraint on their production (MartinJezequel et al., 2000). Multiple studies highlight how the East African Lakes
depend on riverine Si input to maintain their high productivity, as diatoms
dominate the base of the food web (e.g. Lake Victoria (Cockerton et al., 2015;
Johnson et al., 1998), Lake Albert (Cockerton et al., 2015), Lake Malawi
(Bootsma et al., 2003), Lake Tanganyika (Kilham, 1971). If riverine Si delivery
to the lakes is reduced, this could induce algal community shifts with knockon effects on the food web structure and human wellbeing in that region
(Verschuren et al., 2002).
2. Maasai Mara hippo study

The common hippopotamus (Hippopotamus amphibius L. 1758, hereafter
‘hippo’) attracts attention when considering Si mobility in the East African
Lakes area, due to its unique feeding patterns. Hippos are semi-aquatic and
have a diel activity pattern: hippos feed in savannah grasslands at night, and
typically rest communally in wallowed out river meanders during the day.
Hippos contribute large amounts of C, N and P to aquatic systems through
these grazing and movement patterns, by egesting 2.1 - 4.0 kg (dry mass) per
day (Subalusky et al., 2015). The accompanying, yet unknown, transfer of Si
(both in the form of fecal BSi, and DSi dissolved out of the faeces in
suspension) could therefore bypass the cycling of Si in soils, where re-uptake
of DSi by plants or precipitation of DSi as authigenic (alumino-)silicate phases
greatly slows Si export (Struyf and Conley, 2012). This process is analogous
to the loss of BSi from soils via crop harvest, inducing soil Si depletion
(Vandevenne et al., 2012, 2015a). In contrast however to the large amounts
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of harvested BSi from crops that are potentially lost to biological cycling on
longer time scales and stored in the anthroposphere (Vandevenne et al.,
2012), the BSi consumed by hippos is largely transported directly to the river
and becomes readily available for downstream primary producers: a land-toriver Si pump driven by animals.
Hippo population density in the Maasai Mara National Reserve (MMNR)
reaches 36 hippos per km river (Kenyan side), which is the largest population
density of hippos on the African continent and represents 3 % of the global
population (Kanga et al., 2011). We quantified dissolved and biogenic Si
(solid phases) in river water, pore water, grass, hippo faeces, suspended
matter, river sediment and savannah soil along a transect on the Mara River
and its main tributaries in the dry season of 2014 (see map in Figure 5.1 in
supplementary online material (SOM)). BSi was analysed using a novel
method that allows to separate BSi from other alkaline extractable Si phases,
which is essential in a volcanically imprinted environment such as the MMNR
(Clymans et al., (2015); see SOM for specific methodical details). The Si
isotopic composition of a subset of BSi samples was determined by MC-ICPMS after Si extraction and purification. Values are expressed in per mil as
30Si and an isotope mass-balance model was created (see SOM for specific
methodical details). BSi particles were visually inspected via light microscopy
to identify their origin. Finally, dissolution rates of various solid phases were
determined in a series of batch dissolution experiments.
3. Fluxes and mass-balance of Si

At the time of sampling, daily fluxes of DSi and BSi through the Mara River
were up to 2.4 t of BSi and 7.9 t DSi (Figure 5.1). Along the sampling
gradient, BSi flux gradually increased. In situ diatom production can be
excluded as a cause, as very few diatom frustules or chrysophyte
stomatocysts (1 - 2 % of total BSi particle count) were found in suspended
matter or in the sediment (Figure 5.2 and S5.6), contrary to observations
made in other African rivers (e.g. Congo River (Descy et al., 2017; Hughes et
al., 2011)). BSi in the Mara River suspended matter and sediment samples
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consisted almost entirely of phytoliths or phytolith remains, confirming its
terrestrial origin (Cary et al., 2005). MMNR grass has high BSi concentrations
(average 1.8 % of plant dry weight, Table S5.1), and BSi concentrations are
further elevated in hippo faeces (average 4.1 % of faeces dry weight, Table
S5.1). Increasing concentration in temperate domestic grazer faeces was
related to the digestion of organic matter in the digestive tract, consequently
increasing BSi concentrations (Vandevenne et al., 2013). The flux of grass BSi
through the hippos towards the river is large: the daily loading directly into
the river by excretion and egestion of the hippo population equals 8.6 - 16.4 t
DM of faeces, which renders a flux of 0.4 - 0.7 t day-1 of BSi into the river
(Subalusky et al., 2015).
This estimated direct BSi influx to the river through hippos (based on the
estimate of 0.4 - 0.7 t hippo BSi egestions day-1) accounts only for 40 - 70 % of
the increase in BSi flux from the most upstream sample site to the most
downstream site (Figure S5.1). The remaining 30 - 60 % is likely attributed
to resuspension of bed material (Dutton et al., 2013), alternative inputs (e.g.
dust) and indirect inputs (e.g. hippo faeces on the banks close to the river).
This corroborates the high-resolution monitoring of a hippo pool over a 24hour period: over a 250 m stretch with up to 80 hippos present, river BSi
concentrations doubled relative to upstream values (Figure S5.3). This was
solely attributed to fresh egestion by the animals, and stirring up of bed and
bank material. A detailed balance (see below) shows that the direct BSi influx
through hippos accounts for more than 80 % of the increase in total Si flux
(BSi + DSi) from up- to downstream.
While DSi concentrations were identical above and below the hippo pool
(Figure S5.3), the total DSi flux decreased by ca. 7 % towards the end of the
sampling gradient (Figure S5.1; Table S5.1). This suggests there is a slight
net retention of DSi within the Mara River. δ30Si values of river DSi fluctuate,
with a net increase of ca. 0.17 ‰ over the entire study reach (Figure S5.4).
This behavior is not compatible with the small DSi removal required by the
mass-balance: fractionations associated with e.g. biogenic uptake or
authigenic clay formation resulting in a 7 % load reduction, are too small to
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have such an impact. Additionally, there is a positive correlation between the
flux of Si and δ30Si of the DSi at individual sampling points, counter to that
observed in other large river studies (Frings et al., 2016). This implies
competing processes with counteracting isotopic impacts.

Figure S5.1. Conservative Si mass balance of the Mara River. Upstream influx and downstream efflux is
calculated by multiplying DSi and BSi concentrations at site 1 and 10 (Table S5.1) with a 10-day
averaged discharge at both locations, respectively. The lateral influx by hippo egestion is calculated by
multiplying the average BSi concentration in faeces (Table S5.1) with the amount of faeces deposited
(8.6 t DM day-1 (Subalusky et al., 2015)). Average BSi concentration in grass (Table S5.1) is multiplied
with the amount of grass eaten (42.0 t DM day-1 (Subalusky et al., 2015)) to calculate the uptake of BSi
by grazing. The difference between uptake and egestion in the water is the egestion on land. The
difference between BSi flux upstream and downstream is the BSi that is added to the water in the
MMNR. Hippos directly contribute at least ~40 % to this BSi, ~60 % comes indirectly from
resuspension of old hippo faeces in the sediment. BSi dissolution and clay mineral formation are
calculated using a Si isotope mass-balance model (see SOM). Total Si transport (DSi + BSi) increases
with 0.5 kg Si from upstream to downstream, which is attributed over 80 % to daily hippo egestion in
water.
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Figure S5.2. Dumbbell-shaped phytoliths (indicated with white arrow). These phytoliths were found in
grass (A), hippo faeces (B) and suspended matter and sediment (C). Phytoliths account for 98 – 99 % of
total biogenic silica particle counts in suspended matter and sediment samples (see also Figure S5.6
for more different pictures).

Figure S5.3. Change in DSi (A) and BSi (B) concentrations after river water has passed through a hippo
pool. Duration = 24 hours, length of reach = 250 m, up to 80 hippos were present.

Figure S5.4. 30Si values (in ‰ relative to NBS28) of different ecosystem compartments. Closed
symbols are from in and around the Mara River, open symbols are from the main tributaries. Each
compartment of the terrestrial-aquatic Si-supply chain had a relatively narrow range of 30Si values.
Mean values (1σ) in grass (-0.42  0.89 ‰), hippo faeces (-0.52  0.71 ‰) and suspended matter (-
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0.04  0.35 ‰) are in close agreement with each other, although suspended matter is somewhat
higher. 30Si values in sediment (0.93  0.43 ‰), river water DSi (1.30  0.24 ‰), savannah soil (1.83 
0.08) and pore water DSi (1.84  0.33 ‰) are higher, with savannah soil and pore water clearly distinct
from river water and sediment.

To quantify Si processing in more detail in the MMNR, a simple massbalance of the system was used, constrained by the isotopic signatures (see
details in SOM). Together with a Monte Carlo approach to propagate the
uncertainties, this analysis suggests that two processes acting in unison can
explain the observations: one removes Si from solution, while the second
adds Si at approximately the same rate. Schematically, we refer to these
processes as ‘clay mineral formation’ and ‘BSi dissolution’, respectively
(Figure S5.1), though we recognize a suite of other processes could be
contributing. The mass balance predicts that cumulatively, over the course of
the entire study reach, ca. 5.2 t Si day-1 is solubilised from phytoliths in the
channel or riparian zone, whereas 5.8 t Si day-1 is precipitated into secondary
clays. This 0.6 t of Si difference is lost from the system as clay minerals;
entrainment of secondary clays into the river suspended load probably does
not alter their stability against dissolution. This magnitude is similar to the
amount of presumed resuspension (see above). The balance in internal
processes explains (i) why direct hippo inputs account for more than 80 % of
the increase in total Si flux from up- to downstream, and also provides a
novel and internally consistent explanation for (ii) the high δ30Si, high [Si] in
porewaters and (iii) the positive co-variation between DSi flux and δ30Si of
the DSi.
This Si cycling balance requires the assumption of an ‘infinitely’ large
sediment BSi stock from which (i) BSi may resuspend and (ii) phytoliths may
dissolve and precipitate into clays. Notwithstanding the sediment layer can
be quite thick (pers. obs.), a more likely explanation is that sedimentation and
resuspension dynamics are spatially and seasonally (and even day-to-day)
strongly variable, and depend on fluctuations in flow velocity in the river.
During periods of slow flow and low turbulence hippos oversaturate the river
with faeces, and the sediment BSi stock is replenished. During periods of fast
flow and high turbulence, BSi is resuspended. To our knowledge, there is no
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other study yet showing a similar impact of phytoliths on internal Si cycling
in rivers, which highlights the uniqueness of the hippo as a land-to-river Si
pump.
4. Isotope fractionation

The Si cycle in the MMNR is particularly dynamic and the observed
riverine Si fluxes are at or near a dynamic equilibrium. Individual Si isotope
values, dissolution kinetics and continuous Si analyses of the various types of
samples justify the assumptions made in the proposed mass balance.
Biological Si uptake, secondary abiotic Si precipitation and DSi release
through weathering all discriminate against the heavier Si isotopes. The
increase in 30Si of residual DSi therefore reflects processes that remove Si
from solution. Grass had the lowest 30Si in the MMNR: plants discriminate
against

30Si

during Si uptake (Opfergelt et al., 2006). The amount of Si

retained in an animal after ingestion of plants is negligible (Jones and
Handreck, 1967), and this is reflected in the identical 30Si of grass and
faeces. Grass 30Si values showed considerable variability along the river
transect, which could be related to variable plant rooting depth (i.e. DSi
source), plant age and grazing intensity (affecting the age of sampled
material). However, the exact mechanism at work here goes beyond the
scope of this study, but this pattern warrants further future investigation.
Given the significant contribution of hippo faeces to the total BSi flux in the
river, one could expect that 30Si of suspended matter simply reflects 30Si of
faeces and grass. However, while it falls within the variability observed for
grass and faeces samples, it tends to show lower variability, assumed to
result from weighted mixture of different sources. The continuous Si analysis
confirmed that almost all of the alkaline reactive Si in suspended matter was
of biological origin (Table S5.1). A small alkaline-extractable fraction of nonbiological origin (found at sites 3, 4 and 10) likely originates from erosion of
the savannah soil, where similar fractions are found (Table S5.1).
Partial dissolution of faeces with an associated isotope fractionation that
leaves the residual BSi enriched in 30Si may also be an important process. It is
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clear from the dissolution kinetics that the rate of Si dissolving from faeces in
water decreases with the age of the faeces (Figure S5.5). A kinetic
fractionation should favor the transfer of lighter isotopes to solution, leaving
the residual faeces with a relatively higher 30Si value (Demarest et al., 2009).
This corroborates the 30Si value of faeces of different ages: fresh faeces (0.52 ‰) has a lighter signature than old faeces (0.20‰), though the
assumption of a shared initial value is hard to verify.

Figure S5.5. Dissolution of reactive Si in samples of different river compartments after exposure to rain
water during 24 h (1440 min). Results are expressed as % of the total reactive Si in the samples (BSi in
grass and faeces, and AlkExSi determined with the continuous analysis method (Barão et al., 2014)),
and are plotted as mean values (symbols) with standard deviations (error bars; n = 5). Series are fresh
faeces (order of hours old), dried faeces (order of days old), old faeces (order of weeks old), grass,
sediment, savannah soil. Blank rain water samples were also incubated and sampled per time step and
remained unaltered (not shown in this plot). The first 60 min of the dissolution experiment are
visualised in detail in a smaller inset graph.

Sediment BSi 30Si values are considerably higher than the suspended
matter it derives from. This sediment is likely a mixture of relatively slow
dissolving old faeces with lower 30Si values (but higher than fresh faeces
values which make up the majority in suspended matter), and relatively
quickly dissolving savannah soil particles (Figure S5.5) with higher 30Si.
This mixture of material with different dissolution kinetics and consequently
different 30Si values can explain the generally high 30Si values in the
sediment.
The formation of secondary mineral phases in the sediment in turn can
explain the high pore water 30Si. In general, secondary phase formation is
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characterised by a fractionation that leaves the heavier isotopes in the
residual solution (Oelze et al., 2014). Other processes might also contribute
to the high pore water 30Si values. Dissolution of savannah soil particles in
the sediment (with similarly high 30Si values as in pore water; Figure S5.4)
may push pore water values even higher.
5. How would the Mara ecosystem look like without hippos?

We conclude that hippos play a key role in silica cycling as a terrestrialaquatic pump, contributing more than 80 % to the increased total Si flux
along the Mara River. Unintended downstream repercussions to Lake Victoria
and other Rift Valley lake ecology are possible if hippos are removed from the
savannah ecosystem. A substantial part of the silica is transported
downstream into Tanzania and potentially further into Lake Victoria. Most
rivers draining into Lake Victoria however, have been cleared of hippo
populations, which are currently confined to the mouths of major rivers and
littoral areas around the lake (Masese and McClain, 2012). Throughout Africa,
hippo populations have decreased by 7 – 20 % from 1996 – 2004 and are
expected to decrease by a further 30 % over the next 3 generations (Lewison
et al., 2008) following global defaunation trends (McCauley et al., 2015).
If all hippos in the Mara river disappeared and the direct input of BSi
ceased, we could expect a 10 % reduction in total Si transport compared to
the current situation. This is a rough but conservative estimate based on the
mass balance of Figure S5.1, assuming similar magnitudes of DSi
precipitation. This reduction can be enough to further limit diatom growth in
Lake Victoria where increased N:Si and P:Si ratios have caused a
phytoplankton transition to year-round dominance by cyanobacteria since in
the late 1980s (Verschuren et al., 1998), and the diversity of planktonic
diatom communities has declined dramatically (Stager et al., 2009). Similar
transitions have been documented for other Rift Valley Lakes too where
mostly climate change and changing N and P concentrations due to
intensified human activity in the watershed are pointed as main cause (e.g.
Lake Tanganyika (Tierney et al., 2010)). Yet a decreased Si flux to the lakes
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can also be part of the problem. It cannot be excluded that the decimation of
the hippo population over the past decades has contributed to this decreased
Si flux to the lakes. This might be especially true for regions where the
lithology of the catchment delivers a lower basal Si concentration in the
water than it is the case for the volcanic lithology of the Mara river basin (e.g.
3 times lower in the Congo river (Hughes et al., 2011)).
River turbidity could also decrease in the absence of hippos, creating an
opportunity for diatom growth in the river, which has the capacity to
decrease the DSi flux even further. To complicate matters, BSi dynamics in
the savannah ecosystem could substantially change, as the grassland would
transform from a system where BSi is continuously removed through grazing,
to a system with the potential for strong internal recycling of BSi and higher
within-soil retention of Si (potentially reducing Si fluxes even more). Similar
conclusions have previously been made in the Okavango Delta, a subtropical
flood-pulse wetland in northern Botswana (Frings et al., 2014b; Struyf et al.,
2015).
To our knowledge, there is no other study yet showing a similar impact of
grazers on the flux of Si from land to the rivers and ultimately to the receiving
big lakes (in casu Lake Victoria). A decimation of the hippo population can
cause a reduced Si flux to these lakes which depend greatly on fresh Si influx
from rivers to maintain their high productivity and a diatom dominated
phytoplankton community which is essential for the lakes’ ecosystem.

Supplementary material to “Hippos (Hippopotamus amphibius): the animal
silica pump”.
Field site description

The Mara River (Kenya-Tanzania) has a long-year average discharge of
12.5 m3s-1 at the Kenya-Tanzania border, and contributes about 5 % of the
volume of water flowing into Lake Victoria (Masese and McClain, 2012). The
Lake Victoria basin is of environmental and biodiversity conservation
175

interest, particularly the Maasai Mara-Serengeti ecosystem (Dobson et al.,
2010). While hippo populations have declined strongly across the African
continent due to hunting and terrestrial and aquatic habitat degradation
(Zisadza et al., 2010), local densities can still be high. Hippo densities in the
Mara River (Kenyan side) reach 36 hippos per km river (Kenyan side), which
is the largest single population on the African continent and represents 3 %
of the total population (Kanga et al., 2011).
This study was undertaken in the Maasai Mara National Reserve (MMNR)
in SW-Kenya. Local soils are Versitols, high in clay content and dark in colour
(Mati et al., 2008). This region has generally bimodal rainy seasons, with
short rains from Oct.-Dec. and long rains from March-May (McClain et al.,
2014). Ten main field sites were selected on the Mara River based on their
accessibility and equal distribution along the river (see map in Figure 5.1).
The most upstream site 1 lies just outside MMNR, and has almost no hippo
activity. Once in the privately managed wildlife conservancies (boundary
between sites 1 and 2), hippo densities rise abruptly (Kanga et al., 2011). Site
10 is the most downstream site, just before the Tanzanian border. Three
additional sites were selected on the main tributaries of the river Mara. Sites
on the Amala and Nyangores lie upstream in urban areas (no wild animals)
while the site on the Talek lies between sites 8 and 9 in the MMNR and is
inhabited by hippos. All sites were sampled during the dry season (Feb.
2014), when a 10-day average discharge was 5.3 m3s-1 upstream (site 1) and
5.4 m3s-1 downstream (site 10).
Sampling protocols

River discharge was measured upstream (site 1) and downstream (site 10)
using depth transducers at rated cross sections. At site 1, stage height was
measured every 15 minutes using a RuggedTroll 100 pressure transducer
that was corrected for atmospheric pressure changes (In-Situ Inc., Fort
Collins, CO, USA). At site 10, stage height was measured every 15 minutes
with a pressure transducer connected to a Eureka Manta2 sonde (Eureka
Water Probes, Austin, TX, USA). Rating curves were developed at both sites
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by measuring discharge using the area-velocity method on multiple occasions
in 2011 and 2014 using either a handheld staff gauge or weighted measuring
tape for depth and velocimeter for velocity, or a HydroSurveyor (SonTek, San
Diego, CA, USA). Stage height was converted to discharge using a rating curve
developed for each site. Discharge measurements were averaged over a 10day period prior to our sampling campaign.
River water was sampled at all 10 river sites and at all 3 tributary sites.
Water quality parameters including temperature (°C), pH, EC (µS cm-1), O2 (%
and mg L-1) and salinity (PSU), were monitored with a Eureka Manta2 sonde
(Eureka Water Probes, Austin, TX, USA). Total suspended sediments (TSS in
mg L-1) was measured by filtering water samples through pre-weighed filter
papers. A plastic syringe was used and samples were filtered through 0.45
µm nitrocellulose Chromafil syringe filters (A-45/25) into sample bottles and
stored cool (4°C) until analysis for DSi concentration (mg L-1) and DSi 30Si
values.
Suspended matter was sampled at all 10 river sites and at all 3 tributary
sites. Water samples of known volume (50 mL) were filtered over
nitrocellulose filters with pore size 0.45 µm (Porafil Membranfilter,
Macherey-Nagel, Düren, Germany). Filters were dried for 72 h at 70 °C and
analysed for BSi concentration in the river (in mg L-1 water). To analyze the
quality of the BSi (in mg g-1 suspended matter) and 30Si values, extra
samples (~20 L) were taken at the same locations. Particles could settle for
48 h after which overlaying water was removed and the remaining slurry was
dried at 70 °C for 72 h. Too few material could be sampled from the
Nyangores site to do a BSi (mg g-1) analysis.
Pore water was sampled at river sites 1, 2, 3, 5, 6, 7 and 10 (not on sites 4,
8 and 9 and not at tributary sites). Three standard rhizons (Rhizosphere
Research Products, Wageningen, The Netherlands) were inserted 10 cm deep
into the sediment (no overlaying water present), and vacuum force was
implemented using a standard plastic syringe of 50 mL. The water
accumulated over a period of 15 min was then pooled into 1 sample for each
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site, filtered through 0.45 µm nitrocellulose Chromafil syringe filters (A45/25) into sample bottles and stored cool (4°C) until analysis for DSi
concentration (mg L-1) and DSi 30Si values (no analysis for site 5).
Sediment was sampled at all 10 river sites. Cores (20 cm long and 28 mm
in diameter) were sampled per site using a hammer auger with a removable
plastic lining (Eijkelkamp 04.15.SA Foil sampler, Giesbeek, The Netherlands).
Immediately after sampling, each core was sub-sectioned into 6 slices, with
intervals at each 2 cm in the top 10 cm of the core, and the 6th slice containing
the rest of the core. All slices were packed in vacuum plastic bags and stored
cool (4 °C) on return to the laboratory. Samples were dried for 72 h at 70 °C
and homogenised by manual grinding before analysis. BSi concentration (mg
g-1) was determined in slices 1 (0 to -2 cm), 3 (-4 to -6 cm) and 5 (-8 to 10cm). BSi 30Si values were determined on all slices.
Grass and hippo faeces were sampled at all 10 river sites, and at tributaries
Amala and Nyangores (not at Talek). Monospecific stands of the dominating
Cynodon dactylon (L.) Pers. grass species was selected on the hippo grazing
lawns flanking the different sites. These lawns are areas relatively close to the
river that are frequently grazed by hippos (Field, 1970). One sample per site
was cut in a quadrant of 60  60 cm. Hippo faeces (if present) was sampled as
close as possible to the grass plot. An ad hoc grab sample was taken from
faeces that visibly appeared to be fresh (still moist, uncontaminated with
dust). Grass and faeces samples were dried for 72 h at 70 °C and mechanically
ground before analysis for BSi concentration (mg g-1) and BSi 30Si values.
One hippo pool was selected on the Mara River between sites 7 and 8 (see
map in Figure 5.1). The hippo pool is a local aggregation of hippos that
remain in their territory. Automatic water samplers (3700C Compact
Portable Sampler, Teledyne Isco, Lincoln, NE, USA) were placed upstream and
downstream of this hippo pool and programmed to collect 1 sample per hour
for a 24-hour period (18-2-2014 11.00am till 19-2-2014 11.00am). Samples
stayed cool in the samplers during this period and weather and river
hydraulic conditions remained stable. The distance between both samplers
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was 250 m measured along the river and a maximum of 80 hippos was
counted. Subsamples of all 48 water samples were filtered through 0.45 µm
nitrocellulose Chromafil syringe filters (A-45/25) into sample bottles and
stored cool (4°C) until analysis for DSi concentration (mg L-1). Subsamples of
50 mL were filtered over nitrocellulose filters with pore size 0.45 µm (Porafil
Membranfilter, Macherey-Nagel, Düren, Germany). Filters were dried for 72 h
at 70 °C and analysed for BSi concentration (mg L-1).
Finally, in the savannah grassland three random plots were sampled in
February 2014 and supplemented by three extra plots in August 2016 (see
map in Figure 5.1). These plots were roughly located near sites 2, 5, 6, 8, 9
and 10, but were not under direct influence of the river (distance >1 km
perpendicular to the river). Soil cores of the Versitol that dominates the
MMNR savannah were sampled in a similar way as the sediment cores.
Immediately after sampling, each core was sub-sectioned into 2 slices of 5
and 10 cm (2014 samples) or into 1 slice of the top 5 cm (2016 samples),
packed in vacuum plastic bags and stored cool (4 °C) on return to the
laboratory. Samples were dried for 72 h at 70 °C and homogenised by manual
grinding before analysis. BSi concentration (mg g-1) was determined on all
slices. BSi 30Si values were determined for the top slices of samples near
sites 9 and 10.
Chemical analyses protocols

All water samples (river water, pore water and from the hippo pool) were
analysed for DSi concentration on an Inductive Coupled Plasma Atomic
Emission Spectrophotometer (ICP-AES, Thermo Scientific, ICAP 6000 Series).
Grass, faeces and suspended matter sampled on filters were analysed for
BSi concentration in a classical manner. A sample of 25 mg dry matter (for
grass and faeces) or the entire filter (for suspended matter) was incubated in
25 mL 0.5 M NaOH at 80 °C for 5 h (DeMaster, 1981). The extracted and
dissolved silica was analysed colourimetrically on a segmented flow analyser
(SAN++, Skalar, Breda, The Netherlands). The extraction in 0.1 M NaOH at 80°
has been well established and tested; it is capable of fully dissolving the BSi
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from plant phytoliths at the solid-solution ratios and extraction time we
applied (Saccone et al., 2007).
Sediment, soil and suspended matter sampled by settlement are usually a
mixture of BSi and mineral Si and a classic analysis as for grass and faeces
will not distinguish between different reactive fractions. Therefore the
samples were extracted using a novel alkaline continuous extraction in NaOH,
according to the method from (Koning et al., 2002), and adapted for soils by
Barão et al., (2014). Si and Al concentrations are measured continuously and
the two dissolution curves are fitted together in a first order equation (Eq. 1
and 2).
(∑
(∑

(
(

))
))

(1)
(2)

The method distinguishes between fractions dissolving linearly (poor
reactive silica) and different fractions exhibiting a non-linear behavior
(highly reactive silica). Linear fractions are characterised by parameters b
(slope of the linear dissolution) and Si/Al (ratio of Si and Al in that fraction);
non-linear fractions are characterised by the amount of AlkExSi (Alkaline
extractable silica, in mg g-1 of sample), k (reactivity of the fraction in NaOH,
mg g-1 min-1) and Si/Al (ratio of Si and Al in that fraction). The method also
allows distinguishing between different reactive silica fractions (with kvalues > 0.1) according to their origin based on the Si/Al ratio determined by
the model: true biogenic silica (Si/Al ratio 4), silica belonging to clay
minerals (Si/Al ratio between 1 and 4), and silica absorbed by oxides (Si/Al
ratio  1). More details about the continuous alkaline extraction of silica and
aluminium method can be found in Barão et al., (2014). We present the data
of the true biogenic silica (noted as AlkExSi_BSi in Table S5.2), and the sum
of the other reactive fractions (noted as AlkExSi_non_BSi in Table S5.2). Nonreactive fractions are not shown.
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Batch dissolution experiment protocol

To mimic in situ reactivity of Si after digestion, Si dissolution from six
different samples was monitored over different time intervals in rain water
(methodology after Vandevenne et al., (2013)). The samples were: (i) fresh
hippo faeces (order of hours old, still wet when sampled), (ii) dried hippo
faeces (desiccated and visual confirmation of its presence days before
sampling), (iii) old hippo faeces (dried out and visual conformation of its
presence weeks before sampling), (iv) grass (freshly cut in pieces of 1 cm),
(v) sediment (dried and homogenised), and (vi) Versitol from the savannah
grassland (dried and homogenised). All samples came from or near site 10.
Fresh material (3 g) was put in 200 mL plastic boxes and spread out evenly
over the bottom surface (ca 40 cm2). In total, 341 boxes were prepared: five
replicates per different sample per time interval and one blank per time
interval. At the start of each experiment, all boxes were filled with 30 mL aircaptured rain water (pH: 7.18, EC: 23.5 µS cm-1 and DSi: 0.17 mg L-1).
Dissolution experiments were carried out for 24 h in a dark incubator at
20°C, subsamples were taken at 11 time intervals (2, 5, 10 and 30 min, and 1,
2, 5, 10, 15, 18, 24 h). At each time interval, 10 mL of solution was sampled
from a box and filtered through 0.45 µm nitrocellulose Chromafil syringe
filters (A-45/25) and analysed for DSi using ICP-AES. The sampled box was
not further used. Results are plotted relative to the respective reactive Si
concentration (i.e. BSi for grass and faeces, AlkExSi for sediment and soil). A
subsample of the ‘old faeces’ was also analysed for its isotopic 30Si value and
compared to the average value of fresh faeces sampled before.
Diatom and phytolith fixation protocol

The presence/absence of BSi particles (diatom frustules, chrysophyte stomatocysts
and phytoliths) was determined in suspended matter samples and uppermost 2 cm
sediment samples of sites 1, 5 and 10. Additionally faeces and grass samples were
prepared to check their phytolith contents. Samples were prepared for light
microscopy (LM) following the method described in Van der Werf, (1955). Small parts
of the sample were cleaned by adding 37 % H2O2 and heating to 80 °C for about 1 h.
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The reaction was completed by addition of KMnO4. Following digestion and
centrifugation (three times 10 minutes at 3700 g), cleaned material was diluted with
distilled water to avoid excessive concentrations of diatoms and phytoliths on the
slides. Cleaned diatom material was mounted in Naphrax®. The slides were analysed
using an Olympus BX53 microscope, equipped with Differential Interference Contrast
(Nomarski) and the Olympus UC30 Imaging System. The variation in BSi particles was
visualised (Figure S5.6) and were counted on random transects at 400x magnification
and the relative abundance of each group (diatoms, chrysophytes and phytoliths)
was determined.
Si isotope analysis protocol

A selection (n = 71) of the samples was analysed for 30Si: river water
samples of all 10 sites and the three tributary sites, pore water samples of
sites 1, 2, 3, 6, 7 and 10, suspended matter samples of all 10 sites, grass and
faeces samples of sites 3, 5, 8 and 10, sediment of sites 1, 3, 5, 8 and 10 (all
slices per core were analysed and averaged per site), and finally all
uppermost slices of 2 Versitol samples from the savannah grassland. Sample
preparation followed a standard two-step purification procedure (Frings et
al., 2014b) in which the Si was first leached or concentrated from the sample,
then chromatographically purified before introduction to the massspectrometer. In brief, water samples were precipitated as an insoluble
triethylamine silico-molybdate (‘TEA-Moly’) compound, collected after 24
hours by vacuum filtration with 0.2 μm polycarbonate filters and finally
converted to a near-pure SiO2 polymorph by volatilisation of the Mo for 12
hours in a Pt crucible at 1000 °C (De La Rocha et al., 1996). The SiO2 was then
dissolved in concentrated HF in large excess (1:100) to avoid formation of the
volatile SiF4. The Si was then separated from any residual cationic and
anionic matrix by the anion-exchange column chromatography protocol of
Engstrom, E. et al., (2006) in which Si is eluted in 0.15 M HNO3 and 5.5 mM
HF. Si concentrations in the elutant after the chromatographic separation
were assessed on a 0.5 mL aliquot by molybdate-blue colourimetry on a
SmartChem200 automated chemical analyser. Column yields for standard
samples of known purity were always greater than 95 %. The TEA-Moly
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precipitation step has previously been demonstrated to be quantitative (De
La Rocha et al., 1996) and only physical loss of Si (i.e. with no attendant
isotopic fractionation) is possible during the filtration and combustion steps.
Grass and faeces samples were first combusted at 550 °C to remove organic
matter, and the BSi content was then extracted in a 1M NaOH solution in PP
tubes at 85 °C for 3 hours at a solution/solid ratio of ~150 g g-1. These
conditions were chosen to mimic those used for the conventional
determination of BSi concentrations (above) and to ensure 100 % recovery of
grass/faeces BSi. This NaOH solution was then neutralised with the addition
of 0.2 M HCl and treated as the water samples above. The procedure was
slightly altered for the sediment samples, to avoid the simultaneous leaching
of Si from inorganic soil aluminosilicates. Here, BSi was physically isolated
from the sediment by a combination of organic matter mineralisation by 1530 % H2O2, sieving, and heavy liquid separation (sodium polytungstate at 2.3
g cm-3). The BSi was then dissolved in a weaker base (1 % Na2CO3) to
minimize any contamination from clay minerals that can be hard to
physically disaggregate from the BSi (Mackay et al., 2011). One group of
samples was processed with a cation exchange column protocol after Georg
et al., (2006); laboratory intercomparison efforts have demonstrated that
δ30Si measurements can be reliably compared between preparation methods,
MC-ICPMS instrumentation, and analytical protocols (Grasse et al., 2017;
Reynolds et al., 2007).
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Figure S5.6. Biogenic silica particles observed in suspended matter and sediment samples. Figures A-G
represent (partly broken) diatom valves. Figures H-I are stomatocysts from Chrysophyta. Figures K-AF
represent phytoliths. Figures V, W, AC and AE are typical grass phytoliths. Diatoms and Chrysophyta
account only for 1 – 2 % of total biogenic silica particle count. Scale bar represents 10 µm.

Si isotope data were gathered across multiple analytical sessions (detailed
in Table S5.2) with a MC-ICPMS Neptune at the Pole Spectrometrie Ocean
(Ifremer, Brest), and with a Nu Plasma MC-ICPMS at the Vegacenter, Swedish
Museum of Natural History. Samples were introduced to the Neptune in ‘dryplasma’ mode using an Apex desolvating nebuliser, and to the Nu Plasma II in
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‘wet-plasma’ mode. With both instruments, measurements was made at
medium resolution (m/Δm >2500) on the interference-free lower-mass side
of the 30Si beam. Sensitivity on the Neptune and Nu Plasma was typically ca.
12 V ppm-1 and 1 V ppm-1, respectively. In both cases, instrumental mass-bias
was corrected by standard-sample bracketing with the internationally
accepted reference for Si isotope ratios NBS28 (NIST RM8546). All isotope
values are reported in delta notation relative to NBS28 (Eq. 3):
(

where Rsample and RNBS28 is the

)
30Si/28Si

(3)

ratio in the sample and standard,

respectively. In the Neptune sessions samples were doped to 1 ppm Mg, and
25Mg and 26Mg were monitored dynamically in both sample and standards to

provide an additional instrumental mass-bias correction, assuming an
exponential fractionation law (Cardinal et al., 2003). Representative external
reproducibility at the 2σ level, based on long-term, multi-session analyses of
standard solutions is 0.12‰ at Stockholm and 0.14‰ at Brest. Commonly
used secondary standards (Big-Batch, Diatomite, BHVO-2) were run in all
measurement sessions to ensure accuracy; results (tabulated in Table S5.2)
agree well with published data (Reynolds et al., 2007). All results fall on the
expected mass-fractionation line, confirming the successful removal of
polyatomic interferences during measurement.
Si isotope mass-balance model

Assuming that the sources and sinks of DSi within MMNR can be lumped
into two terms:
(4)

where Fz is the flux of DSi (mol s-1) in the Mara River at point z (m), and is a
function of the input flux (F0), the removal of Si into secondary solid phases
(Fprecip) and the addition of Si from the dissolution of BSi (Fdiss). Assuming that
the dissolution and precipitation fluxes occur at consistent rates between
river sampling points:
(5a)
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(5b)

where k1 and k2 (mol m-1 day-1) are equivalent to rate constants for the
dissolution and precipitation reactions. Note that although we schematically
separate the fluxes and assume all addition is opal dissolution and all removal
is clay formation, the relevant processes could be the reverse of these
reactions (plant growth; silicate mineral dissolution). The only important
criterion is that these processes are isotopically distinct. Note also that these
two competing processes are required because there exists no known Si
source with a suitably high δ30Si in the MMNR to explain the general
downstream δ30Si increase. Assuming the loss of Si occurs evenly throughout
MMNR, then:
(6)

In our dry season data in MMNR, this is equivalent to approximately -0.005
kg m-1 day-1 over the whole reach, and varies from -0.097 to 0.077 kg m-1 day1 between individual sample points. An infinite number of combinations of k1

and k2 can produce this value, so we turn to the isotope data to help constrain
the model. Introducing δ30Si values into Eq. (5a), we obtain an isotope massbalance expression:
(

)

(7)

where δz, δ0 and δBSi are the δ30Si values of the Mara River DSi at distance z, at
the inflow (z = 0) and of the suspended matter, respectively, and

is the

fractionation (in per mil) associated with clay mineral neoformation.
Substituting Eq. (5b) into Eq. (6) and solving for k1, we obtain an expression
that can be evaluated at successive points i downstream:
(

)
(

)

(8)

For each of our dry season MMNR dissolved Si δ30Si datapoints, we
calculate first the values of k1 and then k2 required to close the mass-balance
at different values of εclay. Any calculated negative dissolution rates are
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restored to zero, and negative clay precipitation rates are rejected, providing
a suite of internally consistent results. We use a Monte Carlo approach to
propagate uncertainties on these constants, assuming conservative
uncertainties of ±10 % and 0.20 ‰ on the fluxes and the δ30Si values,
respectively. The δ30Si of the dissolving phytoliths is chosen randomly for
each sample from between -1.25 ‰ to 1.25 ‰, based on the range in all
grass, faeces and sediment BSi δ30Si determinations (n = 23; Table S5.2). For
each iteration, εclay is randomly prescribed between +1.0 and -4.0 ‰,
capturing the range of fractionations determined for precipitation of various
amorphous silica and secondary aluminosilicate phases (Frings et al., 2016;
Oelze et al., 2014, 2015; Opfergelt et al., 2012; Ziegler et al., 2005b). The
model is iterated until 10,000 internally consistent scenarios are reached;
this typically requires ca. >300000 runs. Conceptually, this implies there is a
large part of the available parameter space that is physically implausible.
Detailed results of the mass-balance calculations are shown in Figure
S5.7. Median εclay of the retained solutions for individual sample points varied
between -2.80 and -1.46 ‰ (Figures X-E, mean = -2.11 ‰), in excellent
agreement with recent compilations of laboratory and field estimates (Frings
et al., 2016; Opfergelt and Delmelle, 2012). The mass-balance predicts that
the mean fractionation associated with Si removal from solution is variable,
with the lowest values (greatest fractionation) being found in the middle
reach of the MMNR: Note also that this removal flux could be at least partially
attributable to plant or other siliceous organism uptake; isotopically, their
impact is indistinguishable from clay formation given they have near
identical fractionations (Alleman et al., 2005; Ding et al., 2008a, 2008b; Frings
et al., 2016; Opfergelt et al., 2006; Ziegler et al., 2005a). The cause of the
variable fractionation is unclear, but could be related to changes in reaction
rates as observed in laboratory experiments (e.g. Oelze et al., (2014), or to
plant species-specific fractionations).
Median phytolith dissolution rates and clay formation rates (Figures X-C,
D) average 0.050 and 0.052 kg m-1 day-1, respectively. This slight imbalance
over the entire study reach is enough to account for the overall net decrease
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in dissolved Si flux downstream in the MMNR. The best estimate for net
cumulative phytolith dissolution, based on the median phytolith dissolution
rates at each successive point downstream, is 5170 kg Si day-1 over the entire
reach.
As a check on the feasibility of this value, we estimate the required
dissolution rates for biogenic silica in the MMNR. Assuming suspended load
BSi concentrations of roughly 4 mg L-1 (Table S5.2), and a typical river crosssectional area of 60 m2 (pers. obs.), then there is approximately 0.240 g of
suspended BSi per metre of river, or 29,520 kg over the entire 123 km reach.
This implies a specific dissolution rate of 0.17 day-1, which is an upper bound
since it neglects riparian or hyporheic processes. Our dissolution
experiments using MMNR sediment and faeces samples and rain water
(above, and Figure S5.5, main text) imply specific dissolution rates of up to >
1 day-1 at high degrees of undersaturation for the fresh faeces sample (Figure
S5.8). If a typical phytolith specific surface area is 5 – 150 m2 g, these values
agree well with the dissolution rate constants (in mol m-2 day-1) derived by
Fraysse et al., (2006) in a series of batch dissolution experiments. Taking a
phytolith solubility of ca. 60 mg L-1 (Figure S5.8A) at in-situ temperatures of
ca. 25 ºC and assuming phytolith dissolution is a first-order reaction, implies
that the true dissolution rate in the less-undersaturated Mara river waters
should be reduced by about a third, i.e. around 0.6 day-1. In fact, the
dissolution kinetics of the samples in the rainwater batch experiments are
distinctly non-linear with respect to the degree of undersatuation, a
commonly observed but poorly understood phenomenon (Van Cappellen and
Qiu, 1997; Kamatani et al., 1988; Rickert et al., 2002). Even taking this nonlinearity into account, specific dissolution rates for fresh faeces at Mara River
levels of undersaturation are ca. 0.2 day-1 (Figure S5.8B), in good agreement
with that suggested by the mass-balance. The point of this exercise is not to
calculate a precise value for k0, but rather to demonstrate the feasibility of
sufficient phytolith dissolution on relatively short space- and time-scales,
given sufficient material.
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Figure S5.7. Results from the mass-balance
calculations. A and B: Data used as input to the
model, dissolved Si δ30Si and river Si flux,
respectively. Open symbols represent the
original data and dashed lines a 5-point lowess
smoother. C-E: Results from the calculations,
showing the phytolith dissolution rate (C), clay
formation rate (D), calculated fractionation
associated with clay formation (E) and
cumulative downstream total phytolith
dissolution rates (E). In all cases, the shaded
areas represent the 5-95th percentiles, with the
median values being highlighted in solid black
lines with open circles and the 25th and 75th
percentiles as the grey bounding lines.

Figure S5.8. Results from rain water batch
dissolution experiment. Upper pane: Increase
in dissolved Si concentration in the rainwater
batch dissolution solution for the ‘fresh faeces’
sample (see also Figure S5.3 in the main text).
Lower pane: Calculated specific dissolution
rates (day-1), derived from the increase in
concentration in the solution between
successive measurement points, normalised to
the amount of available reactive Si at the
beginning of the experiment. Degree of
undersaturation is calculated as (1-C/Ceq),
where C is the concentration at a given time
and Ceq is the solubility of the reactive Si,
taken to be ca. 60 mg L-1 (upper pane).
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Table S5.1. Abiotic data and results of chemical Si analyses. Different methods are used: ‘A’ (Manta2 sonde, Eureka Water Probes, Austin, TX, USA), ‘B’ (Inductive
Coupled Plasma Atomic Emission Spectrophotometer, Thermo Scientific, ICAP 6000 Series), ‘C’ (filtering fixed volume over pre-weighed 0.45 µm Porafil
Membranfilters), ‘D’ (alkaline extraction method (DeMaster, 1981)), ‘E’ (continuous alkaline extraction method (Barão et al., 2014) separated in 2 reactive
fractions: BSi (Si:Al4) and non-BSi (Si:Al<4)).
Sample

River water

Method

Site
2

Site
3

Site
4

Amala

Nyangores

Talek

-44

-35

100

7

20

32

44

56

73

24.8

20.1

19.0

A

23.0

22.9

24.3

A

pH (-)

Surface

7.69

6.42

6.52

cm-1)

Surface

587

590

584

613

L-1)

EC (µS

84

Site
8

Site
9

Site
10

93

105

123

18.2

21.1

19.0 18.9

7.43
703

727

656

698

654

Surface

6.54

5.30

5.82

2.69

7.47

7.65

7.63 7.60

7.72

2.87

Surface

93.6

73.7

83.3

38.8

98.8

101

100

99.8

99.9

38.4

Surface

0.28

0.28

0.28

0.29

0.34

0.35 0.32

0.34

0.31

A

O2 (%)
Salinity
(PSU)
Chla (µg L-1)

4.65

12.5

18.6

20.8 24.0

24.4

12.4

B

DSi (mg L-1)

Surface

20.5

15.0

18.7

18.4

18.9

17.7

19.0

20.0

18.6 20.1

20.8

17.0

C

TSS (mg L-1)

Surface

89

8

134

115

122

217

242

311

183

294

144

264

D

BSi (mg L-1)
AlkExSi_BSi
(mg g-1)
AlkExSi_nonBSi (mg g-1)
DSi (mg L-1)

Surface

1.6

0.6

4.1

2.9

3.1

3.7

4.7

4.8

7.0

4.9

6.0

5.1

5.2

Surface

24.2

35.8

14.1

34.1

10.4

39.4

35.6

13.8

9.7

9.3

9.7

7.4

Surface

0.01

0

0.01

0

0

8.3

0

0

0

0.03

0

0.02

19.5

23.6

31.2

27.3

38.2

27.7

19.5

18.0

17.1

13.7

23.1

13.9

13.5 17.1

24.4

17.3

47.3

46.4

32.7

48.4

33.0 45.4

34.6

39.9

11.4

4.0

3.8

11.8

5.9

25.4

38.6

A
A

E
E
B

O2 (mg

Mara river
Site Site Site
5
6
7

Site
1

Depth
(cm)
Surface

A

Pore water

Tributaries

Distance
(km)
Temp (°C)

A

Suspended
matter

Unit

Surface

Surface

g-1)

Grass

D

BSi (mg

Feces

D

BSi (mg g-1)

Surface
Surface

Sediment

E

AlkExSi_BSi

0 to -2

18.4

17.5

26.2

7.6

5.1

16.1

30.4

12.3

(mg g-1)
E
E
E
E
E
Savannah
soil

E
E
E
E

AlkExSi_BSi
(mg g-1)
AlkExSi_BSi
(mg g-1)
AlkExSi_nonBSi (mg g-1)
AlkExSi_nonBSi (mg g-1)
AlkExSi_nonBSi (mg g-1)
AlkExSi_BSi(
mg g-1)
AlkExSi_BSi(
mg g-1)
AlkExSi_nonBSi (mg g-1)
AlkExSi_nonBSi (mg g-1)

-2 to -6

8.9

5.1

11.0

7.5

10.9

18.8

11.0

7.6

10.5

17.5

-6 to -10

6.1

1.0

17.0

4.9

4.6

10.6

5.5

13.4

8.8

23.6

0 to -2

0

<0.1

0

0

<0.1

0

0

0

0

0

-2 to -6

0

<0.1

0

0

<0.1

5.0

0.7

0

0

<0.1

-6 to -10

0

<0.1

0

0

0

0

0

0

0

<0.1

27.1

9.7

0

0

28.0

0

0

<0.1

5.0

0.5

<0.1

7.2

<0.1

0 to -5

1.9

34.4

-5 to -15
0 to -5
-5 to -15

17.1

1.7

0

Table S5.2. Summary of silicon isotope analyses presented in this paper. Data from analytical sessions
1 and 3 acquired with a MC-ICPMS Neptune at the Pole Spectrometrie Ocean (Ifremer, Brest), with
samples at ca. 2 ppm Si in a 0.15 M HNO3 and 5.5 mM HF matrix. Data from analytical sessions 2 and 4
acquired with a Nu Plasma MC-ICP-MS at the Vegacenter, Swedish Museum of Natural History, with
samples at 1 - 3 ppm Si in a 0.3 M HNO3 matrix. All data presented relative to international reference
material NBS28 (RM 8546). All uncertainties represent 2 standard deviations of the mean of individual
measurements (n = 3 standard-sample brackets), i.e. the internal precision Typical long-term
reproducibility (external precision) for both instruments, based on multi-session analysis of in-house
reference materials, is ca. 0.14‰ for δ30Si. Accepted δ30Si ± 1σ values for secondary reference
materials are -0.30 ± 0.09‰, +1.26 ± 0.10‰ and -10.48 ± 0.27‰ for BHVO-2, Diatomite and Big Batch,
respectively.
Type

Pore water DSi

Mara river water DSi

Tributary water DSi

Hippo faeces BSi

Extra hippo faeces
BSi
Grass BSi

192

Site/code

Depth

δ30Si

±a

δ29Si

±a

Session

cm

‰ vs NBS28

2σ

‰ vs NBS28

2σ

#

1

1.46

0.14

0.69

0.08

1

2

1.63

0.14

0.85

0.12

2

3

2.13

0.08

1.11

0.01

2

6

2.06

0.11

1.05

0.03

2

7

2.15

0.10

1.07

0.10

2

10

2.06

0.28

1.02

0.06

1

1

1.03

0.02

0.48

0.10

1

2

1.18

0.22

0.64

0.08

1

3

1.14

0.18

0.56

0.04

1

4

1.09

0.02

0.56

0.02

1

5

1.46

0.14

0.68

0.04

1

6

1.19

0.06

0.58

0.06

1

7

1.31

0.06

0.67

0.12

1

8

1.73

0.09

0.84

0.03

1

9

1.66

0.02

0.87

0.02

3

10

1.20

0.02

0.64

0.02

1

Amala

1.05

0.20

0.48

0.06

1

Nyangores

1.24

0.16

0.57

0.12

1

Talek

-0.30

0.04

-0.19

0.02

1

3

-1.14

0.10

-0.60

0.04

2

5

-0.96

0.06

-0.55

0.05

2

8

-0.42

0.08

-0.22

0.09

2

10

0.44

0.04

0.22

0.02

2

Old faeces

0.20

0.04

0.05

0.06

3

3

-1.25

0.14

-0.61

0.06

1

5

-1.13

0.14

-0.58

0.02

3
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8

0.24

0.09

0.15

0.05

2

10

0.45

0.06

0.23

0.03

2

1

-0.23

0.11

-0.10

0.03

4

2

0.06

0.15

0.00

0.05

4

3

-0.25

0.22

-0.15

0.11

4

4

0.32

0.06

0.19

0.10

4

5

0.36

0.18

0.17

0.15

4

6

-0.37

0.13

-0.25

0.05

4

7

-0.54

0.24

-0.33

0.08

4

8

0.53

0.15

0.26

0.11

4

9

0.01

0.13

0.02

0.15

4

10

-0.21

0.09

0.00

0.09

4

0 to -2

0.81

0.06

0.42

0.04

3

-2 to -4

-0.50

0.14

-0.24

<0.01

3

-4 to -6

0.37

<0.01

0.18

<0.01

3

-6 to -8

0.62

0.12

0.31

0.02

3

-8 to -10

0.49

0.02

0.24

0.06

3

-10 to -20

0.00

0.08

0.03

0.02

3

0 to -2

1.01

0.06

0.49

0.02

3

-2 to -4

0.70

0.06

0.34

0.08

3

-4 to -6

1.14

0.10

0.58

0.04

3

-6 to -8

1.13

0.04

0.59

<0.01

3

-8 to -10

0.94

0.02

0.50

0.04

3

-10 to -17

0.86

0.04

0.45

0.02

3

0 to -2

1.24

0.02

0.63

0.04

3

-2 to -4

1.31

0.16

0.70

<0.01

3

-4 to -6

1.20

0.02

0.62

0.08

3

-6 to -8

1.09

0.10

0.60

<0.01

3

-8 to -10

1.21

0.02

0.63

0.04

3

-10 to -16

0.67

0.04

0.33

0.02

3

0 to -2

1.12

0.12

0.59

0.08

3

-2 to -4

1.10

0.12

0.56

0.08

3

-4 to -6

1.41

0.02

0.72

0.12

3

-6 to -8

0.73

0.08

0.34

0.02

3

-8 to -10

1.00

0.08

0.51

0.04

3

-10 to -15

0.77

0.06

0.40

0.02

3

1

3

Sediment BSi

5

8

193

0 to -2

1.12

0.04

0.59

<0.01

3

-2 to -4

1.36

0.22

0.69

0.08

3

-4 to -6

0.96

0.12

0.51

0.14

3

-6 to -8

1.07

0.10

0.58

0.02

3

-8 to -10

1.59

0.08

0.83

0.02

3

-10 to -16

1.25

0.04

0.66

0.02

3

Near site 9

0 to -5

1.88

0.04

0.95

0.10

3

Near site 10

0 to -5

1.77

0.14

0.91

0.12

3

-0.25

0.01

-0.13

0.07

2

-0.37

0.11

-0.17

0.05

2

-0.29

0.04

-0.20

0.06

2

-0.31

0.05

-0.18

0.06

2

10

Savannah soil

BHVO2

Mean:
Secondary reference
materials, session 2

Diatomite
Mean:
Big Batch
Mean:

Diatomite

Mean:

Secondary reference
materials, session 3
Big Batch

Mean:

Diatomite
Secondary reference
materials, session 4

Mean:
Big Batch
Mean:

aInternal

194

-0.30

-0.17

1.21

0.10

0.58

0.03

2

1.20

0.05

0.54

0.02

2

1.20

0.56

-10.41

0.12

-5.31

0.08

2

-10.36

0.04

-5.33

0.02

2

-10.38

-5.32

1.23

0.02

0.63

0.05

3

1.25

0.04

0.68

0.01

3

1.13

0.07

0.56

0.03

3

1.20

0.62

-10.28

0.10

-5.25

<0.01

3

-10.68

0.18

-5.48

0.13

3

-10.09

0.07

-5.18

0.03

3

-10.35

-5.30

1.28

0.30

0.67

0.20

4

1.11

0.08

0.63

0.08

4

1.19

0.09

0.61

0.01

4

1.19

0.64

-10.55

0.21

-5.35

0.07

4

-10.27

0.20

-5.38

0.04

4

-10.41

-5.37

precision; external precision should be taken into account for true data reproducibility.
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