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ABSTRACT
Volcanic soils are globally significant for agriculture and environmental purposes due to their
unique mineralogical properties, particularly the abundance of short-range order (SRO) minerals,
which influence both organic carbon stabilization and phosphorus (P) retention. This research
was conducted on the southern flank of Irazu Volcano, Costa Rica, to investigate two key aspects:
(i) the variation in SRO mineral content and composition along altitudinal gradients and depth,
and (ii) the role of the reactive surface area (RSA) and associated to these minerals in modulating
P adsorption in two soil toposequences with contrasting soil moisture conditions. The two soil
toposequences were defined along an altitudinal range from 1734 to 2853 m asl for the East-
South (ES) toposequence with a consistent Udic moisture regime, and from 1724 to 3178 m asl
for the West-South (WS) toposequence with a transition from Udic to Ustic moisture regime. Soil
chemical extractions using ammonium oxalate (AO), dithionite-citrate (DC) and sodium
pyrophosphate (Py) solutions were used to define operationally the content of Fe, Al, and Si
present in soils as SRO minerals and to analyze changes in weathering intensity along the
altitudinal gradients. The influence of SRO minerals on P behavior was assessed through
extraction techniques such as oxalate-extractable phosphorus (Pox) and Olsen extraction (P-
Olsen), phosphate (PO,*) and adsorption isotherms. The estimation of the RSA was determinate
by implementing a method that uses soil phosphate as probe ion, followed by interpretation with
Surface Complexation Model (SCM). The results shown that soils from the ES toposequence
exhibit higher content of SRO aluminosilicates, RSA, Pox and PO4* sorption capacity (Qmax)
compared with soils from the WS toposequence. Additionally, the ES toposequence with a
consistent Udic moisture regime, showed an increasing downslope in SRO content, total carbon
content, RSA, Po, and PO.* sorption capacity (Qmax), associated with enhanced weathering with
increasing temperature. Additionally, the formation and persistence of SRO minerals in the ES
toposequence result from stable Udic moisture conditions maintained along the altitudinal
gradient. In contrast, the WS toposequence exhibited no consistent altitudinal trend regarding the
variables mentioned above, likely due to a transition from Udic to Ustic regimes that facilitated the
transformation of SRO phases into more crystalline forms. Furthermore, for both toposequences,
the plant-available P (P-Olsen) remained low across all samples (<10% of Pox), highlighting
strong P fixation by SRO minerals. Calcium additions further enhanced P sorption, particularly in
soils with low content of SRO and RSA. Overall, the findings demonstrate that both altitude and

moisture regime significantly shape SRO formation, surface reactivity, and P availability in

Vii



volcanic soils. In summary, this research advances our understanding of the complex interactions
between soil mineralogy, soil moisture regimes, landscape position, and P behavior in volcanic
soils. The clear differences in PO4* sorption capacity and P availability between the two
toposequences highlight the need for differentiated land management practices to improve P use
efficiency in agricultural activities. Future studies should explore the impact of agricultural
practices, such as intensive fertilization and liming, under field conditions to optimize P
management in these soils, considering the conditions in soil moisture regimes, mineralogy and

reactivity, to accomplish agricultural and environmental objectives in volcanic regions.
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RESUMEN
Los Andisoles son suelos formados a partir de diversos materiales volcanicos como depdsitos de
caida tipo tefra (ceniza volcanica), material volcaniclastico y lavas. En Costa Rica,
aproximadamente una sexta parte del teriitorio nacional se encuentra cubierto por Andisoles. En
ellos se desarrollan diversas actividades agricolas de gran importancia econémica y productiva
para el pais entre ellas la produccion de cultivos horticolas, cultivo de flores ornamentals,
ganaderia lechera y una parte importante del cultivo de café. A nivel mundial estos suelos
volcanicos son muy importantes tanto para la agricultura como para el medio ambiente debido a
que tienen propiedades mineralégicas unicas, en particular la abundancia de minerales de orden
de corto alcance (SRO), que influyen tanto en la estabilizacion del carbono organico como en la
retencién de fésforo (P). Su alta capacidad de retencién de fosforo (P), asociada principalmente
a la presencia de fracciones minerales altamente reactivas de carga variable (minerales SRO)
limitan la disponibilidad y recuperacién de este nutriente por parte de las plantas. Por ello, en los
sistemas agricolas intensivos establecidos sobre estos suelos es comun la aplicacion de
cantidades elevadas de fertilizantes fosfatados para mantener rendimientos adecuados. Sin
embargo, aun con aportes significativos de fosforo, una fraccién considerable de este nutriente
queda retenida por componentes minerales reactivos, lo que representa un desafio agronémico
y un costo econdmico importante para los productores. Esta investigacion se llevo a cabo en la
ladera sur del volcan Irazu, en Costa Rica, con el fin de estudiar dos aspectos clave: (i) la
variacion en el contenido y la composicién de los minerales SRO a lo largo de los gradientes
altitudinales y la profundidad, y (ii) el papel del area superficial reactiva (RSA) y su asociacion
con estos minerales en la modulacion de la adsorcién de P en dos toposecuencias de suelo con
condiciones de humedad contrastantes. Las dos toposecuencias del suelo se definieron a lo largo
de un rango altitudinal de 1734 a 2853 m s. n. m. para la toposecuencia Este-Sur (ES) con un
régimen de humedad Udico constante, y de 1724 a 3178 m s. n. m. para la toposecuencia Oeste-
Sur (WS) con una transicion del régimen de humedad Udico a Ustico. Se utilizaron extracciones
quimicas del suelo con soluciones de oxalato de amonio (AQO), ditionito-citrato (DC) y pirofosfato
de sodio (Py) para definir operativamente el contenido de Fe, Al y Si presentes en los suelos
como minerales SRO y para analizar los cambios en la intensidad de la meteorizacion a lo largo
de los gradientes altitudinales. Se evalué la influencia de los minerales SRO en el
comportamiento de P mediante técnicas de extraccion como el P extraible con oxalato (Pox) para
todas las muestras de suelo, la extraccion de Olsen (P-Olsen) y la capacidad de retencion de P
(CRP) para los dos primeros horizontes de los perfiles de suelo. Adicionalmente, se realizaron

isotermas de adsorcién de fosfato (PO4*) en muestras de horizontes superficiales, cuyos datos



fueron interpretados utilizando un enfoque de Langmuir. También, se realizaron isotermas de
adsorcion de PO4* con adicion de calcio (Ca?"), en muestras de suelo seleccionadas con
caracteristicas de reactividad contrastantes, con el fin de determinar el efecto de Ca?* en la
adsorcion de PO4*. La estimacion del RSA se determind mediante la aplicacion de un método
que utiliza el fosfato del suelo como ion sonda, seguido de la interpretacion con el Modelo de
Complejacién Superficial (SCM). Los resultados mostraron que los suelos de la toposecuencia
ES presentan un mayor contenido de aluminosilicatos SRO, RSA, Po y capacidad de sorcion
PO.* (Qmax) €n comparacion con los suelos de la toposecuencia WS. Ademas, la toposecuencia
ES, con un régimen de humedad Udico constante, mostré un aumento descendente en el
contenido de minerales SRO, el contenido total de carbono, el RSA, el P y la capacidad de
sorciéon de PO.s* (Qmax). Estas tendencias de aumento con la altitud estan asociadas a cambios
en las condiciones ambientales como el aumento de la temperatura que promueve una mayor
meteorizacion de los minerales primarios y la formacion de minerales SRO. Ademas, la formacion
y persistencia de minerales SRO en la toposecuencia ES es el resultado de condiciones de
humedad Udicas estables que se mantienen a lo largo del gradiente altitudinal, lo que favorece
su preservacion e inhibe su transformacion a minerales mas cristalinos menos reactivos. Por el
contrario, la toposecuencia WS no mostrd una tendencia altitudinal constante en relacién con las
variables mencionadas anteriormente, probablemente debido a una transicion de regimenes
Udico a Ustico que facilité la transformacién de las fases minerales SRO en formas mas
cristalinas. Ademas, en ambas toposecuencias, el P disponible para las plantas (P-Olsen) se
mantuvo bajo en todas las muestras (<10 % de P), Io que pone de relieve la fuerte fijacién de
P por los minerales SRO. Adicionalmente, se demostré que la adicion de Ca?" en general
aumentoé la adsorcién de PO.* en los suelos a través de la formacion de complejos ternarios.
Dicho efecto fue mayor en suelos caracterizados por tener un menor contenido mineral SRO y
por ende una menor reactividad, por el contrario, fue menor en el suelo mas reactivo (E3-1) del
grupo de muestras seleccionadas. En general, los resultados demuestran que tanto la altitud
como el régimen de humedad influyen significativamente en la formacion y preservacion de
minerales SRO, la RSA, la adsorcién y disponibilidad de P en los suelos volcanicos. En resumen,
esta investigacion amplia nuestro conocimiento sobre las complejas interacciones entre la
mineralogia del suelo, los regimenes de humedad del suelo, la posicion del paisaje y el
comportamiento de adsorcion de P en los suelos volcanicos. Las claras diferencias en la
capacidad de sorcién de PO, y la disponibilidad de P entre las dos toposecuencias ponen de
relieve la necesidad de practicas de gestion del suelo diferenciadas para mejorar la eficiencia del

uso del P en las actividades agricolas. Futuro estudios deberian explorar el impacto de las



practicas agricolas, como la fertilizacién intensiva y el encalado, en condiciones de campo para
optimizar la gestion del P en estos suelos, teniendo en cuenta las condiciones de los regimenes
de humedad del suelo, la mineralogia y la reactividad, con el fin de alcanzar los objetivos

agricolas y medioambientales en las regiones volcanicas.
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1. INTRODUCTION
In Costa Rica, approximately 14% of the surface territory is covered by soils derived from ashes
and other volcanic materials called Andisols (Alvarado et al. 2001). Agricultural activities of great
economic and productive importance for the country are developed on these soils, such as the
production of horticultural crops, which are mainly concentrated in regions with soils derived from
volcanic materials, as well as part of the national coffee production. These soils are characterized
by high P retention associated mainly with the presence of highly reactive mineral fractions with
variable charge. As a consequence, in these Andisols the availability and recovery rate of P by
plants is low (Nanzyo 2002). Consequently, in intensive agriculture developed on these soils,
large amounts of PO4* fertilizers are usually applied in order to maintain adequate crop yields.
However, even with intensive phosphate input, phosphate can be retained by reactive fractions

of variable charge, which is a challenge for farmers with a significant economic cost.

Therefore, it is of great importance to study in detail the chemical processes and mechanisms
that condition P availability in this type of volcanic soils. An example of these processes is the
adsorption of PO4* ions, which depends to a great extent on the content and reactive surface of
the variable charge minerals. Both of the previously mentioned properties were investigated in
the present study in order to quantify and understand their variability as a function of the degree
of pedogenetic development of soils derived from volcanic materials, as well as the implications
in terms of PO4* adsorption behavior. The information obtained will allow a better understanding
of the relationship between adsorption processes and the dominant mineralogical properties
present in such soils, and their variation of this relationship with respect to changing
environmental conditions such as temperature, precipitation and altitude. From a practical point
of view, the information will allow proposing better management practices for the nutrient P in
volcanic soils, based on the understanding of the chemical processes that condition the solubility

of this element.

1.1. MINERALOGICAL CHARACTERISTICS

In general, Andisols are formed from primary minerals such as volcanic glass, quartz, pyroxenes,
plagioclase, olivines, opaque minerals, hornblendes and biotites, present in materials such as
tephras and lavas (Nanzyo 2002). Some of these primary minerals can be found in a slightly

altered (poorly weathered) form in the larger soil grain size fractions, for example, in the sand



fraction. This alteration occurs by the weathering process, i.e., the chemical and physical

mediated disintegration of these minerals.

Weathering processes of primary minerals release ions into solution (including Al, Fe, Si) which
creates a condition of supersaturation with respect to secondary mineral phases, and subsequent
formation of other solid phases (secondary minerals) occurs. Weathering of volcanic glass gives
rise to the formation of secondary minerals of a weak degree of crystallinity, commonly referred
to in literature as short-range-order (SRO) minerals. For example, aluminosilicate minerals such
as allophane, proto-imogolite and imogolite, and iron (hydr)oxides like ferrihydrite and aluminum

can originate from weathering of mafic and intermediate volcanic materials (Neall 2000).

The crystallinity of secondary minerals is influenced by environmental conditions such as
temperature and humidity. Variations in these factors can alter both the composition and the
transformation of these minerals, leading to changes from less crystalline to more crystalline
phases (Candra et al. 2019; Tsai et al. 2010). Examples include the transformation of ferrihydrite
to hematite or allophane/imogolite into gibbsite (Jongmans et al. 1995; Wada and Harward 1974).
Toposequences, or soil topographic sequences, understood as a succession of soils and their
transformation influenced by topography (Alves et al. 2024) provide a valuable approach for
studying how factors such as altitude, temperature and precipitation affect edaphic processes.
When such factors vary along the landscape, such environmental gradients can result in distinct
mineralogical differences in the crystallinity of variable charge minerals. In volcanic soils, these
variations can lead to significant changes in both the quantity and type of variable charge
minerals, such as SRO, present along the toposequence, topic that was developed in the Chapter
1 of these thesis. Consequently, these changes also affect other factors like the RSA of the soils

and PO4* sorption capacity, topics that were further discussed in Chapter 2 of this thesis.

The SRO minerals have amphoteric properties, which means they possess variable type charge
generated by deprotonation and protonation of functional groups exposed on their surfaces
(Wada and Kawabata 1991). This charge is dependent on the chemical conditions of the soil
solution, particularly pH and ionic strength. Generally, the pH corresponding to the point of zero
charge (PZC) in these minerals is around 7 to 9 (Qafoku et al. 2004), so at the usual pH conditions
in soils, these minerals have a net positive charge, making them capable of retaining anions and

organic matter (Neall 2000).

Among the SRO aluminosilicates are allophane and imogolite, which have nanometer sizes with

hollow spherical and tubular shapes (with diameters less than 3 to 5 nm and 1 to 2 nm,



respectively) and specific surface areas of approximately 1000 m? g (Neall 2000). According to
Parfitt and Kimble (1989) the formation of aluminosilicate type allophane depends on both the
parent material and the pH of the medium. Originally, allophane is formed from volcanic glass at
pH (in water) between 5 and 7, and from feldspar/biotite at pH around 5 in soils with acidic and
well-drained moisture regimes (Parfitt and Kimble 1989). In addition, these authors mention that
silicon (Si)-rich allophane occurs in Si-enriched environments and Al-rich allophane forms in acid
soils where Si tends to be low. Al-rich allophane formation is less frequent in soils with ustic, xeric
and aridic moisture regimes because of less leaching (Parfitt and Kimble 1989). Also, allophane
and imogolite have been found in soils formed from basalt saprolite in Hawaii, favored by
conditions of high rainfall, good subsoil permeability, low pH and high organic content of the

leaching solution (Wada et al. 1972).

Ferrihydrite is a secondary SRO iron mineral derived from weathering of volcanic materials as
glass of mafic-intermediate composition and mafic crystals in the primary constituents of volcanic
materials (Neall 2000). It is a variable charge mineral characterized by a large specific surface
area similar to allophane and a high PO4* binding capacity, contrary to imogolite which is less
reactive with PO, (Hiemstra 2013, Nanzyo 2002, Wada 1989, Henmi et al. 1982). Ferrihydrite is
an important precursor of other more stable and crystalline forms of iron oxides such as goethite
and hematite which are often the last stage of transformation of these oxides (Cornell and
Schwertmann 2003). Goethite and hematite are also characterized by variable charge, however,
these minerals are less reactive than ferrihydrite due to their larger size and degree of crystallinity
(Anschutz y Penn 2005).

Andisols are also characterized by the presence of metal-humus complexes (Al/Fe—humus)
within their colloidal fraction. When the dominant form of active Al occurs as Al-humus complexes,
these soils are typically classified as non-allophanic Andisols (Nanzyo, 2002). The high humus
content in the surface horizons of such soils is primarily stabilized either through complexation
with Al released during the weathering of volcanic materials (Takahashi and Dahlgren, 2016) or
through coprecipitation and/or adsorption onto SRO minerals (Jamoteau et al. 2025). A key
distinction between non-allophanic and allophanic Andisols is that the former exhibit stronger
acidity and higher levels of exchangeable Al, which can lead to phytotoxicity in plants (Takahashi
and Dahlgren, 2016).

1.2. SURFACE REACTIVITY
The colloidal fraction of Andisols is characterized by being very reactive and having a high specific

surface area (Nanzyo 2002), mainly due to the presence of metastable nanocrystalline materials



such as allophanes, ferrihydrites and aluminum oxides. Specific surface area and surface charge
density are two factors that determine the reactivity of a soil mineral/material (Uehara and Gillman
1980). This is related to adsorption processes between the solution and the surfaces of mineral
particles or organic matter, where the bioavailability and mobility of ions depend on these
interactions (Hiemstra et al. 2010a). Factors such as pH, ionic strength, presence or competition
of promoter ions as well as the nature and amount of substrate affect the distribution of cations

and anions over the solid and solution phase (Hiemstra et al. 2010a).

Surface complexation models (SCM) are used to estimate and predict the distribution of metals
and oxyanions between solution and mineral surfaces (Hiemstra et al. 2010a). Any application of
SCM to natural systems requires information about the RSA of the material involved in the
adsorption process (Hiemstra et al. 2010a). Therefore, the evaluation of this important property

is essential to study the mechanisms of ion adsorption that condition their availability in soils.

Recently, a methodology has been proposed that uses "native" soil phosphate as a probe ion to
estimate the RSA of variably charged mineral fractions, with units of m? g of soil”'. What occurs is
a competitive interaction between phosphate and carbonate ions for adsorption to reactive groups
on mineral surfaces which are interpreted by SCM (Hiemstra et al. 2010a). For such methodology,
ferrihydrite has been proposed as a reference material for its already characterized reactivity
properties and has proven to be a suitable indicator to consistently evaluate the reactive surface
area (Mendez et al. 2020).

1.3. PHOSPHATE (PO4*) RETENTION IN VOLCANIC SOILS

PO, is an oxyanion characterized by having low solubility in the soil. This makes it one of the
most limiting elements for plant growth (Strawn et al. 2015). This anion tends to be strongly
adsorbed by predominantly positively charged clay minerals in the soil (including Fe/Al oxides,
SRO minerals such as allophane, imogolite and ferrihydrite) and also forms mineral precipitates
with low solubility (Strawn et al. 2015). In soils derived from volcanic materials, P is usually a
limiting nutrient in crops grown on such soils, and due to its high retention, large amounts of PO,*

fertilizers are applied in intensive agricultural systems (Nanzyo 2002).

The literature is extensive and diverse regarding the study of PO4* retention related to variable
charge mineral fraction in soils derived from volcanic materials (Strawn et al. 2015; Uchida et al.
2022; Theng et al. 1982; Hashimoto et al. 2012; Saunders 1965; Saunders 1959; Galvéz et al.
1999; Hiemstra et al. 2010a; Hiemstra and Zhao 2016; Koopmans et al. 2020; Liu et al. 2021; Li

et al. 2022). Such mineral fractions of variable charge are the main colloids responsible for POs*



retention in volcanic ash-derived soils. However, these minerals have varying degrees of affinity
for PO4*. In this regard, there are studies suggesting that Al and allophane play a more important
role than Fe (ferrihydrite) in P retention in Andisols (Uchida et al. 2022; Hashimoto et al. 2012).

The PO.* retention capacity of Al and Fe minerals varies with respect to the degree of crystallinity,
allophane, for example, has higher phosphate retention capacity than other more crystalline
mineral forms (Takahashi and Dahlgren 2016; Nanzyo 2002). Differences in reactivity are related
to several factors such as the chemical composition of the parent material, degree of weathering
and leaching, pH, particle morphology, hydration state, and mineral crystallinity (Theng et al.
1982; Saunders 1959; Saunders 1965). In addition, PO4* retention is related to the presence of
organic matter in volcanic soils. The colloidal fraction in allophanic Andisols responsible for PO4*
retention is usually composed of allophane/imogolite and Al-humus complexes, whereas Al-
humus complexes are the predominant component in PO43 sorption in non-allophanic Andisols
(Takahashi and Dahlgren 2016).

In general terms the phosphate retention capacity in volcanic soils is related to the reactivity of
both mineral and organic particles. The reactivity depends on the degree of crystallization and
size of the mineral particles where nanocrystalline or SRO fractions are more reactive, and
crystalline fractions less reactive (e.g., allophane>imogolite>haloysite>gibbsite,

ferrihydrite>goethite/hematite).

The degree of mineral crystallization is related to the degree of pedogenetic development of the
soils. Although the literature on PO4* retention in volcanic soils is extensive, the study of changes
in mineral reactive surfaces and their association with PO,*> adsorption behavior along
topographic sequences is a little explored topic. This is important because topography and
climatic conditions, mainly humidity and temperature, are factors that play a very important role

in the formation and development of soils (Jenny 1941).

Several pedogenetic studies along toposequences have found the presence of SRO minerals
(including allophane and ferrihydrite) formed in the early stages of weathering of volcanic
materials in humid areas with higher altitudes and lower temperatures. Furthermore, they
evidenced that as weathering progresses and the altitude, humidity and temperature conditions
of the environment change, such minerals transform to thermodynamically more stable and
crystalline forms (For example, imogolite, haloysite, kaolinite, gibbsite, hematite, goethite, among
others) (Tsai et al. 2010; Candra et al. 2019; Zehetner et al. 2003; Ranst et al. 2019; (Watanabe
et al. 2023).



A positive correlation between organic carbon content and the retention of water and phosphate
with increasing altitude has been reported (Candra et al. 2019; Tsai et al. 2010; Zehetner et al.
2003). This relationship is attributed to the presence of metastable materials such as allophane,
ferrihydrite, and Al-humus complexes, which can adsorb and complex anions. At higher
elevations, organic carbon accumulations are further promoted by the slow decomposition of
organic matter under low temperatures (Shoji and Fujiwara 1984; Candra et al. 2019; Tsai et al.
2010; Zehetner et al. 2003). In these environments, organic carbon often accumulates in acidic
conditions (pH in water <5), where organic acids serve as the main proton donors (Shoji and
Fujiwara 1984). Under such conditions, Al-humus complexes predominate in volcanic soails,
whereas the presence of allophane and imogolite is favored at higher pH values (>5) (Parfitt and
Kimble 1989; Shoji and Fujiwara 1984; Tsai et al. 2010).

In Costa Rica previous studies have analyzed changes in the chemical and mineralogical
properties of clay minerals in chrono- and topo-sequences with volcanic soils, mainly for
mineralogical-pedogenetic and taxonomic purposes (Landaeta et al. 1978; Grieve et al. 1990;
Nieuwenhuyse et al. 2000; Van Dooremolen et al. 1990; Martini and Mosquera 1972; Meijer and
Buurman 2003; Alvarado et al. 2014; Kautz and Ryan 2003). The mineralogical-pedogenetic
study, conducted by Nieuwenhuyse et al. (2000), identified mineralogical changes along a
chronosequence of volcanic soils derived from andesitic lava in the Atlantic zone of Costa Rica.
In this study, the age of the soil represents a predominant factor in the mineralogical evolution of
the soils. Among the results, these authors found that in young soils (<2000 years) Al/Fe-humus
complexes and nanocrystalline materials (allophane and ferrihydrite) are the predominant
colloids, with minor amounts of gibbsite and kaolinitic minerals. Soils of intermediate age (<18
190 years) mineralogically were similar to the younger soils (presence of allophane and
imogolite), with the distinction that they contain higher amounts of gibbsite and kaolinitic minerals
in the Bw horizon mainly. And in the older soils (450 000 years), hydrated halloysite and goethite
were obtained, while the predominant secondary mineral was gibbsite as well as significant

amounts of kaolinitic minerals.

In addition, Nieuwenhuyse et al. (2000) explained that the chronosequence of volcanic soils
showed a correlation of mineralogical evolution from less crystalline to more crystalline minerals
as the age of the soils increases. Furthermore, such transformations are mediated by mineral
desilification processes where allophane and imogolites are transformed to gibbsite, and
metastable material forms are transformed into more stable forms such as ferrihydrite and Fe-

humus complexes into goethite. Halloysite and kaolinitic minerals mainly occurred in drier



climates and, like gibbsite, their amount increased at greater depth. In the more superficial
horizons, Al/Fe-humus complexes and nanocrystalline minerals (allophane, imogolite, ferrihydrite)
were predominantly found. In areas with higher organic matter accumulation and low pH values,
the presence of allophane was reduced due to the competition of humus and Si in solution for Al

derived from the weathering of volcanic materials (Nieuwenhuyse et al. 2000).

Several investigations have been carried out in Costa Rica that include the study of phosphorus
retention capacity in volcanic soils (Soto 1999; Alvarado et al. 2001; Henriquez 2005; Segura et
al. 2005; Alvarado et al. 2009). In general, these soils have a high P retention capacity (>91%)
associated with the presence of SRO Fe and Al minerals (formerly called "amorphous" such as
allophane) and a high organic matter content. The P retention capacity can be obtained
empirically by correlating the amount of extractable Al in ammonium oxalate (Alvarado and Buol
1985).

The reactive surface area given by SRO minerals is predominant in determining the P adsorption
behavior in Andisols. It has been found that the total P content in Andisols of the Central Volcanic
Cordillera of Costa Rica decreases with increasing altitude (Alvarado et al. 2001), which is related
to the degree of crystallization of secondary minerals from less crystalline metastable minerals,
such as allophane, imogolite and ferrihydrite, to more stable and crystalline minerals like
haloysite, kaolinite, gibbsite, goethite, and hematite. These stable, crystalline minerals are less
reactive with phosphate, resulting in an inverse pattern to available P where PO.,* retention
increases with altitude (Tsai et al. 2010; Candra et al. 2019; Zehetner et al. 2003). Similarly,
organic matter content, mainly Al/Fe-humus complexes, is better preserved at lower
temperatures. It has been found that P retention by Al-Fe-humus complexes is usually stronger
in non-allophanic Andisols than that resulting in allophanic Andisols with the presence of

allophone and imogolite (Takahashi and Dahigren 2016).

Despite the abundant information found in the literature on mineral composition and POs*
retention in volcanic soils to date, no previous study has yet analyzed how changes in the total
content and composition of SRO minerals, and RSA along an altitudinal gradient of soils derived
from volcanic materials affect PO4* adsorption behavior and P availability. The relationship
between surface reactivity and PO4* adsorption behavior in topographic sequences of soils
derived from volcanic materials has also not been systematically analyzed. Therefore, the
objective of this two Chapter project was to evaluate the changes in the content, composition, and
surface reactivity of variable charge SRO minerals in two toposequences of volcanic soils with

contrasting temperature and soil moisture regimes located on the southern flank of the Irazu



Volcano. It is expected that this information can contribute to a better understanding of the main
chemical processes that influence P bioavailability in this type of soil. Therefore, this research will
have broader implications beyond the region studied, as it will provide new insights into the
relationship between changes in mineral composition, surface reactivity, and P availability in soils

that have been formed or influenced by volcanic activity.

1.4. GENERAL OBJECTIVE

To determine the content and reactive surface area of variable charge minerals, including
nanocrystalline aluminosilicates and Fe and Al (hydr)oxides, in the profiles of two topographic
sequences of soils derived from volcanic materials, and their implications on phosphorus

adsorption behavior.

1.5. SPECIFIC OBJECTIVES
1. To quantify the total content and relative composition (nanocrystalline vs. crystalline fractions)
of variable charge minerals in soil profiles of two topographic sequences according to their

altitudinal variation.

2. To estimate the changes in the reactive surface area of soils associated with the presence of
variable charge minerals as a function of altitudinal changes of soil profile sites of two topographic

sequences.

3. To analyze the adsorption behavior of phosphorus (in its chemical form of phosphate ion) in
relation to the content and reactivity of variable charge minerals present in soils with contrasting

chemical characteristics.
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ABSTRACT

Volcanic soil serves as a valuable resource for agriculture around the world. Their productivity is
largely determined by the presence of minerals with variable charge, which play a key role in the
high retention of oxy-anions like phosphate and the storage of organic carbon. In Costa Rica,
studies on the variation in content and composition of variable charge minerals along an altitude
gradient are limited. This study aimed to examine the variation in the content and composition of
Short-Range-Order (SRO) minerals along altitudinal gradients and depth in two soll
toposequences with contrasting conditions regarding soil moisture regimes. The area of study
was located on the southern flank of the Irazu Volcano, where the two soil toposequences were
defined along an altitudinal range from 1734 to 2853 m asl (East-South toposequence) and from
1724 to 3178 (West-South toposequence). Soil chemical extractions using ammonium oxalate
(AO), dithionite-citrate (DC) and sodium pyrophosphate (Py) solutions were used to define
operationally the content of Fe, Al, and Si present in soils as SRO and to analyze changes in
weathering intensity along the altitudinal gradients. In the Eastern toposequence, characterized
by a consistent udic regime, SRO content decreased with altitude, likely driven by enhanced
weathering and stable humid conditions. By contrast, no clear altitudinal trend was observed in
the Western toposequence, where a transition from udic to ustic regimes and lower precipitation
likely promoted SRO transformation into more crystalline forms. Additionally, it was found that
SRO-Fe content was less affected by variations in soil moisture regimes compared to SRO

aluminosilicates. Additionally, a larger total carbon accumulation at lower elevations, particularly
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in udic soils, was associated with reactive Al forms (Als), indicating a key role for AI-SRO
interactions in stabilizing organic matter under intense weathering. This study highlights the key
role of soil moisture regime in modulating the content and persistence of short-range-order (SRO)
aluminosilicates across volcanic soil toposequences. Moreover, our work contributes to improve
the interpretations of nutrient dynamics, carbon cycling and soil development in volcanic
landscapes and offers a scientific basis for guiding land use and sustainable management

strategies in volcanic soil dominated regions.

Keywords: nanocrystalline minerals, soil moisture, toposequences, volcanic soils.

21. INTRODUCTION

Andisols are soils formed from volcanic parental materials, mainly pyroclastic deposits such as
tephra (ash, lapilli, blocks and bombs), volcaniclastic sediments and lavas (Nanzyo & Kanno
2018, Neall 2000, Egli et al. 2008). Although these soils cover only 1% of the Earth's surface, they
play a crucial agricultural and economic role, supporting 10% of the world's population (Neall
2000). In Costa Rica, Andisols cover ~14% of the surface territory (Alvarado et al. 2001),
supporting agricultural activities of significant economic importance for the country, such as
horticultural crops, coffee production, ornamental plant cultivation, and dairy farming (Bertsch et
al. 2000).

From a mineralogical perspective, Andisols originate from the relatively rapid weathering of
primary minerals like volcanic glass, quartz, pyroxenes, plagioclases, olivine, opaque minerals,
hornblende, and biotite, which are present in tephra and lava (Nanzyo 2002), whereas a fraction
of these minerals may remain unweathered within the coarser soil fractions, such as the sand
fraction. As a result of the weathering processes, Al**, Fe3*, Si**ions are released into solution to
a large extent, creating an oversaturation condition of these ions with respect to secondary
mineral phases. The weathering of mafic and intermediate volcanic materials favors the formation
of clay minerals with poor degree of crystallinity, referred as short-range order (SRO) or
nanocrystalline minerals (Schwertmann 1958, Parfitt & Wilson 1985, Churchman & Lowe 2012).
Examples of these SRO minerals include aluminosilicates such as allophane, proto-imogolite and

imogolite, as well as iron (hydr)oxides like ferrihydrite (Neall 2000, Nanzyo & Kanno 2018).

Short-range order (SRO) minerals are highly reactive due to their large surface area of amphoteric
nature, as the surface charge varies with the protonation and deprotonation of exposed functional
groups, thus resulting in minerals of variable charge (Wada et al. 1991, Qafoku et al. 2004).
Surface charge is influenced by soil solution conditions, particularly pH and ionic strength. Hence,

depending on the surrounding chemical environment, the interaction of SRO minerals with both
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positive and negative charges enhance their adsorption capacity of ions and organic matter. The
point of zero charge (PZC) of SRO minerals typically ranges from pH 7 to 9 (Qafoku et al. 2004),
so under common soil pH levels, they tend to carry a net positive charge, allowing them to retain
anions (Neall 2000).

Variations in environmental and climatic conditions (for instance, temperature and precipitation)
modulate the pedogenetic conditions for Andisols development. These variations can affect both
the chemical composition and stability of the SRO, promoting an improvement in the mineral
crystallinity (Tsai et al. 2010, Candra et al. 2019, Schwertmann 1958, Ugolini & Dahlgren 2002)
like in the alteration of ferrihydrite to hematite, or allophane/imogolite to gibbsite (Jongmans et al.
1995, Wada & Harward 1974). For this reason, in altitudinal gradients with variation in
temperature and precipitation conditions, the mineralogical composition and the crystallinity of
variable charge minerals are expected to differ. Consequently, poorly crystalline SRO minerals,
which exhibit higher ion adsorption capacity due to their greater surface reactivity, may experience
a decrease in surface reactivity when they transform into more crystalline phases (Ichinose et al.
2025).

The relationship between the changes in the mineralogical composition along soil toposequences
and the variations in environmental factors such temperature, precipitation and moisture
gradients, have been analyzed worldwide, like Northern Taiwan (Tsai et al. 2010), Galapagos
islands (Candra et al. 2019), Andean Ecuador (Zehetner et al. 2003), and Cameroon (Watanabe
et al. 2023). In general, these studies found that zones at higher altitude, with lower temperatures
and higher precipitation/leaching, favor the formation of SRO minerals, while lower areas with
drier conditions, promote the weathering of primary minerals and the formation of more crystalline

phases.

In Costa Rica, Meijer and Buurman (2003) analyzed a perhumid soil catena on the Turrialba
volcano, using soil extraction methods with ammonium oxalate (AO) to measure Al, Fe and Si
present in SRO minerals, and X-ray Fluorecense minor elements determination. The study found
that allophane was conducted by the weathering of fine-sand-sized pre-weathered volcanic ash
under humid climatic conditions (high precipitation rate). Such conditions were uniquely present
at altitudes between 600 and 1200 masl, with an annual average temperature of 20°C. Whereas
at lower altitudes, 85240 masl, allophane absence was reported due to higher environmental
temperatures (~26°C) and lower precipitation rate that inhibited its formation, resulting in a

predominance of more crystalline Al phases like halloysite (Meijer & Burman 2003). However, this
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study was focused on using trace elements as “tracers” to identify the weathering paths resulting

in the formation of different amorphous or crystalline products in the soils.

Research on soil toposequences has been mostly focused on analyzing changes in pedogenetic
processes and soil properties along a single altitudinal gradient (Tsai et al. 2010, Candra et al.
2019, Zehetner etal. 2003, Watanabe etal. 2023), without exploring variations in local
environmental factors (For instance, changes in soil moisture regime) across multiple
toposequences within the same study area. The southern flank of the Irazu volcano offers a
unique alternative to study toposequences with contrasting soil moisture regimes. While the
eastern area of the flank is dominated by a single moisture regime (Udic), the western area

exhibits a transition from udic to ustic regimes along the altitudinal gradient.

Therefore, the aim of this research was to analyze and compare the changes in the mineralogical
composition, particularly SRO minerals with variable charge surfaces, as a function of the
altitudinal variation and the contrasting soil moisture regimes in two toposequences of the
southern flank of Irazu volcano. We hypothesize that the content of SRO minerals decreases with
altitude in both toposequences, due to more intense weathering conditions promoted by higher
mean annual temperatures at lower altitude in the southern flank. Also, we hypothesize that the

moisture regime of each toposequence modulates the altitudinal effect on the soil mineralogy.

To test these hypotheses, soil chemical extractions using ammonium oxalate (AO), sodium
pyrophosphate (Py), and dithionite-citrate (DC) are proposed to define the content of Fe, Al, and
Si present in soils as SRO and to analyze changes in weathering intensity along the altitudinal
gradients. The information provided by this study will be crucial to improve the understanding of
pedogenetic processes occurring on volcanic soils related to environmental changes and their
implications for biogeochemical cycling of elements and nutrient availability, carbon storage

capacity, and land use management.

2.2. MATERIAL AND METHODS

2.2.1. Soil sampling
Sampling locations were selected based on existing information on the physicochemical
properties of a series of soil profiles previously characterized along two altitudinal transects
allocated in the Iraza Volcano, Cartago, Costa Rica. The study area is characterized by having
annual average precipitation ranges from 3000 — 4000 mm at the highest altitudes and at the
eastern part of the flank, to precipitations bellow 1500 mm at the lowest parts (Figure S$1.1). The

mean annual temperature ranges between 8 °C (at highest altitude) to 20 °C at lowest altitudes
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(Figure $1.2). The two soil toposequences were defined at the southern flank of Irazu volcano,
and hereinafter they will be referred to as West-South (WS) and East-South (ES) toposequence
(Figure.1). General characteristics of the sampling sites from both sequences are shown in Table
1.1. The Western sequence was previously characterized as part of a joint project of the United
States Department of Agriculture (USDA), the University of Costa Rica (UCR) and the Costa
Rican Association of Soil Sciences (ACCS), while the information on the eastern sequence was
obtained from the soil profile database compiled by the Natural Resources Laboratory of the CIA-
UCR. One of the main characteristics distinguishing the two soil toposequences are soil moisture
regimes and soil orders. The WS toposequence exhibits a mix of moisture regimes: the highest
elevation profiles have a Udic regime, while the lower profiles show an Ustic regime. In contrast,
the ES toposequence has a uniform Udic moisture regime throughout the altitudinal profile.
Additionally, the western sequence contains soils of various orders including Entisol, Andisols,

and Alfisol whereas all soils in the eastern sequence are classified as Andisols.

Soil samples were collected between February and July 2022. At each sampling site, a soil pit
was dug, and a sample was collected from each soil horizon identified in the field. The horizon
distinction was primarily based on physical characteristics such as color, texture, and density. In
total, 34 soil samples were collected in eight soil profiles (four profiles in each sequence) within
an altitude range from 1724 to 3178 m asl (Figure 1.1). The sampling depths varied according to

the specific conditions of each site and ranged from 0.70 m to 2.40 m (see Table 1.1).

Samples were air-dried for approximately seven days at 25-30 °C and then sieved using a No. 10
sieve with a 2 mm mesh size. Moisture content of the air-dried soil samples was determined by
oven-drying approximately 50 g of each sample at 105 °C for 24 hours. The ratio of air-dried to
oven-dried mass (AD/OD) was calculated and used to correct the results of chemical analyses,

allowing them to be expressed on an oven-dried mass basis.
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Figure 1. 1 Location of the soil sequences in the study area along the altitudinal profile in the southern flank
of Irazi volcano, Costa Rica. East-South toposequence (blue dots) and West-South
toposequences (red dots).

Table 1. 1 General characteristics of the sample sites including the sample depth, elevation, annual average
precipitation and temperature, soil order and moisture regime from two soil sequences located
at the southern flank of Irazu volcano.

Mean anual Menan anual Soil Moisture
Depth Altitude
Profile temperature precipitation order ? regime
(cm) (masl)
(°C) (mm)

West-South toposequence
w1 0-80 3178 8-10 2000 - 3000 Entisol Udic
w2 0-240 2777 10-12 1500 — 2000 Andisol Udic
W3 0-120 2150 14 -16 <-1500 Andisol Ustic
w4 0-70 1724 16— 18 <-1500 Alfisol Ustic

East-South toposequence
E1 0-96 2853 12-14 2000 — 3000 Andisol Udic
E2 0-110 2355 14 - 16 2000 — 3000 Andisol Udic
E3 0-120 1983 16— 18 2000 - 3000 Andisol Udic
E4 0-120 1734 16— 18 2000 - 3000 Andisol Udic

a According to the Soil Taxonomy (Soil Survey Staff 2022)
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In addition to the samples collected from the two toposequences described above, existing data
from ammonium oxalate extractions of soil samples (n = 66) collected in the area between the
two toposequences, were used in this study to compliment the analysis of moisture regime effects

on SRO mineral content (Figure $1.3).

2.2.2. Soil physical and chemical characterization

2.2.21. Particle size distribution analysis (PSDA)
The analysis of the particle size distribution was performed using the Hydrometer method (Soil

Survey Staff 2014a). First, 40 g (or 60 for coarser textures) of soil was placed into 250 ml plastic
beaker with 100 ml of a solution composed of sodium hexametaphosphate (~0.059 M), and
sodium carbonate (~0.075 M), 100 ml of distilled water, and further dispersed through a horizontal
shaker (120 oscillation minute™') overnight (12 h). The sample was quantitative transferred to a 1
L graduated sedimentation cylinder, and thoroughly mixed with a plunger. Measurements of the
density of soil particles suspended in the solution (g L") were taken using the Bouyoucos scale
densimeter (ASTM-152H) at 0.5, 1, 5, 10, 30, 60, 90, 120, 360, and 1440 minutes. Data were
processed using an Excel data sheet developed by the Stillwater, OK Soil Survey Office and
Modified by NSSC and Ricky Lambert, Nacogdoches, TX. Soil texture was classified according
to the USDA texture triangle (Soil Survey Staff 1999).

2.2.2.2. pH measurement
The pH of the soil samples was measured in 1:2.5 (v/v) soil/solution extractions using ultra-pure

water (pH-H20) and in 1 M KCI (pH-KCI). In both cases, the soil suspension was shaken for 10
minutes, and then left to settle for 2 minutes before pH was measured with a Metler-Toledo pH-
meter with glass membrane electrode. Additionally, the pH of the soil samples was measured in
a 1:10 (m/v) soil/solution extraction using 0.01 M CaCl, (pH-CaClz). Samples were shaken for 2
hours before the pH was determined. Lastly, the pH of the samples was analyzed in a solution of
0.01 M NaF (pH-NaF) at a 1:50 (m/v) soil/solution extraction. The samples were shaken for 2

minutes, and the pH was measured.

2.2.2.3. Total carbon content
The soil samples (previously dried at 50°C and sieved through a 2 mm sieve) were analyzed for

total carbon (C) content by dry combustion, using an automated C/N analyzer (Elementar, Vario
MACRO cube).

2.2.3. Soil chemical extractions
The content of the variable charge minerals, particularly the SRO minerals, was assessed by

performing different soil extraction procedures. These methods rely on the use of extractants to
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break chemical bonds and solubilize target substances, such as Fe and Al (hydr)oxides, and
metal-organic associations of Al and Fe (Rennert 2019). These extraction methodologies have
been widely used in soil analysis as standard procedures for soil classification purposes (Rennert
2019), as well as for characterizing the reactive fraction of SRO minerals in various soil types
(Mendez et al. 2022, Gustafsson et al. 1999). In this research, three different chemical extractions
were used: acid ammonium oxalate (AO), dithionite citrate (DC) and sodium pyrophosphate (Py),
in order to obtain an operationally defined estimation of the content of Fe and Al present in target
substances SRO aluminosilicates (i.e. allophanic materials) and Fe (hydr)oxides (i.e. ferrihydrite),

as well as Al associations with soil organic matter (SOM).

2.2.3.1. Acid ammonium oxalate (AO) extractions
A solution of 0.2 M acid ammonium oxalate (AO) (pH 3) was used to extract Fe, Al, and Si primarily

associated with SRO minerals (Schwertmann 1964), hereafter referred to as Feox, Alox, and Siox,
respectively. This procedure was performed for all the samples including the two toposequences
and the additional soils from the data set. The extractions followed the procedure described by
Soil Survey Staff (2014b), with modifications proposed by Van Reeuwijk (1993), using a 1:100
soil-to-solution ratio (SSR) for soils with high concentrations of extractable Feox and Alox.
Additionally, AO may dissolve Al species complexed with SOM (Al -organic complexes), which
could significantly contribute to the total Alox content, particularly in Andisols with high SOM
content. The extractions of Fe, Al and Si in AO were analyzed by Inductively Coupled Plasma

Optical Emission Spectrometry (ICP-OES) using a Perkin Elmer spectrometer.

2.2.3.2. Sodium pyrophosphate
A solution of 0.1 M sodium pyrophosphate (pH=10) was used to extract forms of Al associated

with SOM, hereafter referred as Al,y. The extractions followed the procedure described by Van
Reeuwijk (1993) using a 1:100 SSR. The elemental analysis of Al,y, was conducted by ICP-OES.

2.2.3.3. Dithionite-citrate (DC) extractions
A solution of (0.57 M sodium citrate) dithionite citrate (DC) was used to extract Fe present in

pedogenic Fe-(hydr)oxide minerals, including both the SRO and crystalline Fe-(hydr)oxide
phases (Feq). The extractions were performed following the procedure described by Mera and
Jackson (1960), using approximately 1:100 SSR. The elemental analysis of Feq. was carried out
by ICP-OES.
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2.2.3. Data analysis
The data obtained from the different soil extractions were analyzed using dispersion graphs of
key variables (Alox, Siox, Feox, and the Feox/Feq. ratio) as a function of altitude and depth, in order
to identify trends within each toposequence. Additional dispersion graphs were created to
visualize the relationships between Alo, Feox, and carbon content with altitude, while boxplots
were used to assess differences in these variables based on the soil moisture regime. Statistical
descriptors such as quantiles, mean values, standard deviations, and maximum values were
employed to characterize the data, and t-tests (p value < 0.001, 95% IC: Confidence Interval)
were conducted to determine significant differences in the content of Alsy, Feox and C related to
soil moisture regimes. Furthermore, Pearson correlation analyses were used to identify
relationships among Alox, Feox, C content, and altitude within the context of each moisture regime.
Additionally, the data obtained from the different extractions were used to calculate various molar
ratios for analyzing differences in pedogenic conditions between along and across the
toposequences. For example, the Aly,/Alx ratio was calculated to determine the relative
contribution of Al present as Al-organic complexes to the total amount of Alx. Moreover, the
Feox/Feqc ratio was calculated to determine the fraction of Fe present as SRO in relation to the
total content of pedogenic Fe oxides. This ratio provides an estimation of the degree of crystallinity
of the Fe (hydr)oxides and it can be related to comparing the degree of weathering among soils
(Schwertmann 1958). The ((Alox-Alpy)/Siox) ratio was calculated to estimate the Al/Si molar ratio of

SRO aluminosilicate minerals (Parfitt 1990, Dahlgren 1994, Vacca et al. 2003).

2.3. RESULTS

2.3.1. General soil characteristics

The particle size distribution evidenced a Sandy Loam (SalLo) or Loamy Sand (LoSa) texture for
most of the soils (Figures S1.4 and $1.5). As an exception, soil samples from W4 profile (lowest
altitude at the WS toposequence) contained a higher content of clay (32-43% vs 2-17% for the

rest of profiles), and their texture was classified as a clay-loam or clayed (Tables $1.1 and $1.2).

In general, the soil samples from both toposequences had slightly acid to acidic pH values, with
similar values of pH-H,O for soils from the WS toposequence (5.96 + 0.47) , and the ES
toposequence (5.78 + 0.42) (Tables S1-S2). The results of the pH-KCI in the WS toposequence
are on average generally lower (4.90 £ 0.35) than the values of the ES toposequence (5.27 + 0.37
on average), whereas the pH-CaCl, values are relatively similar for the WS toposequence (on
average 5.10 + 0.49), and the ES toposequence (5.22 + 0.37) (Tables S1.1 and S1.2).
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The comparison of pH measurement methods showed an average ApH (pH-KCI — pH-H,0) of -
1.06 = 0.21 in soils from the WS toposequence and -0.51 %+ 0.23 in those from the ES
toposequence (Tables S1.1 and S1.2). This difference was statistically significant (t = 6.94, df =
31.97, p < 0.001). Topsoils from the WS toposequence exhibited an increase in the ApH (pH-KCI
— pH-H20) as altitude decreases, whereas in ES toposequences this trend was not evident.
Additionally, the average ApH (pH-CaCl, — pH-H20) was -0.85 + 0.15 in the WS toposequence
and -0.56 * 0.16 in the ES toposequence (Tables S1.1 and S1.2), this difference was statistically
significant (t = 5.32, df = 31.99, p < 0.001). Moreover, the pH-NaF results varied between 9.38 —
10.88 (10.14 + 0.57 on average) for soils from the WS toposequence, and 10.05 — 11.15 (10.74

+ 0.26 on average) for soils from the ES toposequence (Tables S1.1 and $1.2).

The soils of the WS toposequence exhibited (Alox-Alyy )/ Siox ratios ranging from 0.58 to 1.80 (Table
$1.3), while the soils of the ES toposequence showed (Alox-Alpy)/Siox molar ratios between 1.84
and 2.62, with most of the soil samples presenting values higher than 2 (Table S$1.4). When
comparing both sequences, the WS toposequence generally showed lower (Alox-Alyy)/Siox ratios
(1.36 = 0.29) than the ES toposequence (2.34 + 0.23), like the SRO aluminosilicates in soil
samples from the WS toposequence that were richer in Si. The ratios Al,,/Alox oOf soils from both
toposequences were generally below 0.5, except for the soils W4 (1.64 - 3.49), and the first two
horizons of the soil W1 with 0.84 and 1.03, respectively. The rest of the soils from the WS
toposequence have Alp,/Alox ratios between 0.08 — 0.41, and soils of the ES toposequence have
ratios between 0.05 — 0.35 (Tables S$1.3 and S1.4).

2.3.2. Changes in SRO mineral content as a function of altitude and depth

When establishing as a reference the sampling depth of ~50 cm, the soils from the ES
toposequence contained higher Alox and Siox content compared to those from the WS
toposequence, regardless of the altitude (Figure 1.2 and 1.3). In the ES toposequence, there
was a clear inverse trend between the Alox and Siox and the altitude (Figure 1,3), whereas this
pattern was not observed in the soils from the WS toposequence (Figure 1.2). Additionally, in the
soils from the ES toposequence, Alox and Siox content increased with sampling depth, while this

pattern was not observed in the soils from the WS toposequence.

In both toposequences, the topsoil samples showed a trend of increasing Feox content with
decreasing altitude (Figures 1.2 C and 1.3 C). Feox content along with the sampling depth differed
between soil profiles from the two toposequences. From the WS toposequence, soils W1 and W2
(located at the highest altitudes and characterized by Udic moisture regime) toposequence

showed an increase in Feox content with depth, while W3 and W4 (both located at the lowest
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altitude and characterized by Ustic moisture regime) exhibited the opposite trend. In contrast,
soils from the ES toposequence, the Feox content in the E1 and E3 soil profiles remained relatively

constant, whereas in the E2 and E4 profiles, it increased after approximately 40 cm depth.

The Feo/Feq: ratio showed a relationship with altitude in the soil samples from the WS
toposequence: the higher the altitude of the soil profile, the greater the value of this ratio (Figure
1.2 D). This trend was less clear in the soil samples from the ES toposequence (Figure 1.3
D),where only the E1 profile (highest altitude) presented Feox/Feq ratios that were higher than for
the other soil profiles in this toposequence. In relation to depth, the Feox/Feq ratios in the W4 and
W3 profiles (at lower altitudes and under ustic regime) of the WS toposequence decreased with
sampling depth, whereas the W2 and W1 profiles exhibited the opposite trend (Figure 1.2 D). In
the ES toposequence, the Feox/Feqc ratios in profiles E2, E3, and E4 remained relatively consistent
across sampling depths, while in the E1 profile this ratio decreased with depth, particularly at
sampling depths > 40 cm (Figure 1.3 D).
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Figure 1. 2. Content of Alox (A), Siox (B), and Feox (C), all extracted with a 0.2 M ammonium oxalate
solution, and Feox/Fedc ratio that indicates the fraction of Feox in relation to the total content of
pedogenic Fe (hydr)oxides (D), plotted against sampling depth.
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Figure 1. 3. Content of Alox (A), Siox (B), and Feox (C), extracted with a 0.2 M ammonium oxalate solution,

along with the Feox/Fedc ratio (D) that indicates the fraction of Feox in relation to the total
content of pedogenic Fe (hydr)oxides, plotted against sampling.

In general, the Alox content was higher than Feox content in the soils, as reflected in the Alox/Feox

ratios (Figure 1.4). In general the ratios Alox/Feox are lower in the WS toposequence (2.2 + 1.2)

compared with the ES toposequence (6.1 £ 1.5), with soils at the lower altitude (E3 and E4) having

higher proportions of Alox compared to Feox content.
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Figure 1. 4. Content of Alox/Feox ratio and its variation by sampling depth in soil profiles from the Western
toposequence (A) and the Eastern toposequence (B) on the southern flank of the Irazi Volcano,
Costa Rica.

2.3.3. Changes in SRO content related to moisture regime
The potential role of moisture regime on the content of SRO minerals was assessed also
considering a complementary data set (n = 66) with information about Alox, Feox and total C content
from soils located in the study area at the southern flank of Irazu volcano. A summary of

descriptive statistical parameters for these variables is shown in Table 1.3.

Soils under two distinct moisture regimes: Udic and Ustic, evidenced differences in Alox and C
content (Figure 1.5). Soils samples collected from Udic moisture regime had a significantly higher
Alox content (1027.38 + 722.65) mmol kg™ compared to soils under Ustic moisture regime (426.06
+ 258.04) mmol kg (t = 5.47, df = 68.84, p < 0.007). In contrast, Fe. content showed no
significant variation between both moisture regimes, with Udic soils averaging 236.25 + 104.99
mmol kg™ and Ustic soils 245.74 + 71.63 mmol kg, indicating that soil moisture did not influence
Feox accumulation in these volcanic soils (t = -0.43, df = 32.65, p = 0.670). Soils under Udic
moisture regime had a significantly higher total C content (3.78 £ 2.06) % compared to soils under
Ustic moisture regime (2.36 + 1.54) %, suggesting that soil moisture also influences carbon
accumulation (t = 3.09, df = 29.66, p < 0.05).
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Table 1. 2. Descriptive statistical parameters of the Alox and Feox content extracted with a 0.2 M

ammonium oxalate solution and the total carbon content (C) in soil samples derived from

volcanic materials in the south flank of the Irazi Volcano, classified according to the dominant

moisture regime: udic and ustic. The data are for samples taken from both the topsoil (from 0 to

~20 cm) and subsoil horizon (from ~ 20 to 40 cm) in total 82 samples from 41 different sampling

locations. The analysis includes the samples from the main dataset of soil profiles and the

additional data set specified in the section of methodology.

Variables N° Min. 1st, Median 3rd, Mean SD
assessed samples Quartile Quartile
Udic regime
Alox 66 23.91 503.02 847.93 1390.85 1027.38 3378.21 722.65
(mmol/kg)
Feox 66 50.39 164.30 214.39 302.25 236.25 483.48 104.99
(mmol/kg)
C (%) 66 0.32 2.59 3.55 4.38 3.78 12.07 2.06
Ustic regime
Alox 16 145.30 331.70 359.90 412.10 426.06 1160.5 258.04
(mmol/kg)
Feox 16 107.40 209.50 257.90 285.10 245.74 366.00 71.63
(mmol/kg)
C (%) 16 0.46 1.59 2.14 2.57 2.36 1.54
SD: standard deviation.
A T-test: 500 T-test: 125 T-test:
t=547 t=-043 t=3.09
3000 df = 68.84 df = 32,65 df = 29.66
p-value <0.001 400 p-value=0.67 10.0 p-value <0.05
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Figure 1. 5. Content of Alox (A), Feox (B), and total C content (C) per moisture regime, in both the topsoils
and subsoils including data from the toposequences defined in this study and from a
complementary dataset for soil samples located at the southern flank of the Irazu volcano, Costa
Rica. The boxplot is represented as the square shape, the violin plot as the curve shape, and the
data as small dot points whose concentration value is given in the Y axis. In each panel, the
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results of a t-test are given, which were applied to find significant differences between the ustic
and udic moisture regimes.

Moisture regime (Udic vs Ustic) was a key factor to influence the content of Alox and consequently,
the content of total C. In addition, further analysis with topsoil samples showed that the moisture
regime modulates the relationship between the Al,x content and altitude (Figure 1.6 A). In soils
under Udic moisture regime, Al,x and altitude exhibited a significant negative correlation
(Pearson's r = -0.76, p < 0.07), whereas in Ustic soils, no significant correlation was found (r = -
0.32, p=0.10 ). In contrast, the relationship between Feox content and altitude was not influenced
by moisture regime, as both Udic and Ustic soils showed similar correlation values (r = -0.67, p <
0.01 and r = -0.62, p < 0.05, respectively). A negative relationship between total C content and
altitude was observed for soils under Udic regime (r=-0.54, p < 0.01), predominantly with altitudes
close or below 2000 m asl (Figure 1.6 C). In contrast, no such trend was observed in soils under
Ustic moisture regime (r = -0.29, p = 0.70 ). Additionally, a significant positive correlation was
found between Alox content and C in both Udic (r = 0.42, p < 0.07) and Ustic soils (r = 0.66, p <

0.01), with a stronger relationship observed in Ustic soils.

Al B c
— — 400 10.0
g 2
= 2000 > =
£ £ £ 75
E = 300 ="
= c
ks £ E
= =]
Q
3 O 8 5.0
x 1000- % 200
Z i
25
100
g 0.0
1500 2000 2500 3000 1500 2000 2500 3000 1500 2000 2500 3000
Altitude (m asl) Altitude (m asl) Altitude (m asl)
Moisture regime: Udic Ustic

Figure 1. 6. Content of Alox (A) and the Feox (B), extracted with a 0.2 M ammonium oxalate solution, and
C content (C) plotted against the altitude in m asl in the topsoils from the West-South and East-
South toposequences located at the southern flank of the Irazi Volcano, Costa Rica and the
topsoils from the complementary data mentioned in the materials and methods.
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Table 1. 3. Pearson correlation coefficients between Alox, Feox, total C content and Altitude in dataset (n
=82) topsoil and subsoil samples from Udic and Ustic moisture regimes.

Variable Alox® Feox” (o Altitude
Alox 1 0.77%* 0.42*** -0.76***
L Feox 1 0.18 -0.67***
3 C 1 -0.54***
Altitude 1
Alox 1 0.43* 0.66*** -0.32
g Feox 1 0.21 -0.62**
= C 1 -0.29
Altitude 1

Asterisks are equivalent to significance. (*) = 90 % confidence. (**) = 95% confidence. (***) = 99%
confidence. No asterisks equivalent to statistically insignificant.

a = aluminum (Al) extracted with ammonium oxalate.

b = iron (Fe) extracted with ammonium oxalate.

¢ = total carbon content.

2.4. DISCUSSION

2.4.1. Variation in chemical and mineralogical properties in relation to altitude and
moisture regime

The difference between pH measured in water and in electrolyte solutions such as KCI or CaCl,
is commonly used to indicate the presence of variable charge minerals in soils, particularly when
pH-KCI or pH-CaCl, is lower than pH-H,O (Gavriloaiei 2012). Lower pH values in electrolytic
solutions suggest a net negative surface charge on reactive soil particles, such as short-range
order (SRO) minerals or more crystalline oxides. In both soil toposequences, the trend of pH-
KCl/CaCl, < pH-H,O indicated the presence of variable charge minerals (Tables S$1.1 and $1.2).
However, the magnitude of ApH values revealed a higher prevalence of variable charge
components in soils from the ES toposequence compared to the WS one. Additionally, topsoils
from the WS toposequences exhibited an inverse trend delta pH (pH-KCI) with altitude which may
indicate an increase in the variable charge components in soils at lower altitudes, such trend is

less evident in the ES toposequence (Tables S1.1 and $1.2).

The presence of variable charge components in these volcanic soils, is further supported by the
pH-NaF values, which serve as indicators of active AI-OH groups on the soil exchange complex
(Fieldes and Perrot 1966; Zehetner et al. 2003), suggesting the presence of SRO aluminosilicates
or Al-humus complexes (Parfitt 1990). The high pH-NaF values (> 9.5) observed in both

toposequences confirmed the presence of SRO minerals, with consistently higher values in the
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Eastern toposequence. The latter implies more AI-OH functional groups, likely associated with

SRO aluminosilicates, in the ES soils compared to the WS toposequence.

The Al,y/Alox ratio has been used to estimate the fraction Alox that corresponds to the organically
complexed Al (Alox comprises both SRO and organic complexed Al), with values higher than 0.5
indicating the dominance of Al-organic complexes over the Al present in SRO minerals (Candra
et al. 2019). Some studies have raised concerns about the selectivity of the sodium
pyrophosphate extractions, because this method can partially solubilize Al hydroxides when
present in soils, besides the Al-organic associations (Rennert 2019, Farmer et al. 1983, Kaiser &
Zech 1996, Kleber et al. 2004). Despite these concerns, if this ratio is consistently calculated for
a set of soils, it can serve as an indication of the dominance of different pedogenetic processes,
for instance formation of metal-organic complexes vs formation of SRO aluminosilicates, resulting

from differences in climate or topography (Watanabe et al. 2023).

In this context, the Al,y/Alox ratio <0.5 obtained for most soils suggested that the Alox was present
mainly as SRO and not as Al-organic associations. The lack of predominance of Al associated
with SOM in these soils might be conditioned by the pH of soils. According to Shoji and Fujiwara
(1984) Al associated with SOM tends to be predominant a pH-H2O < 5. However, there were two
exceptions, the soil profile W4 and the soil W1 that had proportionally higher Al,, content than the
Alox content, despite their pH-H20 were also below 5. For the W4 soil the results of the Alpy/Alox
ratio may indicate an increased solubilization of various inorganic Al forms, such as hydroxides,
and some Al in organic associations. In the case of W1 soil, its conditions of high altitude, lower
temperature, and limited pedogenic development suggest favorable conditions for the presence
of active Al (Alox) interacting or complexed with soil organic matter (SOM). This observation aligns
with findings by Watanabe et al. (2023), who reported that volcanic soils in cooler environments,
such as those in Cameroon, exhibited higher contents of Alox and Al,y strongly correlated with total

carbon.

The (Alox - Alpy)/Siox ratio is commonly used to identify differences in the composition of SRO
aluminosilicates based on molarity variations in Al and Si, particularly in minerals such as
allophane and imogolite (Parfitt and Wilson 1985). The molar Al/Si ratio of these materials
depends on the composition of the soil solution from which they precipitate, and lower dissolved
Si concentrations favor the formation of allophane over imogolite (Delmelle et al. 2015). The
results indicated compositional differences between the two soil toposequences. Soil samples
from the ES toposequence, all under Udic moisture regime, exhibited (Alox—Alpy)/Siox ratios higher

than 1.50, which are characteristic of Al-rich allophanes and proto-imogolite (Wada 1978). The
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formation of Al-rich soils may be attributed to Si leaching under higher precipitation, associated
with an Udic moisture regime. According to Parfitt and Kimble (1989) Al-rich allophanes are
commonly found in Udic moisture regimes and are less frequent in drier environments, such as

those with Ustic moisture regime (Wada 1978).

On the other hand, soils from the WS toposequence showed a (Alox—Alpy)/Siox ratio generally lower
than 1.50, indicating the formation of SRO minerals richer in Si compared to those found in the
soils from the ES toposequence. In drier conditions, the higher Si concentrations in solution favor
the formation of halloysite, an aluminosilicate with higher degree of crystallinity than allophane
and with a molar ratio Al/Si = 1 (Delmelle et al. 2015, Parfitt 2009). Thus, the Al/Si ratios found for
the Western toposequence might result from the mixture of different materials (allophane /

halloysite) with varied chemical composition and degree of crystallinity.

In this regard, Alvarado et al. (2001) propose that in general terms a mixture of allophane /
halloysite is expected to be found at medium position of the foot slopes of the volcanoes in the

Central Ridge of Costa Rica, whereas allophane would dominate at the higher altitudes.

Similarly, Parfitt et al. (1983) reported that Si-rich allophanes dominate at the highest altitude (with
higher rainfall), whereas halloysite dominates at the lowest altitude (will lower rainfall) in a
sequence of volcanic soils from New Zealand. According to the present data, this trend is valid
only in the WS toposequence where a transition from Udic to Ustic regime occurs, whereas under
constant Udic conditions Al rich allophane would be dominant along the whole altitudinal gradient.
These differences in composition of the SRO aluminosilicates affect the soil ability to interact
specifically with ions, such as phosphate. It has been reported that halloysitic soils have lower
phosphate retention capacity than allophanic soils (Theng et al. 1982). These implications will be

further discussed in Chapter 2 of this thesis.

The similar altitudinal patterns of Alox and Siox content (Figures 1.2 and 1.3, panels A and B) in
both sequences suggested that these soils are predominantly composed of SRO aluminosilicates.
Differences in SRO content between the sequences appear to be driven by the soil moisture
regime likely via leaching processes (under higher precipitation). Greater humidity has been
shown to promote the formation of SRO aluminosilicates like allophane (Parfitt 1990; Lyu et al.
2018; Candra et al. 2019, Watanabe et al. 2023), whereas drier conditions and higher
temperatures favor their transformation into more stable crystalline forms (Zehetner et al. 2003,
Watanabe et al. 2023). The Eastern toposequence, which consistently receives higher

precipitation and maintains a udic moisture regime across elevations (Figure $1.1), contrasts
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with the Western toposequence, where precipitation is lower and moisture regimes vary from udic

at high elevations to ustic at lower elevations.

The inverse relationship between SRO aluminosilicates and altitude observed only for soil
samples from the ES toposequence could be a key result. This trend is likely driven by higher
mean temperatures at lower altitudes (Figure $1.2), which accelerate the weathering of primary
minerals and promote the formation of SRO aluminosilicates (Nanzyo 2002, Parfitt & Kimble
1989). However, this result contrasts with previous studies in toposequences of volcanic soails,
which have reported a decrease in SRO minerals, such as allophanes, when decreasing the
altitude (Nizeyimana et al. 1997, Zehetner et al. 2003, Tsai et al. 2010, Candra et al. 2019, Van
Ranst et al. 2019). These earlier studies have also documented an increase in more crystalline
Al secondary minerals such as halloysite, gibbsite, and kaolinite at lower altitudes (Zehetner et
al. 2003; Tsai et al. 2010, Candra et al. 2019, Watanabe et al. 2023). Despite the regional
differences in environmental conditions, one consistent observation across studies, including the
present one, is the greater abundance of SRO aluminosilicates in more humid zones. However,
it is important to note that the presence of more crystalline Al minerals was not specifically

assessed in this study and therefore cannot be ruled out.

In contrast, this pattern of increasing SRO aluminosilicates at decreasing altitude was not
observed in the Western toposequence. The combination of environmental factors such as
variation in precipitation rate, moisture regime and mean temperature along this toposequence
difficulted the presence of consistent trends. In this sequence, the drier conditions (ustic regime)
and higher temperatures of the profile at the lowest altitudes could have promoted the
transformation of SRO into more stable mineral forms. This trend was also observed when
analyzing the complementary dataset presented in Figure 1.6. Soils under a udic moisture regime
showed an increase in Alox content as altitude decreased, likely associated with the presence of
SRO aluminosilicates. However, soils under ustic moisture regime did not exhibit this pattern
(Figure 1.6).

Additionally, the Feox/Feqc ratio, which has been commonly used as a weathering index
(Schwertmann 1958, Vacca et al. 2003), also evidenced the role of moisture in the weathering
and crystallization of the SRO minerals. Lower Feo/Feq. ratios indicated a higher proportion of
crystalline iron oxides relative to poor crystalline forms, whereas higher ratios suggested the
opposite. In the WS toposequence, a more evident trend was observed, with an increasing
proportion of well-crystalline iron oxides relative to less crystalline forms. In contrast, this pattern

was less evident in the Eastern toposequence. These results suggest that the transformation of
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SRO iron minerals into more crystalline forms is limited under consistent humid conditions.
Watanabe et al. (2023) reported similar results where high humidity and leaching rate promoted
the formation and persistence of SRO minerals (e.g., allophane, imogolite, ferrihydrite) by
accelerating weathering while inhibiting crystallization. In comparison, soils under an Ustic
moisture regime (W3 and W4) exhibited lower Feox/Feqc ratios, indicating a greater proportion of

crystalline iron minerals with decreasing altitude.

The iron extracted with AO (Feox) has been used to determine the extraction of amorphous iron
compounds or SRO Fe (hydro)oxide minerals, such as ferrihydrite (Pansu and Gautheyrou 2006).
In the ES toposequence, the Feox content in topsoils, commonly associated with SRO Fe minerals,
inversely increased with altitude. Whereas, in the WS toposequence such pattern was not clear.
However, unlike SRO aluminosilicates, the differences in Feox content between soils from both

toposequences were smaller compared with Alox (Tables $1.3 and S1.4).

This trend was further confirmed by the complementary data set comparing soils with Udic and
Ustic soil moisture (Figure 1.5). Therefore, two possible hypotheses could explain the Feo
content behavior. First, SRO iron minerals were not as sensitive to changes in the soil moisture
regimes (Udic and Ustic) as SRO aluminosilicates in these soils. Alternatively, the extraction may
have dissolved other non-target iron species like more crystalline iron oxides (Schwertmann &
Taylor 1972, Taylor & Schwertmann 1974, Walker 1983, Childs & Wilson 1983, Reyes & Torrent
1997, Poulton & Canfield 2005, Acebal et al. 2000, Mansfeldt et al. 2012, Rennert et al. 2021),
iron from allophanes in allophanic soils (Rennert et al. 2021), and iron from organic associations
(e.g. McKeague & Day 1966, Parfitt & Henmi 1982, Farmer et al. 1983).

Overall, these results showed the key role of moisture regime in modulating the content of SRO
in volcanic soils, affecting their reactivity and ion adsorption capacity. These topics will be further

discussed in detail in Chapter 2.

2.4.2. Trends along the depth

In general, soils under udic moisture regime exhibited an increase in SRO aluminosilicates (Alox
and Siox) and SRO-Fe minerals (Feox), with depth, whereas Ustic soils showed the opposite trend.
Similar findings were reported by Tsai et al. (2010) in a toposequence study in northern Taiwan
across a broader elevation range (140 — 1090 m asl), comparing Perudic and Udic regimes. They
found that allophane content increased with depth in the more humid (Perudic) soils, whereas
soils under lower moisture conditions (udic, below 500 masl) showed reduced allophane

formation. Clay data obtained from the particle size distribution analysis (Tables S1.1 and S$1.2)
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does not indicate significant clay illuviation into deeper horizons. This suggests that the formation
of secondary minerals SRO may occur in situ, likely facilitated by the downward transport of
dissolved AP*, Fe*", and H4SiO4. This process can be favored by the higher average precipitation
in Udic soil moisture regimes (Figure S1.1), which may enhance element mobility and subsequent
mineral precipitation under supersaturation conditions in deeper horizons. The relative constat
Alox/Feox found along the profile of soils under Udic conditions (Figure 1.4) supported this

hypothesis of downward transport of dissolved Al and Fe species.

2.4.3. Implications of changes in SRO content for carbon stabilization in soils
Moisture availability in soils have been positively correlated with organic carbon (OC) content
(Tsai et al. 2010, Candra et al. 2019, Van Ranst et al. 2019). Our results showed an increase in
total C at lower elevations, predominantly in Udic soils below 2500 m asl (r =-0.54, p < 0.07). The
total C content in soils under an Udic regime showed a moderate correlation with Alox (r = 0.42, p
< 0.07), but a rather weaker correlation with Feo (r = 0.18, p > 0.70). Similarly, the total C showed
a significant correlation with Ale in Ustic soils (r = 0.66, p < 0.07), and weaker with Feox (r = 0.21,
p > 0.10) suggesting a preferential interaction of C to Al compounds, either Al-humus complexes
or SRO aluminosilicates, over Fe compounds. This preference might be related to a higher affinity
of C for Al compounds (Watanabe et al. 2023) or to the significantly higher content of reactive Al
species compared to Fe species in these volcanic soils. Hall and Thompson (2022), reported a

similar stronger correlation between Alox and soil organic carbon compared to Feox.

The complexation of soil carbon with SRO minerals or its specific adsorption onto these phases,
may explain the larger total C content at lower altitudes. These associations help to prevent
organic matter decomposition (Powers and Schlesinger 2002, Kleber et al. 2005, Prado et al.
2007, Takahashi and Dahigren 2016, Candra et al. 2019) promoting its stabilization at lower
elevations where the weathering rates and subsequent formation of SRO minerals are more
intense. Similarly happened in Ustic soils, where the correlation between total C and Alox may
suggest a stabilization of the organic matter that prevents its decomposition in stronger
weathering conditions, thus evidencing the relevance of these pedogenetic processes to the

biogeochemical cycling of C and other nutrients.

2.5. CONCLUSION
The initial hypothesis of increasing content of SRO minerals as altitude decreases was only
fulfilled for the ES toposequence, while no such trend was observed in the WS toposequence.
The major difference between both toposequences were the different in soil moisture regimes,

while ES toposequence has a constant Udic soil moisture regime along the topographic gradient,
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the WS toposequence has a transition between Udic to Ustic moisture regimes as altitude
decreases. Therefore, in general the results showed that soil moisture regime is a factor that
modulated the content of SRO minerals and their trends along the altitude, with Udic moisture
regimes enhancing the formation and preservation of SRO minerals. In contrast, drier conditions
and higher temperatures, typical of Ustic regimes, favor the transformation of these amorphous
minerals into more crystalline forms. Differences were also observed with depth, as only the ES

profiles exhibited a consistent increase in SRO mineral content with depth.

These findings highlight the important role of soil moisture regimes in controlling the formation
and stability of SRO minerals along volcanic toposequences. Since SRO minerals strongly
influence nutrient dynamics and soil reactivity, understanding their distribution under different
climatic conditions is essential for establishing good land-use practices. Future research should
integrate long-term monitoring of soil moisture, mineral transformations, and nutrient availability
across different climatic settings to better quantify the mechanisms driving SRO mineral

persistence or transformation.
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Table S1. 1. Physicochemical Properties of soil profiles from the West-South toposequence: pH values in
different solutions (H,O, KCI, CaCl,, NaF) and Particle Size Distribution (sand, silt, clay content).

West-South toposequence

Sample
ID

Wwi-1
W1-2
W1-3
W1-4

w2-1
w2-2
Ww2-3
wW2-4
W2-5

W3-1
W3-2
W3-3
W3-4

w4-1
Ww4-2
W4-3

Horizon

Ap
AC
C1
c2

Ap
A2
A3
A4
Bw

Ap
Ad
AB
Bw

Ap
AB
Bt

Depth
(cm)

0-14
14-40
40-60
60-80

0-32
32-80
80-160
160-210
210-240+

0-20
20-50
50-100
100-120+

0-26
26-40
40-70+

pH-H20

5.29

5.37

5.48
5.5

6.28
5.76
5.52
5.92
5.96

6.08
6.43
6.86
6.91

5.89
6.03

pH-CaCl2

4.59
441
4.61
4.84

5.2
4.74
4.64
5.22
5.27

5.35
5.72
6.04
6.13

4.85
4.97
5.07

pH-KCI

3178 m asl
451
4.39
4.67
4.81

2777 m asl
5.13
4.75
4.62
5.01
5.12

2150 m asl
4.88
5.26
5.57
5.63

1724 m asl
4.71
4.63
4.63

pH-NaF

10.66
10.69
10.98
10.88

10.5
10.82
10.5
10.2
10.26

9.54
9.58
9.58
9.61

9.38
9.48
9.53

C
%

3
2.87
1.56
2.52

3.86
2.22
2.27
2.18
17

1.48
1.35
1.2
0.82

4.06
1.62
0.88

sand
%

72
71
76
69

67
71
71
68
69

49
49
a7
49

33
24
27

silt
%

26
27
22
29

31
27
27
28
28

34
34
36
37

35
33
30

Clay ApH1
%
2 -0.78
2 -0.98
2 -0.81
2 -0.69
2 -1.15
2 -1.01
2 -0.9
4 -0.91
3 -0.84
17 -1.2
17 -1.17
17 -1.29
14 -1.28
32 -1.29
43 -1.26
43 -1.4

ApH2

-0.7
-0.96
-0.87
-0.66

-1.08
-1.02
-0.88
-0.7
-0.69

-0.73
-0.71
-0.82
-0.78

-1.15
-0.92
-0.96

ApH1: pH (KCI) - pH (H20).

ApH2: pH (CaCl) - pH (H20).

Table S1. 2. Physicochemical properties of soil profiles from the East-South toposequence: pH values in
different solutions (H,O, KCI, CaCl,, NaF) and Particle Size Distribution (sand, silt, clay

content).
East-South toposequence
Sample Horizon Depth pH- pH-CaClz pH-KCI pH-NaF C% sand silt Clay ApH1 ApH2
ID (cm) H20 % % %
2853 m asl
E1-1 Ap 0-26 5.55 4.99 4.99 11.14 3.43 69 29 2 -0.56  -0.56
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E1-2
E1-3
E1l-4

E2-1
E2-2
E2-3
E2-4
E2-5

E3-1
E3-2
E3-3
E3-4
E3-5

E4-1
E4-2
E4-3
E4-4

A2 26-46
AB 46-63
Bw 63-96+
Ap 0-15
A2 15-30
Bwg 30-50
Bw2 50-80

Bw3 80-110+

Ap

A2

Bw
Bw2

0-25
25-40
40-60
60-85

Bw3 85-120+

Ap
AB

Bw

0-32
32-60
60-90

Bw2 90-120+

4.83
5.19
5.42

5.56
5.44
5.29
5.8
5.89

5.79
5.9
5.95
6.11
6.24

6.18
6.24
6.32
6.38

4.75
4.8
5.12

4.89
4.8
4.58
5.06
5.21

52
5.18
5.48
5.67

5.7

5.53
5.66
5.66
5.75

4.99
4.99
5.25
2355 m asl
4.81
4.77
4.62
5.08
5.32
1893 m asl
5.17
5.13
5.57
5.73
5.79
1734 m asl
5.45
5.69
5.75
5.81

11.01
11.15
10.05

10.71
10.6
10.7

10.92

11.13

10.85
10.72
10.71
10.61
10.75

10.69
10.63
10.53
10.46

2.35
281
2.87

4.37
4.13
4.59
3.43
4.65

5.32
5.33
3.77
3.25

4.86
3.74
2.36
2.47

73
75
78

69
70
70
76
84

50
50
82
80
84

61
84
88
86

25
23
20

29
27
28
22
14

44
45
16
18
14

34
13
10

N NN

N NN U1 O N NN W N

a N W o

0.16
-0.2
-0.17

-0.75
-0.67
-0.67
-0.72
-0.57

-0.62
-0.77
-0.38
-0.38
-0.45

-0.73
-0.55
-0.57
-0.57

-0.08
-0.39
-0.3

-0.67
-0.64
-0.71
-0.74
-0.68

-0.59
-0.72
-0.47
-0.44
-0.54

-0.65
-0.58
-0.66
-0.63

ApH1: pH (KCI) - pH (H20).
ApH2: pH (CaClz) - pH (H20).

Table S1. 3. Contents and ratios of aluminum (Al), iron (Fe), and silicon (Si) Extracted with ammonium
oxalate (ox), Pyrophosphate (py), and Dithionite-Citrate (dc) in Soil Profiles from the West-South

Sample ID

W1-1
W1-2
W1-3
W1-4

w2-1
W2-2
W2-3
W2-4
W2-5

W3-1
W3-2
W3-3

toposequence.
Depth (cm
pth (cm) Aloy
0-14 150
14-40 160.8
40-60 128.9
60-80 149.2
0-32 148.4
32-80 114.6
80-160 108.5
160-210 81
210-240+ 74.3
0-20 83.4
20-50 69.9
50-100 76.2

West-South toposequence

mmol/kg of soil

Alox

179
156.6
315.2
437.9

395.4
433.1
500.1
435.9
918

378.6
373.7
299.1

Feox

110.8

114.8

133.4
183

101.4
1134
119.1
133.9
248.6

261.4
263.5
216.8

Siox Fedc
3178 m asl
50.5 102.1
447 117.8
117 1135
160.5 154.6
2777 m asl
164.9 115.3
221 130.5
259.1 14938
2459 145.2

560.3 236
2150 m asl
226.7 397.5
237.2 3785
191.2 4114

Algc

115.4
132.2
135.6
167.6

129.4
144.2
163
125.8
211.6

145.3
139
147.6

Alpy/Alox

0.84
1.03
0.41
0.34

0.38
0.26
0.22
0.19
0.08

0.22
0.19
0.25

(Alox - Alpy) / Siox

0.58
ND*

1.59
1.8

15
1.44
1.51
1.44
1.51

1.3
1.28
1.17

Feox/Fedc

1.09
0.97
1.17
1.18

0.88
0.87
0.8
0.92
1.05

0.66
0.7
0.53



Ww3-4

w4-1
W4-2
W4-3

aluminum extracted with pyrophosphate. Alox: aluminum extracted with ammonium oxalate. Feox: iron

100-120+

0-26
26-40
40-70+

57

290.7
332

288

177.8
146.7

209.6

288
166.8

462.3 132.6 137.3
Chemical soil extractions: Pyrophosphate (py), ammonium oxalate (ox), dithionite-citrate (dc). Alpy:

187.1 434.3 145.7
1724 m asl
46.2 818.9

38.3 7312
427 669.4

191

166.6
146.8

0.2

1.64
2.26
3.49

1.23

ND*
ND*
ND*

39

0.48

0.35
0.23
0.21

extracted with ammonium oxalate. Siox: silicon extracted with ammonium oxalate. Feqc: extracted iron with
dithionite-citrate. ND*: negative values where the content of Alpy is higher than the content of Alox.

Table S1. 4. Contents and ratios of aluminum (Al), iron (Fe), and silicon (Si) Extracted with ammonium
oxalate (ox), Pyrophosphate (py), and Dithionite-Citrate (dc) in soil profiles from the East-

Sample ID

E1l-1
E1-2
E1-3
E1l-4

E2-1
E2-2
E2-3
E2-4
E2-5

E3-1
E3-2
E3-3
E3-4
E3-5

E4-1
E4-2
E4-3
E4-4

South toposequence.

Depth (cm)

0-26
26-46
46-63

63-96+

0-15
15-30
30-50
50-80

80-110+

0-25
25-40
40-60
60-85

85-120+

0-32
32-60
60-90

90-120+

183
127.1
178.1
147.7

264.1
294.5
278.6
260.2
272.6

324.5
2954
235.3
193.7
NA

247.2
274.4
254.9
221.8

East-South toposequence

mmol/kg of soil

Alox

698.8
790.4
796.9
981.9

864.9
922.2
802.8
1155.9
1801.2

1952.3
2014.7
2396.9
2313.2
2660.9

2913.7
3512
4032.5
4413.3

Feox

156.5

184.6

185.4
186

195.3
204.8
147
300.6
307.9

298.8
295.1
341.8
315
344.2

393.7
434.4
457.2
611.6

Siox Fedc
2853 m asl
233.6 138
300.9 155
2609 201.1
353.7 2325
2355 m asl
297.1 2815
330.3 271.6
284.2 192.4
4129 3719
586.7 388.8
1893 m asl
679.4 394.7
681 410.5
859 474.1
878.9 466
10149 480.4
1734 m asl
1080.8 557.5
1236.1 565.7
1579.6 724.7
1708.8 946.3

A|dc

188.7
211.8
284.5
298.3

320
343.2
269.7
421.2
604.8

512.9
526.6
600.6
602.1
647.7

575.2
741.6
851.3
1218.8

Algy / Aloy

0.26
0.16
0.22
0.15

0.31
0.32
0.35
0.23
0.15

0.17

0.15
0.1

0.08
ND

0.08
0.08
0.06
0.05

(Alox - Aly) / Siox

221
2.2
2.37
2.36

2.02
1.9
1.84
2.17
2.61

24
2.52
2.52
241
2.62

2.47
2.62
2.39
2.45

Feox/ Fedc

1.13

1.19

0.92
0.8

0.69
0.75
0.76
0.81
0.79

0.76
0.72
0.72
0.68
0.72

0.71
0.77
0.63
0.65

Chemical soil extractions: Pyrophosphate (py), ammonium oxalate (ox), dithionite-citrate (dc). Alpy:
aluminum extracted with pyrophosphate. Alox: aluminum extracted with ammonium oxalate. Feox: iron
extracted with ammonium oxalate. Siox: silicon extracted with ammonium oxalate. Feqc: extracted iron with
dithionite-citrate. ND*: negative values where the content of Alyy is higher than the content of Alox.
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Figure S1. 1. Annual average precipitation (mm) in the study area, southern flank of the Irazu volcano,
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Figure S1. 4. Texture triangle according to the USDA classification system, from samples of the West-South
toposequence (WS), located on the southern flank of the lIrazu volcano, Costa Rica. The
following abbreviatures correspond to the textures SalLo: Sandy Loam, LoSa: Loamy Sand, Lo:
Loam, ClLo: Clay Loam, and CI: Clay.
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following abbreviatures correspond to the textures SalLo: Sandy Loam, LoSa: Loamy Sand, and
Sa: Sand.
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3. CHAPTER 2. PHOSPHORUS ADSORPTION ALONG TWO TOPOSEQUENCES OF
TROPICAL VOLCANIC SOILS IN COSTA RICA: INFLUENCE OF SHORT-RANGE
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ABSTRACT

Phosphorus (P) availability in volcanic soils is strongly influenced by short-range order (SRO)
minerals, but how changes in their reactivity along altitudinal gradients affect P adsorption remains
largely unexplored. This study aims to analyze how the reactivity and content of SRO minerals
affect both the P adsorption and P availability along two volcanic soil toposequences with
contrasting moisture regimes on the southern flank of Irazu Volcano, Costa Rica. Soil samples
from different horizons were collected along an East-South (ES) toposequence (1734-2853 m
asl) with consistent Udic regime, and a West-South (WS) toposequence (1724-3178 m asl) that
transitions from Udic to Ustic regime when decreasing altitude. Soil extractions (ammonium
oxalate, dithionite-citrate, and sodium pyrophosphate) were performed to quantify Fe, Al, and Si
associated with different mineral phases, aiming to define P pools. The reactive surface area
(RSA) of soils was assessed by implementing a method that uses soil phosphate as probe ion,
followed by interpretation with Surface Complexation Model (SCM). Phosphorus retention was
evaluated through batch adsorption experiments followed by data interpretation using a Langmuir
approach. Results revealed that soils from the ES toposequence exhibited higher RSA and total
oxalate-extractable phosphorus (Pox) than soils from the WS sequence. Phosphorus sorption
capacity (Qmax) was also higher in soils from the ES toposequence and increased with altitude,
which is related with enhanced weathering under a consistent Udic regime. In contrast, the WS
toposequence showed no clear trend in P sorption capacity along the altitudinal gradient, likely

due to a shift from Udic to Ustic moisture regimes that promoted the transformation of SRO
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minerals into more crystalline forms. The P-Olsen fraction remained low in all soils (<10% of P),
suggesting that sorption onto SRO minerals strongly limits P availability in these soils. Overall,
these findings underscore the importance of changing mineral reactivity along altitudinal gradients
of volcanic soils in terms of P cycling and availability. Understanding the sorption capacity of these
soils has important implications for site-specific nutrient management practices aimed at
improving P-use efficiency. In particular, estimating the sorption capacity can guide the adjustment
of fertilizer application rates to exceed sorption thresholds, thereby enhancing plant-available P

in volcanic agroecosystems.

Keywords: volcanic toposequences, surface reactivity, phosphorus, sorption.

3.1. INTRODUCTION

Volcanic soils, commonly classified as Andisols, develop from pyroclastic deposits or tephra, such
as ash, lapilli, blocks, and bombs (Nanzyo 2002). Additionally, Andisols can be formed from scoria
deposits, epiclastic volcanic materials and lava flows (Neall 2006). These volcanic soils are
characterized by an abundance of nanocrystalline or short-range order (SRO) minerals with
variable charge surfaces, which constitute the main components of the reactive colloidal fractions.
These SRO minerals include aluminosilicates such as allophane, imogolite, proto-imogololite, as
well as Fe (hydr)oxide minerals like ferrihydrite (Neall 2006, Nanzyo and Kanno 2018, Cornell
and Schwertmann 2003, Nanzyo 2002).

Due to their nanometric particle size and their relative abundance in Andisols, the SRO minerals
are responsible for the high reactivity of these soils towards inorganic anions such as phosphate
and soil organic carbon (SOC). Both the ultra-small particle size and high content of SRO define
the reactive surface area (RSA) of soils, which can be defined as the overall surface area of the
SRO minerals in field samples that effectively participate in adsorption processes (Hiemstra et al.
2010). Key physicochemical processes, such as adsorption, occur on the solid-solution interface
of these reactive surfaces, which play a critical role on regulating the mobility and availability of

soil nutrients, particularly phosphorus (P) in its anionic form as phosphate (Qafoku et al. 2004).

In Andisols, one of the main challenges related to soil fertility is the low availability of P, which is
caused by the high adsorption capacity and affinity between the reactive SRO minerals and
phosphate. The adsorption of phosphate on SRO minerals occurs primarily through ligand
exchange reactions, also referred to as specific adsorption or chemisorption (Goldberg y Sposito
1985). In this process, phosphate might form mono or bidentate complexes by replacing surface
hydroxyl (-OH) groups on the mineral surfaces with the -O ligands of phosphate molecule (PO4*
)(Zheng et al. 2012; Elzinga and Sparks 2007; Zhong et al. 2007). This high adsorption
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mechanism significantly limits the availability of phosphate in volcanic soils, leading to the

frequent application of high quantities of phosphate fertilizers (Nanzyo 2002).

Understanding the relationship between SRO content, its surface reactivity, and P adsorption is
essential for accurately assessing P cycling and availability in soils derived from volcanic parent
materials. While several studies have analyzed changes in mineralogical composition along
different soil topo- and chronosequences (Tsai et al. 2010, Candra et al. 2019, Zehetner et al.
2003, Watanabe et al. 2023), only a limited number of studies have systematically explored how
these changes in mineral composition influence P adsorption and availability (Van Ranst et al.
2004, Rechberger et al. 2021, Chiu et al. 2021, Neto et al. 2004).

For instance, Van Ranst et al. (2004) analyzed how variations in parent ash materials influenced
the surface reactivity of highland Andisols along an east-to-west sequence in Java Island,
Indonesia. They found that the SRO minerals and active aluminum (Al) and iron (Fe) compounds
were positively correlated with P adsorption in these soils. Rechberger et al. (2021) evaluated the
phosphate adsorption—desorption behavior along a chronosequence of volcanic topsoils from the
Galapagos Islands and found that both the SRO minerals as well as Fe and Al bound to organic
matter were the major soil factors that positively correlated with phosphate adsorption. The results
of Rechberger et al. (2021) also showed that increasing precipitation favored the formation of
SRO minerals, leading to a steep increase in phosphorus sorption capacity (PSC) from arid

lowlands to very humid highlands.

Chiu et al. (2021) studied the effects of lateritization on the speciation and retention of soil P along
a topo- and chronosequence on Green Island, Taiwan, and found that P adsorption was positively
correlated with the content of Al and Fe extracted with ammonium oxalate. Similarly, Neto et al.
(2004) investigated P adsorption in soils developed from mafic and ultramafic volcanic rocks in
the Alto Paranaiba region of Minas Gerais, Brazil, and established relationships between P
adsorption and specific surface area and soil mineralogy. In these highly weathered soils, the
well-crystallized metal (hydr)oxides such as goethite and gibbsite play a dominant role in P
adsorption (Neto et al. 2004).

The studies, previously mentioned, have investigated how the content and type of reactive
minerals affect the phosphorus adsorption in soils. However, no study has specifically explored
the interactions between phosphorus adsorption, mineralogy, and RSA by comparing two
toposequences of volcanic soils within the same study region but under different climatic

conditions. Therefore, this study aims to analyze how the changes in RSA and the content of SRO
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minerals influence P adsorption capacity and P availability along two soil toposequences with

different moisture regimes on the southern flank of Irazt Volcano, Costa Rica.

A novel aspect of this project is the implementation of an advanced surface complexation model
(SCM) to derive the RSA of soils formed from volcanic materials. Another novel aspect of this
study is the comparison of the P sorption capacity of two toposequences with similar conditions
regarding parent materials but contrasting climatic factors like the soil moisture regime (Udic vs
Ustic/Udic transition). This study will contribute to a deeper understanding of the key chemical
and mineralogical factors that influence P bioavailability in Andisols. Consequently, the findings of
this research will have broader implications beyond the region studied, offering new insights into
the relationship between mineral composition, surface reactivity, and phosphate availability in

soils formed or influenced by volcanic activity.

3.2. MATERIALS AND METHODS

3.2.1. Soil sampling

Sampling locations were selected along two altitudinal transects based on existing information on
the physicochemical properties of a series of soil profiles, previously described and characterized
in the first Chapter of this thesis. Two toposequences, within an altitude range from 1724 to 3178
m asl, were sampled at the southern flank of Irazu volcano, defined as the West-South (WS) and
East-South (ES) toposequences (Figure S2.1). General characteristics of the sampling sites from
both toposequences are shown in Table $2.1. In total, 34 soil samples were collected in the eight
soil profiles (four profiles in each toposequence). Both toposequences differed in climatic
conditions, particularly moisture regime. The ES toposequence had a consistent Udic moisture
regime along the altitudinal gradient, while the WS toposequence presented a transition from Udic

to Ustic conditions with decreasing altitude.

3.2.2. Soil chemical extractions

Data on the content of mineral fraction that is reactive towards phosphate (i.e. the SRO minerals)
were taken from the first chapter of the thesis and were used to support the interpretation of the
results related to P pools and adsorption in the studied soils. The dataset comprises
concentrations of Fe, Al, and Si extracted with a 0.2 M ammonium oxalate solution (Feox, Alox,
Siox), Al extracted with 0.1 M sodium pyrophosphate solution (Alyy), and Fe extracted with

dithionite-citrate solution (Feqc). The results are shown in Tables $2.2 and S2.3.



47

3.2.3. Determination of reactive surface area (RSA)
The RSA (in m? g of soil) was evaluated applying a methodology originally proposed by Hiemstra
et al. (2010), incorporating modifications by Mendez et al. (2020), which uses the native soll
phosphate as a probe ion. The method is based on experimentally measuring the competitive
interaction between phosphate and carbonate anions onto reactive surface groups of variably
charged minerals. The resulting data was interpreted using a surface complexation model (SCM),
allowing the estimation of the effective RSA of all the mineral phases that determine the

equilibrium solid-solution partitioning of phosphate in soils.

Briefly, air-dried soil samples were equilibrated with a 0.5 M NaHCOs; solution (pH 8.5) at five
solution-to-solid ratios (SSR) ranging from 10 to 200 L kg™'. Consequently, a desorption curve is
obtained representing the changes in concentration of extracted PO4* as a function of the SSR.
The ubiquitous presence of soil organic matter (SOM) might affect the adsorption interaction
between PO4* and carbonate during the equilibration, due to the competition of SOM functional
groups with PO4* for binding sites on the soil surface. Thus, to remove dissolved organic matter
released during NaHCQ; extractions, activated carbon (AC) (0.40 g g soil) was added to soil
suspensions (Hiemstra et al. 2010). The AC may contain small amounts of PO4* therefore, it was
pre-cleaned with ammonium oxalate and NaHCO3 solutions, as described by Koopmans et al.
(2020).

The samples were equilibrated for 15 days under constant agitation. After equilibration, the final
pH of each soil suspension was measured, the samples were centrifuged at 3000 g for 10 min
and the supernatant was filtered through a 0.45 ym cellulose acetate membrane filter. Then,
phosphate concentration in the filtrate was measured colorimetrically with a molybdenum blue
method (Murphy and Riley 1962) using a Flow Injection Analyzer (FIA) (Model, Brand, City,
Country).

The RSA of soils were estimated by interpreting experimental phosphate desorption data
measured in NaHCOs soil extracts with the Charge-Distribution Multisite lon Complexation Model
(CD-MUSIC). For the modeling approach, adsorption parameters previously derived in model
systems using ferrihydrite as a reference material were used (Mendez and Hiemstra 2020).
Therefore, ferrihydrite was used as a proxy to describe the general reactivity of variable charge
minerals in soils. In the calculations, phosphate concentrations predicted by the modeling were
fitted to experimental phosphate concentrations measured in 0.5 M NaHCO3 extraction solutions

at different SSRs, defining RSA and the amount of PO4* reversibly adsorbed to the reactive
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mineral surfaces (R-PO.*) as the only adjustable parameters. The underlying calculations for
deriving RSA and R-PO4* with the CD-MUSIC model is explained in detail in Mendez et al. (2020).

The model calculations were performed using the program ECOSAT (version 4.9) (Keizer and
van Riemsdijk 1998) in combination with the program FIT (version 2.581) (Kinniburgh 1993) for
the optimization of RSA and R-PO4 values. T-tests (p value < 0.001, 95% IC: Confidence Interval)
were conducted to determine significant differences in the content of RSA between both

toposequences.

3.2.4. Phosphorus extractions

Phosphorous fractions were operationally defined by applying different soil extraction procedures.
First, total P (Pox) and inorganic phosphate (PO4*x) extractable with a 0.2 M ammonium acid
oxalate solution (pH = 3) were measured using ICP-OES (Perkin Elmer) and a Flow Injection
Analyzer (FIA), respectively (8500 Series 2, QuikChem, Colorado, USA). These Pox and PO oy
fractions are proxies for the total P and inorganic phosphate adsorbed on the reactive surfaces of
SRO minerals, respectively. The fraction of organic P (Pog) associated with this mineral fraction
was calculated from the difference between Pox minus PO4+* ox. In addition, Olsen extractions (0.5
M NaHCOg3, pH = 8.5) (Olsen 1954) were performed on samples from the upper two soil horizons
to quantify potentially bioavailable P (P-Olsen). This fraction comprises readily soluble phosphate
and non-specific fraction of phosphate that can be easily desorbed from the soil surfaces. The
phosphorus retention capacity (PRC) was measured using the method described by Blakemore

et al. 1987 for the upper two horizons of the soil profiles to determine the ability of soil to retain P.

3.2.5. Adsorption isotherms of phosphate (PO.*)
The adsorption isotherms of PO4> were performed on the topsoil samples from each profile to
compare PO, adsorption behavior in relation to changes in the content and reactivity of SRO

minerals along the altitudinal position in the soil toposequences.

Adsorption isotherms were determined by equilibrating soil samples for 48 h with a phosphate-
containing solution at SSR of 10 L kg™'. Each adsorption isotherm consisted of six concentration
points for the WS toposequence and seven for the ES toposequence. The number of points for
the WS toposequence was limited to six due to abrupt changes in the apparent PO.* adsorption
observed at higher concentrations, which may indicate a shift to a different process, such as
precipitation. The concentration range of added PO4* was according to the content of SRO
minerals of each sample (first Chapter of this thesis). The concentrations of added PO.* varied
from 0 to 750 mg L' (24.2 mmol L") for soils from the WS sequence (W1-1, W2-1, W3-1, W4-1)
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and for the topsoil (E1-1) at the highest altitude of the ES sequence from 0 to 1000 mg L (32.2
mmol L"). For the rest of soils from the ES sequence (E2-1, E3-1, E4-1) the PO4* concentration
varied from 0 to 1500 mg L' (48.4 mmol L"). The adsorption isotherms were performed at a fixed
pH (5.30 £ 0.30) and ionic strength (/ = 0.05 M), using NaNOs3 as the background electrolyte
solution. These adsorption isotherms were performed in duplicates (Figures $2.2 and $2.3), and

the data shown in the results section corresponds to the average values from the duplicates.

Furthermore, additional adsorption isotherms were performed using 0.01 M Ca(NOs). as the
background electrolyte solution together with NaNOs to reach a final ionic strength value of 0.05
M. The objective was to analyze the effect of adding a divalent electrolyte cation such as Ca?* on
the PO4> adsorption. These additional adsorption isotherms were conducted in four soil samples
with contrasting adsorption capacity. These samples were selected (W1-1, W2-1, E1-1 and E3-1)
based on the results of the isotherms performed with only NaNOs. The pH range for these

isotherms was between 5.40 + 0.15.

After the equilibration period, the samples were centrifuged for 15 min to separate the solid and
liquid phases. The supernatant was filtered through a 0.25 um cellulose acetate filter and
analyzed for PO,* in an FIA (8500 Series 2, QuikChem, Colorado, USA), applying a molybdenum
blue colorimetric method (Murphy and Riley 1962). The amount of added PO4* adsorbed to the
solid phase were calculated as the difference of the total added and the PO, remaining in solution
after equilibration, corrected by the PO4* concentration measured in the control sample with no
PO.* added. Thus, the adsorption data represents the fraction of added PO.* that was retained

on the soil surfaces, i.e. an excess PO4* adsorption compared to the natural soil condition.

The results of POs* adsorption isotherms were interpreted using the Langmuir equation
(Langmuir 1918). Substituting the experimental data of PO4* adsorption (Qass, in mmol kg™') and
equilibrium PO4%> concentration (C;, in mmol L") into a linearized form of the equation 1, the
maximum adsorption capacity (Qmax, in mmol kg') and the Langmuir adsorption constant (Kv)

were fitted for each adsorption isotherm.

K[C;]

[Qads] = [Qmax] * H—TL[C]

€y

3.3. RESULTS

3.3.1. Estimation of the RSA in soils from two volcanic toposequences from Costa Rica
The comparison of the RSA between the two soil toposequences (Figure 2.1) revealed significant

differences, where soils from the ES toposequence exhibited a significantly higher mean RSA
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(31.34 + 7.04) m? g compared to those from the WS toposequence (14.60 + 6.90) m? g™ (t =
5.87, df = 21.12, p < 0.001) (Table S$2.3).

In the WS toposequence, there is not a clear relationship between the RSA values and altitude
(Figure 2.1 A). Only for soil profile W4 (located at a lower altitude) a higher RSA was measured
compared to the other samples located at higher altitudes in this sequence. In contrast, topsoils
from the ES toposequence (Figure 2.1 B) show an increase in RSA with decreasing altitude in
profiles E1, E2, and E3. For the profile E4 very low results were obtained which made it impossible
to estimate the RSA during the modeling. In this case the modeling approach that uses only
ferrihydrite as proxy had a limitation for the estimation of the RSA, probably due to a poor quality

of the experimental data of the NaHCO3 extractions.
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Figure 2. 1. Relationship between the reactive surface area (RSA) and sampling depth (cm), from soil
samples from A) the West-South (WS) and B) East-South (ES) toposequences located at the
southern flank of the Irazu Volcano, Costa Rica. For samples from profile E4, it was not possible
to adjust the values of RSA with the experimental results.

In relation to changes in RSA as a function of depth, the RSA values showed a trend to increase
below 40 cm in profiles W1, E1, and E2 (Figure 2.1). In contrast, profiles W2 (after 50 cm), W3,
and E3 exhibited a decrease in RSA with depth (Figure 2.1). Only the profile W4 showed a

consistent increase in RSA throughout the entire soil profile.

3.3.2. Phosphorus fractions in soils from two volcanic toposequences from Costa Rica

Soils from the WS toposequence exhibited Pox contents ranging from 0 to 19 mmol kg', whereas
soils from the ES sequence showed generally higher Pox values, ranging from 6 to 57 mmol kg™'.
The comparison of the Pox content between the two toposequences showed significant
differences, where the soils from the ES toposequence exhibited a higher mean Pox (23.41 £

15.12) mmol kg compared to those from the WS toposequence (11.17 + 5.58) mmol kg™ (t =
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3.145, df = 22.225, p < 0.01, 1C:95%). Available phosphorus determined by the Olsen extraction
ranged from 2 to 54 (23 + 20) mg kg™ in soils from the WS toposequence, whereas in the ES the
values varied between 1 and 46 (23 + 15) mg kg’'. There were not statistically significant
differences in the P-Olsen content between both toposequences (t = -0.03, df = 12.97, p = 0.98).
Regarding the phosphorus retention capacity (PRC) the results showed a statistically significant
difference in PRC values between toposequences (t = 6.83, df = 13.915, p < 0.000017). The soils
from ES toposequence exhibited higher PRC (91.70 + 8.80) % compared to those from the WS
toposequence (60.76 + 8.14) %.

A linear relationship was observed between the total phosphorus (Po.x) and the inorganic
phosphate (PO,,0>) fractions, both extractable by ammonium oxalate solution (Figure 2.2).
Points closer to the red dotted 1:1 line indicated that the Pox extracted by the oxalate solution is
predominantly present as inorganic phosphate (PO,,.>). Samples from the WS toposequence
(Figure 2.2 A) exhibited greater dispersion around the 1:1 line in comparison with the samples
from the ES toposequence, indicating a larger variability in the relative contribution of PO4,0,* to
Pox in the soils from the WS sequence. The few values located slightly above the 1:1 line resulted
from the intrinsic variability of the soil samples or due to the uncertainty of the AO extraction

method.
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Figure 2. 2. Relationship between total phosphorus (Pox) and inorganic phosphorus present as phosphate
(POa,0x>), both extracted with a 0.2 M ammonium oxalate solution, in soils from toposequences
located at the southern flank of the Irazu Volcano, Costa Rica. Panel A is for soil samples from
the West-South (WS) toposequence, and panel B for soils samples from the East-South (ES)
toposequence. Doted lines represent 1:1 ratio.
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The trends in Pox content with respect to sampling depth and altitude along the toposequences
are presented in Figure 2.3. In general, higher Pox concentrations were found in the topsoil layers
of the soil profiles, except for profile W2, which shows an increase in Pox content in the deepest
horizon. The rest of the soil profiles typically show a decreasing trend in Pox content with depth.
To account for the differences on the amount of reactive minerals between samples, the P
content can be normalized to the molar sum of [Feox + Alox]. When this is done, a marked decrease
in the Pox / [Feox + Alox] ratio was observed down to 50 cm depth. Below this depth, this ratio

remained relatively constant with increasing depth in all soil profiles (Figure S2.4).
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Figure 2. 3. Content of Pox extracted with a 0.2 M ammonium oxalate solution, plotted against sampling
depth in soil profiles from the West-South (WS) toposequence (A) and the East-South (ES)
toposequence (B) on the southern flank of the Irazd Volcano, Costa Rica.

The results show that the content of available phosphorus (P-Olsen) in the topsoils and
subsurface samples represented only a small fraction (< 10 %) of the total amount of P associated
with the surfaces of the SRO minerals (Pox) (Figure 2.4). Additionally, the results indicated a
decrease in the ratio P-Olsen/Poy ratio in the subsoil horizons compared to the corresponding
topsoil samples. When comparing sequences, soils from the ES toposequence exhibited a lower
P-Olsen/Po ratio, compared to soils from the WS toposequence (Figure 2.4). For the ES
toposequence, there is a trend of decreasing this ratio when the altitude decreases (Figure 2.4
B). The P-Olsen/Pox ratio is inversely related to the PRC (Figure 2.5) of the analyzed soil samples,
suggesting that P availability in these soils was more strongly influenced by the adsorption to SRO

minerals, rather than by the total P content.
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Figure 2. 4. Fraction of available phosphorus (P-Olsen) relative to the total phosphorus (Pox), extracted by
a 0.2 M ammonium oxalate solution, in topsoil and subsoil samples from the West-South (A)

and East-South (B) toposequences on the southern flank of Irazii Volcano, Costa Rica.
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Figure 2. 5. Relationship between the ratio of P-Olsen/Pox and phosphorus retention capacity (PRC),
measured according to Blakemore et al. (1987), for soil samples from the West-South (WS) and
the East-South (ES) toposequences on the southern flank of the Irazu Volcano, Costa Rica.

3.3.3. Phosphate adsorption isotherms in soils from two volcanic toposequences from

Costa Rica
The results of the adsorption experiments revealed important differences in P adsorption between

the topsoil samples from both toposequences. Expressed in a soil mass basis (mmol PO,* kg™
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soil), soils from the ES toposequence exhibited higher PO, sorption capacities than those from
the WS toposequence (Figure 2.6). This difference was evident when comparing the data of both
toposequences presented in Figure 2.6 and further supported by the Qmax values fitted with the

Langmuir equation (Table 2.1).

Additionally, Figure 2.6 shows that only in the ES toposequence a clear trend is observed in which
the adsorption of PO4* increases with decreasing altitude, E1 > E2 > E3 > E4 (Figure 2.6 B). In

contrast, this trend was not observed for the soils from the WS toposequence (Figure 2.6 A).
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Figure 2. 6. Phosphate (PO43") adsorption isotherms for topsoils samples collected from the West-South
(WS) (A) and East-South (ES) (B) toposequences on the southern flank of Irazd volcano, Costa Rica.
Altitude in masl is provided for each sample below the graphs. The isotherms were conducted with a
solution-solid ratio (SSR) of 10 L kg-', a background electrolyte solution of 0.05 M NaNO3 and a pH of 5.30
1 0.30. Symbols are for experimental data and the dotted lines represent the modeled values obtained with
the Langmuir equation (Eq. 1), adjusting the values of maximum adsorption capacity (Qmax) and the
Langmuir affinity constant (KL).

Table 2. 1. Maximum adsorption capacity (Qmax) and affinity constant (KL), with the corresponding
standard errors (SE) values, fitted with the Langmuir equation for the adsorption isotherms of phosphate
determined in the topsoil samples from the West- South (WS) and East-South (ES) toposequences on the
southern flank of Irazd volcano, Costa Rica. Statistical parameters including Root Mean Square Error
(RMSE), Mean Squared Error (MSE), Mean Absolute Error (MAE) and Chi-squared statistic (Chi-sq) for
the fitted model are also provided.

Qmax
49.09

MAE
3.84

RMSE
5.83

MSE
34.03

Chi-sq
14.22

SE
0.64

SE
2.93

KL
1.82

Sample
w1
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w2
W3
w4
E1l
E2
E3
E4

80.63
61.13
98.09
95.27
206.23
327.42
384.71

4.70
6.17
5.52
5.13
8.27
16.21
21.04

1.52
0.74
2.99
3.65
0.43
1.02
1.94

0.54
0.36
1.19
1.60
0.09
0.29
0.60

8.34
9.64
10.83
11.30
12.51
27.21
36.56

69.55
92.93
117.37
127.60
156.46
740.61
1336.89

6.26
6.10
7.56
8.90
10.66
20.15
28.71

49.72
28.47
71.24
76.19
17.11
NaN*

448.12

NaN*: Not a Number, indicates undefined or invalid numerical result.

In the Figure 2.7 it was observed the data of PO4* adsorption normalized to the molar content of

[FeoxtAls], which is a proxy for the amount of Fe and Al present in soils as SRO minerals. In the

WS toposequence, soils W2 and W1 presented higher PO4* adsorption per mol of [Feox + Alox]

compared to the soil W3. In contrast, the soils from the ES toposequence exhibited more

consistent PO4* sorption capacity across sites, with less variation in P adsorption per mol [Feox +

Alox] than soils from the WS toposequence.

For soil W4, PO, adsorption was normalized using the dithionite-citrate (DC)-extractable Fe

content rather than the ammonium oxalate extractable Fe. This choice was motivated due to the

advanced weathering stage of the soil, in which most pedogenic Fe (hydr)oxides have been

transformed into crystalline Fe (hydr)oxides (see Chapter 1).
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Figure 2. 7. Adsorption isotherms of mmol P per mmol Fe + Al (Fe and Al extracted using a 0.2 M
ammonium oxalate solution, with the exception of the soil W4 which Fe was extracted with
Dithionite Citrate solution), plotted against PO,3- in equilibrium of topsoils of West-South (WS)
(A) and East-South (ES) (B) toposequences on the southern flank of Irazu volcano, Costa Rica.
Symbols are for experimental data and the dotted lines represent the modeled values obtained
with the Langmuir equation (Eq. 1), adjusting the values of maximum adsorption capacity
(Qmax) and the Langmuir affinity constant (Kv). *Soil W4= mmolP/mol (Fedc+Alox).



3.3.4. Effect of Ca?* on PO,* adsorption

The Figure 2.8 presented the PO, adsorption isotherms of selected soil samples measured with
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and without the addition of Ca(NO3). to the electrolyte solution. The corresponding Langmuir

model parameters (Qmax and Ki) are shown in Table 2.2. Overall, the results indicated that the

presence of Ca?* consistently enhanced PO.*> sorption capacity in all tested samples. Relatively,

the observed effect of Ca?* on enhancing PO4* adsorption was more pronounced in soils W1, W2
and E1 compared to the soil E3 (Table 2.2).
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Figure 2. 8. Phosphate (PO4%) adsorption isotherms of selected topsoils with and without the addition of
Ca(NO3), 0.01 M as a background electrolyte solution together with NaNO3 0.05 M, and a fixed
pH ranged of 5.40 £ 0.15 , from the West-South (W1 A and W2 B) and the East-South (E1 C
and E3 D) toposequences, located on the southern flank of Irazu volcano, Costa Rica. The soils
were selected based on contrasting adsorption capacities. Symbols are for experimental data
and the dotted lines represent the modeled values obtained with the Langmuir equation (Eq. 1).
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Table 2. 2. Maximum adsorption capacity (Qmax) and affinity constant (KL), with the corresponding
standard errors (SE) values, fitted with the Langmuir equation for the adsorption isotherms of
phosphate (PO43) with and without the addition of Ca, determined in the topsoils W1 and W2
from the West-South (WS) and E1 and E3 from the East-South (ES) toposequences, located at
the southern flank of Irazu volcano, Costa Rica. Statistical parameters including Root Mean
Square Error (RMSE), Mean Squared Error (MSE), Mean Absolute Error (MAE) and Chi-
squared statistic (Chi-sq) for the fitted model are also provided.

Sample  Qmax SE KL SE RMSE MSE MAE Chi-sq AQmax (%)

dueto Ca
addition
W1 49,09 293 182 0.64 5.83 34.03 3.84 14.22 66.57
W1l+Ca 81.77 545 413 171 6.68 44.66 5.29 14.49
W2 80.63 470 152 054 834 69.55 6.26 49.72 92.79
W2+Ca 155.45 2238 0.81 051 14.07 198.04 11.69 191.27
El 9527 5.13 365 160 11.30 127.60 8.90 76.19 64.42
El1+Ca 156.64 17.48 1.85 1.09 1449 20991 1123 314.71
E3 327.42 16.21 1.02 0.29 27.21 740.61 20.15 NaN 6.46

E3+Ca 348.58 26.36 2.22 0.87 25.07 628.26 19.01 52.69

AQmax (%) values of the adsorption isotherms with and without Ca, calculated as: (Qmax isotherm +Ca — Qmax isotherm
without Ca)/ Qmax isotherm without Ca. NaN*: Not a Number, indicates undefined or invalid numerical result.

3.4. DISCUSSION

3.4.1. RSA, POs* sorption capacity and P availability

The higher content of Pox, RSA (Tables $2.2 and S$2.3) and PO.* sorption capacity (see Qmax
values in Table 2.1) for soils from the ES toposequence, compared to the WS toposequence, can
be related to the higher content of SRO aluminosilicates which provide greater abundance of
PO.% sorption sites in these soils. As previously described in Chapter 1, SRO minerals are highly
reactive towards oxyanions such as phosphate and are abundant in volcanic soils (Takahashi and
Dahigren 2016; Nanzyo 2002; Strawn 2015; Mwende Muindi 2019). Phosphate adsorption in
these soils occurs primarily via inner-sphere complexation, where phosphate forms strong
chemical bonds with surface functional groups on SRO minerals, limiting its bioavailability (Qafoku
and Sumner 2000; Selim 2018), further supported by the low proportion of available phosphorus
(P-Olsen), which rarely exceeded 10% of total Pox (Figure 2.4) and it was inversely correlated
with the PRC (Figure 2.5).

Additionally, the higher content of Pox found in surface horizons, compared with deeper horizons,
of soils from both toposequences (Figure 2.2) suggests an influence from land use practices,
particularly P fertilization (Alvarado-Hernandez et al. 2008). Moreover, Pox normalized to the molar

content of [Fe+All,x decreased from the surface to about 50 cm depth (Figure S2.4), also
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suggests that the higher Pox levels in the topsoil are not due to greater amounts of reactive

minerals but are more likely linked to external P inputs.

Differences in the content of SRO minerals, particularly SRO aluminosilicates, which influence
PO,*" adsorption in both toposequences, are driven by their contrasting soil moisture regimes
(Udic vs. Ustic), as discussed in Chapter 1. Volcanic soils developed under consistently humid
conditions (i.e. Udic moisture regime) tend to favor the formation and preservation of SRO
minerals (Watanabe et al. 2023; Candra et al. 2019; Tsai et al. 2010; Dinter et al. 2020), whereas
drier conditions (i.e. Ustic moisture regimes) promote the transformation of SRO minerals into

more crystalline mineral phases (Zehetner et al. 2003; Watanabe et al. 2023).

In the ES toposequence, the consistent Udic moisture regime promotes the weathering of the
primary minerals, and the persistence of SRO minerals formed in-situ. Additionally, increasing
mean temperatures might further enhance SRO formation under constant Udic conditions,
reflected by the increase in SRO content with decreasing altitude in the ES toposequence. Thus,

higher RSA of soils (Figure 2.1) and greater PO,3~ adsorption capacity (Figure 2.6 B; Table 2.1).

In contrast, the WS toposequence experiences a transition from Udic to Ustic conditions along its
slope. This transition favors the transformation of SRO minerals into more crystalline and less
reactive phases, reducing their capacity to adsorb PO,*" (Gérard 2016; Strauss et al. 2005; Qin
et al. 2018; Stoner et al. 2012). As a result, the increasing trends in PO,3~ adsorption and RSA
observed in the ES toposequence are not present in the WS toposequence (Figure 2.6 A; Table
2.1).

Similar patterns have been reported in other volcanic toposequences, where high PO,*"
adsorption capacity is related with elevated levels of active Al associated with SRO
aluminosilicates (Van Ranst et al. 2004; Hashimoto et al. 2012). For example, Van Ranst et al.
(2004) reported that on Java Island, Indonesia, soils exhibiting higher PO,3~ adsorption capacity
were associated with a Udic soil moisture regime and elevated allophane content, particularly at
elevations between 1250 and 1600 m asl. Likewise, Hashimoto et al. (2021) reported that Andisols
in Japan presented a higher PO,3>” sorption capacity when the oxalate-extractable Al and

allophane content were also higher.

3.4.2. Phosphate sorption isotherms normalized by the sum of Fe and Al extracted with
oxalate

When PO,3" adsorption data are normalized to the molar sum of Fe and Al extracted with oxalate

[Fe+Allox (Figure 2.7 B), the differences in adsorption capacity between soils from the ES
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toposequences largely disappear compared to when the adsorption is expressed on a soil mass
basis (Figure 2.6). This suggests that the increase of adsorption capacity at lower altitudes is
driven by enhanced weathering and formation of SRO minerals, and changes in their intrinsic
adsorption properties like particle size and surface site density. The consistent Udic moisture
regime and uniform parent material along the toposequence likely contribute to maintaining
relatively similar reactive properties of the SRO minerals, such as particle size, surface site

density, and intrinsic affinity for phosphate.

In contrast to the ES toposequence, normalization of PO,* adsorption data to [Fe+Al]ox in soils
from the WS toposequence (Figure 2.7 A) reveals that differences in adsorption capacity persist,
showing an inverse trend compared to the corresponding adsorption data expressed on a soill
mass basis (Figure 2.6 A). The notably lower PO, adsorption capacity per unit of Fe and Al in
soils under an Ustic regime suggests the presence of reactive minerals with larger particle sizes
and, consequently, lower reactive surface areas (RSA), likely reflecting the transformation of SRO
minerals into more crystalline and less reactive forms (Wang et al. 2013; McLaughlin et al. 1981;
Amadou et al. 2022). This observation is particularly evidenced in the soil W4, where more
crystalline Fe phases (Feq:) appear to significantly contribute to PO, adsorption. In this case,
nanocrystalline Fe oxides are likely to have transformed into more crystalline forms (Wang et al.
2018; Neto et al. 2004; Rechberger et al. 2021). Interestingly, WS soils formed under Udic
conditions exhibited adsorption behavior like those of the ES toposequence, highlighting the

critical role of soil moisture in sustaining SRO minerals with comparable PO, sorption properties.

3.4.3. Effect of the addition of Ca in PO,*" sorption capacity

The results showed a general increase in PO,*" sorption capacity upon Ca?* addition (Figure
2.8), likely due to cooperative adsorption mechanisms in which Ca?* facilitates PO,*" binding
through electrostatic interactions and the formation of ternary surface complexes (Mendez and
Hiemstra 2020). A similar synergistic effect has also been reported in volcanic soils from the
Galapagos Islands, specifically in younger topsoils with high exchangeable Ca?* levels >100
cmol; kg™ (Rechberger et al. 2021). However, this effect appears to be modulated by the reactivity
of SRO minerals in the soils. Samples with lower sorption capacity (W1, W2 and E1), lower
content of SRO aluminosilicates, and a lower RSA, presented a higher relative increase in PO4*

adsorption following Ca?* addition compared to soils with high mineral reactivity (i.e. E4).

This can be related to the fact that soils with larger surface reactivity already have a high PO,3~
adsorption capacity and a relatively low PO,3*~ adsorption density, leaving more surface sites

available for PO, adsorption, limiting the incremental effect of Ca?*. Conversely, soils with lower
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SRO content and RSA are more responsive to the formation of ternary complexes when Ca?* is
added, which enhance phosphate binding despite their initially lower reactivity (Mendez and
Hiemstra 2020).

3.4.4. Implications

From a practical perspective, these findings have important implications for soil management.
Even within a single soil type, such as Andisols, heterogeneity can exist. Factors like altitude and
soil moisture regime significantly influence the formation of SRO minerals, which consequently
affect their content, composition, and RSA. These variations ultimately modulate the sorption
capacity and availability of phosphate (PO,37) in the soils. In addition, mineralogical differences
can also shape the impact of other agricultural management practices such as liming, which is
commonly applied to volcanic soils in the study area. It was evidenced that the addition of Ca?*
can enhance the PO, sorption in these soils. However, further investigations in land use
management in the field should be carried out to understand better the impact of agricultural

practices on P behavior in the agricultural systems of the region.

3.5. CONCLUSION

This study showed that differences in PO,3~ adsorption among soil toposequences are mainly
controlled by the abundance and surface reactivity of short-range order (SRO) minerals. These
are influenced by soil moisture regimes, together with altitude and temperature, which regulate
weathering intensity. Higher humidity promotes the formation of SRO aluminosilicates, and under
humid (Udic) conditions, both adsorption capacity and reactive surface area increased with

decreasing altitude, reflecting greater SRO mineral accumulation along the gradient.

The study revealed that P availability, reflected by the P-Olsen/Pox ratio, is generally low in these
volcanic soils due to strong PO,3~ sorption onto reactive SRO minerals rather than total P content.
Additionally, Ca?* can enhance PO,*" retention via cooperative adsorption mechanisms, though
its effect is limited in soils with already high sorption capacity, such as the E3 topsoil from the ES

toposequence.

In general, the results underscore the importance of considering both mineralogical properties
and environmental factors, such as altitude and moisture regime, when managing P behavior in
volcanic soils. Despite soils presented similar taxonomical classifications within these two
toposequences, they exhibit marked differences in P behavior due to contrasting mineral contents

driven by the soil moisture regime and weathering intensities. These differences could influence
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the response of soils to fertilization and liming practices, pointing to the need for site-specific

nutrient management strategies.
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3.7. SUPLEMENTARY INFORMATION
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Figure S2. 1. Location of the soil sequences in the study area along the altitudinal profile in the southern
flank of Irazt volcano, Costa Rica. East-South toposequence (blue dots) and West-South
toposequences (red dots).

Table S2. 1. General characteristics of the sampled sites within two soil sequences located at the southern
flank of Irazu volcano.

Anual average  Anual average Soil Moisture
Depth Elevation
Profile temperature precipitation order? regime
(cm) (m asl)
(°C) (mm)
West-South toposequence

w1 0-80 3178 8-10 2000 - 3000 Entisol Udic
w2 0-240 2777 10-12 1500 — 2000 Andisol Udic
w3 0-120 2150 14 - 16 <-1500 Andisol Ustic

w4 0-70 1724 16-18 <-1500 Alfisol Ustic
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East-South toposequence

E1 0-96 2853 12— 14 2000 — 3000 Andisol Udic
E2 0-110 2355 14 - 16 2000 — 3000 Andisol Udic
E3 0-120 1983 16— 18 2000 — 3000 Andisol Udic
E4 0-120 1734 16 - 18 2000 — 3000 Andisol Udic

@ According to the Soil Taxonomy (Soil Survey Staff 2022)
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Figure S2. 2. Results of the duplicates and the average graph of phosphate sorption isotherms data of
topsoils W1-1 (A), W2-1 (B), W3-1 (C) and W4-1 (D) from the West-South toposequence on the
southern flank of Irazu volcano, Costa Rica.
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Figure S2. 3. Results of the duplicates and the average graph of phosphate sorption isotherms data of
topsoils E1-1 (A), E2-1 (B), E3-1 (C) and E4-1 (D) from the East-South toposequence on the
southern flank of Irazu volcano, Costa Rica.

Table S2. 2. Contents and ratios of aluminum (Alox), iron (Feox), phosphorus (Pox), phosphate (P-PQOa4,0x)
and silicon (Siox) Extracted with a 0.2 M ammonium oxalate (ox), aluminum (Alpy) extracted
with 0.1 M sodium pyrophosphate, iron (Fedc) extracted with Dithionite-Citrate, phosphate (P-
POu4,0x) extracted with Olsen, and the reactive surface area (RSA) of Soil Profiles from the East-

South toposequence.

Sample
ID

Wi1-1
W1-2
W1-3
W1-4

w2-1
W2-2

Depth (cm)

0-14
14-40
40-60
60-80

0-32
32-80

Alpy

150
160.8
128.9
149.2

148.4
114.6

West-South toposequence (WS)

Alox

179
156.6
315.2
437.9

395.4
433.1

mmol kg of soil

Feox Siox  Pox P-PO>

(ox)

3178 m asl
110.8 505 18 215
114.8 44.7 12 13.0
133.4 117 6 7.0
183 1605 7 5.0

2777 m asl
101.4 1649 16 16.6
1134 221 10 7.4

Fedc

102.1
117.8
113.5
154.6

115.3
130.5

P-PO4Olsen

1.66
0.70

0.53
0.08

RSA

m2/kg

15.09
7.46
11.62
14.57

12.01
17.51



W2-3
W2-4
w2-5

W3-1
W3-2
W3-3
W3-4

Ww4-1
W4-2
W4-3

80-160 108.5
160-210 81
210-240+ 74.3

0-20 83.4
20-50 69.9
50-100 76.2
100-120+ 57
0-26 290.7
26-40 332
40-70+ 462.3

500.1
435.9
918

378.6

373.7

299.1
288

177.8
146.7
132.6

119.1 259.1 10
133.9 2459 12
248.6 560.3 19
2150 m asl
261.4 226.7 19
2635 237.2 16
216.8 191.2 10
209.6 187.1 9
1724 m asl
288 46.2 3
166.8 38.3 ND
137.3 427 0

5.9
8.2
11.6

17.9

14.6
9.0
8.3

4.7
ND
ND

149.8
145.2
236

397.5
378.5
411.4
434.3

818.9
731.2
669.4

1.75
1.03

0.09
0.05

69

15.57
13.63
12.72

13.81
9.20
7.22
3.21

22.33
27.52
30.09

Table S2. 3. Contents and ratios of aluminum (Alox), iron (Feox), phosphorus (Pox), phosphate (P-POa4,0x)

Sample

E1l-1
E1-2
E1-3
El-4

E2-1
E2-2
E2-3
E2-4
E2-5

E3-1
E3-2
E3-3
E3-4
E3-5

E4-1
E4-2
E4-3
E4-4

Depth
(cm) Alpy
0-26 183
26-46 127.1
46-63 178.1
63-96+ 147.7
0-15 264.1
15-30 294.5
30-50 278.6
50-80 260.2
80-110+ 272.6
0-25 3245
25-40 2954
40-60 235.3
60-85 193.7
85-120+ NA
0-32 247.2
32-60 274.4
60-90 254.9
90-120+ 221.8

East-South toposequence (ES)

Alox

698.8
790.4
796.9
981.9

864.9
922.2
802.8
1155.9
1801.2

1952.3
2014.7
2396.9
2313.2
2660.9

2913.7
3512
4032.5
4413.3

mmol kg of soil

Feox  Siox  Pox P'Zg“s'
2853 m asl
156.5 2336 21 21.2
184.6 3009 12 10.5
185.4 260.9 9 6.2
186 353.7 5.3
2355 m asl
195.3 297.1 42 38.9
204.8 3303 34 27.3
147 284.2 28 19.6
300.6 4129 16 5.9
3079 586.7 19 7.0
1893 m asl
298.8 679.4 57 62.1
295.1 681 56 68.5
341.8 859 16 8.0
315 878.9 14 18.6
344.2 10149 22 22.6
1734 m asl
393.7 1080.8 37 32.9
434.4 1236.1 12 10.7
457.2 1579.6 12 13.7
611.6 1708.8 6 10.1

Fedc

138
155
201.1
232.5

281.5
271.6
192.4
371.9
388.8

394.7
410.5
474.1
466
480.4

557.5
565.7
724.7
946.3

P-PO4Olsen

1.09
0.08

1.48
0.57

1.05
1.02

0.51
0.04

and silicon (Siox) Extracted with a 0.2 M ammonium oxalate (ox), aluminum (Alpy) extracted
with 0.1 M sodium pyrophosphate, iron (Fedc) extracted with Dithionite-Citrate, phosphate (P-
POu4.0x) extracted with Olsen, and the reactive surface area (RSA) of Soil Profiles from the
Eastern toposequence.

RSA

m2/kg

22.54
18.48
30.69
33.09

34.69
29.57
27.14
39.06
ND

42.23
39.92
ND
ND
ND

27.36
ND
ND
ND
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Figure S2. 4. Ratio of Pox(Feox+Alox)-1 extracted with a 0.2 M ammonium oxalate solution, plotted against
sampling depth in soil profiles from the Western toposequence (A) and the Eastern
toposequence (B) on the southern flank of the Irazd Volcano, Costa Rica. In the legend, the data
of altitude (m asl) of each soil profile is provided.
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4. GENERAL DISCUSSION
The findings from both chapters of this thesis are closely interconnected and their joint
interpretation important insights into how pedogenic and climatic conditions shape the formation
of short-range order (SRO) minerals and, in turn, how this influences phosphate (PO.*)
adsorption and phosphorus (P) availability in two toposequences of volcanic soil. The first chapter
focused on studying the variation in content of SRO minerals along contrasting climatic gradients
and within soil profiles. The second chapter investigated the reactivity of these minerals, with a
focus on PO.* sorption processes and their implications for P availability. Consequently, the
results from the first chapter provided essential context and foundational information for

interpreting the findings of the second chapter.

4.1. SOIL MOISTURE AS A DRIVER OF SRO MINERAL STABILITY ALONG
TOPOSEQUENCES

The initial hypothesis for the first chapter proposed that in both the WS and ES toposequences,
the content of SRO minerals would increase with decreasing altitudes along the topographic
gradient due to enhanced weathering driven by higher temperatures at lower altitudes. Secondly,
it was hypothesized that the soil moisture regime of each toposequence modulates the influence
of altitude on soil mineralogy content and composition. The first hypothesis was confirmed only
for the ES toposequence, whereas the second was supported for both. The different SRO mineral
content—altitude patterns observed between the two toposequences were attributed to differences
in soil moisture regimes: the ES toposequence maintained a constant Udic regime across
elevations, while the WS toposequence shifted from Udic to Ustic conditions with decreasing

altitude.

Previous studies have also reported a positive relationship between soil moisture and SRO
mineral content in volcanic soil sequences (Nizeyimana et al. 1997; Zehetner et al. 2003; Tsai et
al. 2010; Candra et al. 2019; Van Ranst et al. 2019; Watanabe et al. 2023), although in those
cases, SRO content generally increased with increasing altitudes because higher elevations were
associated with more humid conditions. Additionally, such studies focused on studied a single
toposequences, whereas this research allowed to compared two toposequences located in the

same study area with different climatic conditions.

Overall, soil humidity consistently emerged as a key factor promoting SRO mineral formation and

persistence. The reason is because water molecules play an important role in stabilizing the



72

surface structure of SRO minerals, preventing the transformation of these minerals into more
crystalline and less reactive phases (Manceau and Gates 1997; Jahinge etal. 2023).
Consequently, the constant humid conditions in soils from the ES toposequence (i.e. Udic
moisture regime) favored the formation and preservation of SRO minerals and increased their
content with decreasing altitude, whereas in the WS, the transition from humid to drier conditions
promoted transformation into more crystalline phases. This mineral transformation can be
deduced from the Feo/Feq ratio, which has been used as a weathering index (Schwertmann
1958; Vacca et al. 2003). Lower Feox/Feq. ratios indicated a higher proportion of crystalline iron
oxides relative to poor crystalline forms, whereas higher ratios suggested the opposite. The
results showed an increasing proportion of well-crystalline iron oxides relative to less crystalline
forms at lower altitudes. A comparable trend may also occur in aluminosilicates, with more
crystalline phases potentially becoming dominant at lower elevations. However, since this was
not assessed in the present study, it remains a hypothesis that warrants investigation in future

research.

4.2. IMPLICATION FOR PHOSPHORUS SORPTION AND AVAILABILITY
The implications of higher SRO mineral contents at lower altitudes for nutrient mobility were
addressed in the second chapter, using phosphorus (P), a key plant nutrient with traditionally low
availability in volcanic soils due to strong retention by SRO minerals (Nanzyo 2002; Qafoku et al.
2004; Zheng et al. 2012; Zhong et al. 2007; Elzinga and Sparks 2007; Sato et al. 2024). To
establish links between chapters, the mineralogical patterns identified in the first chapter were
evaluated in relation to mineral reactivity, PO, sorption, and P availability across the two
toposequences. The altitudinal trends described in the first chapter aligned closely with those
analyzed in the second, reinforcing the connection between SRO mineral distribution, reactivity,

and nutrient availability.

The second chapter hypothesized that both mineral reactivity and PO4* adsorption capacity would
increase along the toposequences as SRO mineral content increased, while P availability would
decrease due to adsorption onto these minerals. This pattern was confirmed for the ES
toposequence, where SRO mineral content increased with decreasing altitude, leading to greater
mineral reactivity and PO sorption capacity. These trends were consistent with the SRO mineral
distribution identified in the first Chapter, and the constant Udic moisture regime in the ES
sequence further modulated these patterns. In contrast, the heterogeneous moisture regime of
the WS toposequence hindered the detection of consistent altitudinal trends in SRO content,

mineral reactivity, and PO4* sorption capacity.
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PO, adsorption on SRO minerals occurs primarily through ligand exchange reactions, also called
specific adsorption or chemisorption, in which phosphate ions form mono- or bidentate complexes
by replacing surface hydroxyl (-OH) groups with phosphate oxygen ligands (PO4*") (Goldberg and
Sposito 1985; Zheng et al. 2012; Elzinga and Sparks 2007; Zhong et al. 2007). As a consequence,
Andisols have been characterized as having low availability of P, which represent a main
challenge for soil fertility and therefore leading to the frequent application of high quantities of
phosphate fertilizers in these soils (Nanzyo 2002). The low availability of P in volcanic soils was
also evidenced in this research, were in both sequences, the fraction of available P, measured as
P-Olsen, was generally low compared to the total P pool that is adsorbed to the reactive mineral
surface, measured as P extractable in ammonium oxalate (Pox). In topsoils from the ES
toposequence this fraction of available P was lower than in soil availability due to its higher SRO
mineral content. These results align with previous studies on volcanic soil toposequences, where
SRO minerals and active Al and Fe compounds were positively correlated with P adsorption (Van
Ranst et al. 2004; Rechberger et al. 2021; Chiu et al. 2021; Neto et al. 2004). However, those
studies typically investigated a single toposequence rather than comparing multiple sequences

simultaneously.

A distinctive aspect of this work was the incorporation of experimental measurements of reactive
surface area (RSA), defined as the total surface area of SRO minerals in soil samples that
effectively participate in adsorption processes (Hiemstra et al. 2010). The measurement of this
soil property remains challenging, therefore literature on its application is scarce. To date, only
Mendez et al. (2020), Mendez et al. (2022) have applied the Hiemstra et al. (2010) methodology
in Dutch agricultural topsoils and in topsoils from sub-Saharan region, respectively. Also, recently
Fallas-Corrales et al. (2025.) applied this method in volcanic tropical soils from Costa Rica. Other
studies in volcanic toposequences have been focused on studying a similar soil property called
the specific surface area (SSA) (Van Ranst et al. 2004; Rechberger et al. 2021; Neto et al. 2004).
This property is defined as the total surface area of a soil per unit per mass (m? g') (SSSA 2008)
that included surfaces that are available and not available for sorption processes, while RSA only

determined the surfaces that are available to participate in sorption processes.

It is the first time that the method it has been used in a systematical way to compare internally
consistent changes in the reactivity of a soil data set from two volcanic toposequences. Although
the method has limitations, as discussed in Chapter 2, it provided internally consistent values for
the RSA that allowed for comparative analysis between soils and the identification of altitudinal

and depth patterns. Further research is needed to refine this methodology, including testing
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alternative proxy materials that may better estimate RSA in soils with high SRO mineral content.
Additionally, the addition of Ca?* generally enhanced PO.* sorption capacity, with the effect being
more pronounced in soils with lower inherent sorption capacity, reduced SRO aluminosilicate
content, and lower RSA. These findings have practical implications, as agricultural practices such
as liming could influence P availability in volcanic soils. Further field-based research is therefore

required to better understand the consequences of this interaction in the field.

4.3. IMPLICATIONS FOR P MANAGEMENT AND FUTURE RESEARCH DIRECTIONS
The findings of this study highlight the need to account for soil moisture regime, altitude,
mineralogy, and reactivity when developing P management strategies in tropical volcanic soils.
The higher PO,* sorption capacity observed in ES toposequence soils suggests that
conventional P fertilization may be inefficient or counterproductive in areas such as Pacayas,
where highly reactive minerals dominate. In such soils, management should focus on mobilizing
sorbed P through practices such as adjusting soil pH to alter mineral surface charge or applying

organic amendments that provide competitive sorption sites to release PO4*.

In contrast, soils of the WS toposequence, with lower reactivity and sorption capacity, may
respond differently. In these soils, practices such as liming could enhance Ca-driven sorption,
potentially reducing P availability if not carefully managed. Field monitoring is therefore essential

to evaluate the effects of these amendments.

Future research should include long-term field trials to assess how different P sources interact
with SRO minerals under varying climatic and topographic conditions. Integrating mineralogical
analyses with chemical extractions will be critical for advancing our understanding of P binding

mechanisms and improving nutrient-use efficiency in volcanic soils.

44. CONCLUSIONS AND RECOMMENDATIONS
This study demonstrates that both altitude and soil moisture regime strongly influence the
formation of SRO minerals, their RSA, and associated P adsorption and P availability in volcanic
soils of Irazu Volcano. Soils under a stable Udic regime (ES toposequence) showed higher SRO
content, RSA, and P sorption capacity compared with those under a transitional Udic to Ustic
regime (WS toposequence), where SRO minerals tended to transform into more crystalline forms.
The consistently low P-Olsen fraction across all samples indicates strong P adsorption by SRO
minerals, limiting P availability for plants. These findings emphasize the importance of considering
soil mineral reactivity, altitude and moisture conditions when designing site-specific nutrient

management strategies. Future research should focus on assessing the effects of fertilization,
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liming, and organic amendments under field conditions to optimize P-use efficiency and sustain

soil fertility in volcanic agroecosystems.
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