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Abstract Tropical forests are characterized by high
biodiversity and aboveground biomass growing on
strongly weathered soils. However, the distribution of
plant species and soils are highly variable even within
a tropical region. This paper reviews existing and
novel knowledge on soil genesis, plant and microbial
physiology, and biogeochemistry. Typically, forests in
Southeast Asia are dominated by dipterocarps grow-
ing on acidic Ultisols from relatively young parent
material. In the Neotropics and Africa, forests contain
abundant legume trees growing on Oxisols developed
in the older parent materials on stable continental
shields. In Southeast Asia, the removal of base cations
from the surface soil due to leaching and uptake by
dipterocarp trees result in intensive acidification and
accumulation of exchangeable Al3+, which is toxic to
most plants. Nutrient mining by ectomycorrhizal fungi
and efficient allocation within tree organs can supply
phosphorus (P) for reproduction (e.g., mast fruiting)
even on P-limited soils. In the Neotropics and Africa,
nitrogen (N) fixation by legume trees can ameliorate
N or P limitation but excess N can promote acidifi-
cation through nitrification. Biological weathering

[e.g., plant silicon (Si) cycling] and leaching can lead
to loss of Si from soil. The resulting accumulation of
Al and Fe oxides in Oxisols that can reduce P solu-
bility through sorption and lead to limitation of P
relative to N. Thus, geographical variation in geology
and plant species drives patterns of soil weathering
and niche differentiation at the global scale in tropical
forests.
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Introduction

Tropical forests share some similarities at the global
scale (e.g., high productivity, rapid nutrient turnover,
highly weathered soil, and low soil pH), but they also
exhibit wide variation in soils and associated plant
communities (Vitousek and Sanford 1986). In particular,
different tropical regions (Southeast Asia, Africa, and
Neotropics) possess distinct geological histories and
plant communities (Corlett and Primack 2006). Varia-
tion in climate, geology, and topography can cause di-
verse patterns and processes of plants, soils, and their
interactions (Vitousek 2004).

Several papers have reported correlations between
soil properties, such as pH or P with forest properties,
such as forest aboveground biomass or species distri-
butions (Van Schaik and Mirmanto 1985; Terborgh
1992; John et al. 2007; Condit et al. 2013). In contrast,
other studies have failed to link soil properties and
plant species distribution due to the narrow variation
of soil chemical properties and low resolution of soil
classification (Sollins 1998). Comparison between
tropical regions can provide variation in plant species
(e.g., dipterocarp vs. legume trees), soil types (Ultisols
vs. Oxisols), and availability of nutrients (N, P, and
basic cations) with which to investigate roles of soils
or plants on biodiversity and functions in tropical
forests.
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Soil is not a state factor for plant growth, as soil
formation is influenced by plants (biota) as well as cli-
mate, geology, topography and time (Jenny 1994). Soil
can affect plant physiological processes, while plants can
also change soil processes (so-called plant-soil feedback).
To answer the questions on cause-effect in plant-soil
processes or plant-soil feedback requires the integration
of knowledge on soil and plant science such as soil
chronosequences, plant impacts on soil processes,
strategies of nutrient acquisition and utilization (allo-
cation), and niche differentiation related to soil nutri-
ents.

In this review, we highlight the differences in geo-
graphical distribution of soil types (‘‘Wide variation in
tropical highly-weathered soils’’) and vegetation and the
other organisms (‘‘Wide variation in vegetation and soil
animals and microorganisms in tropical regions’’)
among tropical regions, and then discuss the effects of
soil weathering on plant and microbial acquisition of
nutrients (‘‘Effects of pedogenesis on biological C, N,
and P cycles in tropical forests’’) and the effects of plant
and microbial activities on soil formation (‘‘Roles of
plants and microorganisms on soil weathering in tropi-
cal forests’’). Finally, we discuss plant-soil feedbacks in
tropical forests (‘‘Plant-soil feedbacks and edaphic niche
differentiation in tropical forests’’). It becomes possible
to extract similarities and dissimilarities of the plant-soil
interactions among tropical forests by comparing dif-

ferent tropical regions that hold distinct soil types and
plants.

Wide variation in tropical highly-weathered soils

Diversity of tropical soils

Tropical soils are regarded as highly weathered and
infertile, but vary widely depending on climate, topog-
raphy, and geology (Fig. 1). According to soil taxonomy
(Soil Survey Staff 2006), the majority of tropical forest
soils are classified primarily into five groups: Oxisols,
Ultisols, Alfisols, Inceptisols, and Entisols (Sanchez and
Logan 1992). Oxisols are distributed exclusively in
tropical regions, whilst Ultisols are also distributed in
warm temperate regions. Oxisols typically occur on
stable landscapes of continental shields in Africa and
South America. Oxisols correspond to Ferralsols in the
World Reference Base for soil resources (WRB; FAO
2014) and Latosols in the Brazilian Soil Classification
System. The so-called ‘‘laterite’’ refers to a narrow range
of Oxisols that can form hardened horizons, or brick.
The distribution patterns of Oxisols and Ultisols depend
on geology and topography, as discussed later. The
Ultisols and Alfisols share similarity in argillic (clay-il-
luviated) B horizons, but they differ in base saturation.
The Ultisols have low base saturation (< 35%) and

Fig. 1 Vegetation and soil profiles in Panama (a), Cameroon (b), and Indonesia (c)
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tend to be more acidic, whereas Alfisols typically form
under drier conditions (tropical seasonal forest to sa-
vanna), have high base saturation and relatively high
pH. Inceptisols and Entisols constitute significant pro-
portions of tropical land (14 and 16%, respectively)
independent of climate, and these pedogenetically young
soils typically occur on hilly landscapes and floodplains
(Sanchez and Logan 1992). Andisols constitute a minor
proportion of the tropical land surface [1% from San-
chez and Logan (1992)]. They develop only on specific
parent material of volcanic origin in Hawaii, Panama,
Costa Rica, Puerto Rico, Sumatra, and Tanzania. Spo-
dosols (or Podzols in WRB) are also rare in the tropics
and are specific to vegetation (conifer), geology (sandy
substrate), and landscapes (waterlogging). Histosols (or
peat) are specific to flat landscapes affected by water-
logging and occur extensively in the tropics, but are
particularly important in terms of their enormous stores
of soil carbon (Page et al. 2011; Sjögersten et al. 2014).

Most tropical forest soils are similar in terms of their
acidic pH and low base saturation. This is caused by
intensive leaching over a long period of time under a
climate where precipitation exceeds evapotranspiration
(Fig. 2; Slessarev et al. 2016). This long-term weathering
and leaching can cause soil acidification through deple-
tion of carbonate and base cations (Eyre 1963).

Comparison of physicochemical properties between Ox-
isols and Ultisols

Both Oxisols and Ultisols are regarded as highly-
weathered soils, but extents and pathways of weathering
are different (West et al. 1997; Do Nascimento et al.
2004, 2008). The differences in processes and products of
weathering are recorded in clay mineralogy. Weathering
of silicate clay minerals typically involves desilicification

(loss of Si) from 2:1 type clay minerals (mica, vermi-
culite, smectite; an alumina sheet bounded by two silica
sheets) and kaolinite (1:1 type clay minerals composed of
silica sheet and alumina sheet) to the end products of
gibbsite [Al(OH)3]. Oxisols are characterized by abun-
dant kaolinite and Fe and Al oxides such as goethite (b-
FeOOH), hematite (Fe2O3), and gibbsite (Schaefer et al.
2002). The Fe and Al oxides (and hydroxides) have pH-
dependent charge and their clays have low cation ex-
change capacity (CEC), but they exhibit a large P
sorption capacity (Uehara and Gillman 1981). Abun-
dance of variable-charged oxides in Oxisols can con-
tribute to the formation of stable micro-aggregate
structure (2 to 250 lm in diameter) by binding oxides
and kaolinite (Sollins et al. 1988). This typically allows
good water drainage and development of deep root
systems.

Compared to Oxisols, Ultisols typically have higher
CEC derived from 2:1 type clay minerals such as ver-
miculite and smectite, with low base saturation
(< 35%). The cation exchange sites are dominated by
Al3+ ions. The concentrations of exchangeable Al3+

and K+ in the deeper horizons are greater in Ultisols
than in Oxisols (Fig. 3). Ultisols are characterized by
argillic horizons (clay illuviation) due to clay migration
from surface horizon to deeper horizons (lessivage), but
clay destruction by acidification can also contribute to
loss of clays in the surface soil horizons (Fujii et al.
2009). The low concentrations of iron oxides and dom-
inance of permanent-charged 2:1 type clay minerals lead
to instability of soil structure and poor water drainage
(Sollins et al. 1988).

Geohistory and geology can explain the dominance
of Ultisols in Southeast Asia and wide occurrence of
Oxisols as well as Ultisols in Africa and South America.
Oxisols commonly occur on continental shields in Africa
and South America, where the Amazon and Congo

Fig. 2 Global distribution of acid soil. The shaded parts indicate acidic soils. (The data source is IGBP-DIS (1998))
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plains share same old geological material from their
association on the Gondwana supercontinent. In
Southeast Asia, the distribution of Oxisols is limited to
mafic and ultramafic parent materials (basalt and ser-
pentine) (Fujii et al. 2011). Ultisols are commonly
formed on Tertiary sedimentary rocks. The above-
mentioned differences in soil physicochemical properties
between Ultisols and Oxisols have a strong influence on
patterns of plant distribution, microorganisms, and
nutrient acquisition strategies between tropical regions.

Wide variation in vegetation and soil animals
and microorganisms in tropical regions

Distribution of tropical trees

Tree communities vary markedly among tropical re-
gions. The Dipterocarpaceae family dominates the forest
canopy in Southeast Asia, whilst legume trees (e.g.,
Mimosoideae) are abundant in neotropical forests
(Corlett and Primack 2011). The differences in dominant

Fig. 3 Depth distribution of pH and exchangeable K, Ca, and Al
in the soil profiles of Oxisol a and Ultisol b (unpublished data).
Soil pH, exchangeable K and Ca, and exchangeable Al were
measured by soil pH was measured in a 1:2 ratio of soil to

deionized water, and exchangeable cations were determined by
extraction in 0.1 M BaCl2, with detection by ICP optical emission
spectrometry (Hendershot et al. 2008)
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tree species are due to biogeographical and ecological
reasons. Most of modern plant groups increased in
diversity during the Tertiary (which began 66 million
years ago) (Magallon et al. 1999). Angiosperm-domi-
nated tropical forests increased in species diversity after
the break-up of the Gonodwanan supercontinent in the
middle Cretaceous (100 million years ago). The distance
from center of the diversity and niche occupancy by the
preceding vegetation groups can affect the present dis-
tribution of tree species (Corlett and Primack 2006).

The Dipterocarpaceae family originates from the
Gondwana supercontinent, but travelled to Asia
through drift of the Indian subcontinent (Ashton 1982).
Phylogenic tree analyses suggests that Dipterocarpaceae
diversified during the Miocene (23–5 million years ago)
(Gunasekara 2004). Dipterocarpaceae exhibits large
biomass production and high species diversity in
Southeast Asia where Ultisols are dominant (Ashton
et al. 1988). Dipterocarpaceae trees form associations
with ectomycorrhizal (ECM) fungi and develop root
mats on acidic soils, as typically seen in the temperate
forests dominated by trees in Fagaceae trees, such as
oaks and beeches (Ashton et al. 1988). In the Neotropics
and Africa, most tree species associate with arbuscular
mycorrhizal fungi, although forests dominated by ECM
associated trees occur in both the Neotropics (e.g., Di-
cymbe forests in Guyana) and Africa (Gilbertiadendron
forests in Central Africa) (McGuire 2007). The ECM
fungi can release organic acids to solubilize minerals
(function known as rock-eating fungi) and they can also
produce enzymes to degrade organic matter and take up
organic N (Chalot and Brun 1998; Landeweert et al.
2001), which can reduce N availability and promote
monodominance (Corrales et al. 2016; see below). Some
of ectomycorrhizal tree species tend to dominate forests
and have reproductive patterns of mast-fruiting (Corlett
and Primack 2006; McGuire 2007).

Legumes constitute a significant proportion of the
canopy trees in tropical forests, especially in the
Neotropics and Africa (Yahara et al. 2013). Since
energetic costs to support N fixing organisms (N2-fixing
bacteria known as rhizobia) are large, N fixation cannot
always be an advantageous strategy compared to
investment of C resources to root growth (Crews 1999).
Consequence of competition between legume trees and
non-fixers depend on various factors: light availability
and the strength of N limitation, as well as other soil
factors (P availability and low pH) (Crews 1999).
Interestingly, legume trees account for a significant
fraction of the tree community on N-rich soil in tropical
lowland forests of Africa and the Neotropics (Houlton
et al. 2008). Since phosphatase enzyme production re-
quires N (containing up to 15% of N), phosphatase
activity can be enhanced by increased N availability
(Treseder and Vitousek 2001). Nitrogen fixation by le-
gume trees and production of extracellular enzyme
(phosphatases) by roots are therefore predicted to have
advantages in acquiring P from organic matter in
P-limited tropical soils (Houlton et al. 2008).

Distribution of soil animals and microorganisms
in tropical forests

Soil animals and microorganisms are key drivers of
biogeochemical cycles in plant-soil systems. In addition
to differences in vegetation, the geographical distribu-
tion of the soil fauna also vary markedly among tropical
regions. Termite (thought to be Gondwanan origin) are
predominately soil-feeders in Africa, while in Southeast
Asia, termite community are dominated by wood or
litter feeders (Davies et al. 2003). Fungus-growing ter-
mites (Macrotermitinae with Termitomyces) rely on
fungal cellulases for litter decomposition in Asia and
Africa (Aanen et al. 2009), while leaf-cutting ants de-
velop similar strategy (dependence on fungal cellulases)
to decompose alive leaf in Neotropics (North et al.
1997). The stag beetles (Lucanidae), which form the
earliest radiation of Scarabaeoidea, feed on dead woods
and are commonly found in humid tropical forests,
while the other groups of Scarabaeoidea that feed dung
or humus are specialized to angiosperm species and their
habitats (Ahrens et al. 2014).

In contrast to localization of soil fauna, most of
microorganisms are considered to be cosmopolitan, be-
cause spores can be easily dispersed. There is a metaphor
that ‘‘in microorganisms, everything is everywhere, the
environment selects’’, although this paradigm has not
been supported by evidence (Foissner 2006). The envi-
ronmental selection can cause differences in composi-
tion of soil microbial communities, but effects of their
functions are not simple due to functional redundancy
(Rousk et al. 2009). The microbial activity of soil organic
matter decomposition is generally high under humid
tropical climate (Hayakawa et al. 2013), leading to simi-
larities among different tropical regions. On the other
hand, variability in substrate (litter) quality and soil
habitat causes wide variation in soil microbial commu-
nities and functions of nutrient cycles in forest soils.

Trees accumulate secondary metabolic compounds
such as lignin and tannin for defense against herbivores,
physical strength, and disease resistance (Kraus et al.
2003; Weng and Chapple 2010). The concentrations of
lignin (measured by the Klason method) in leaf litters
varies depending on tropical tree species [e.g., 11%
(Bignoniaceae) to 45% (Dipterocarpaceae) from Os-
tertag et al. (2008) and Fujii et al. (2012)]. Lignin and
tannin typically retard decomposition and N release in
temperate forests, as lignin is generally more recalcitrant
than cellulose due to complicated structure (Talbot and
Treseder 2012). Based on the thermodynamic argument
that enzymatic reactions metabolizing structurally
complex, aromatic molecules such as lignin have higher
activation energies and temperature dependence than
reactions metabolizing structurally simpler molecules
such as cellulose (Mikan et al. 2002), microbial lignin
degradation in warmer climate, as well as litter frag-
mentation by soil animals (termite, ants, and earthworm
etc.), can promote efficient litter decomposition and
nutrient cycle in tropical forests (Fujii et al. 2012). The
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composition and functions of decomposer communities
are influenced by climatic and local factors (e.g., lignin
concentration in litters) (Talbot and Treseder 2012).

Regarding effects of soil environments on microbial
communities, biomass or activities of fungi and bacteria
can respond differently in response to changes in pH
(Rousk et al. 2010). The relative contribution of fungi to
total microbial respiration can increase with decreasing
soil pH. Cellulose decomposition is limited in acidic soils
(Hayakawa et al. 2013), while production of lignin-de-
grading peroxidases (lignin peroxidase and Mn peroxi-
dase) by white-rot Basidiomycetes (Polyporales) is
triggered under acidic and N-limited conditions of the
Ultisols in dipterocarp forests of Southeast Asia (Fujii
et al. 2012). On the other hand, fungal enzymes (laccase
and Mn peroxidase) and some bacteria are involved in
lignin degradation in Neotropical forests (Machado
et al. 2005; DeAngelis et al. 2011).

Effects of pedogenesis on biological C, N, and P cycles
in tropical forests

Changes in soil nutrient availability to plants and mi-
croorganisms

The pool sizes of soil nutrients are generally maintained
by the balance between supply, transformation, and loss
(Chapin et al. 2011). Intensive weathering and leaching
in the humid tropics reduces soil nutrient concentrations
and therefore nutrient availability to plants (Anderson
1988). Biogeochemical cycles differ among elements: the
C and N can be fixed from CO2 and N2 gases in atmo-
sphere, while basic cations can be supplied via precipi-
tation as well as bedrock weathering (Vitousek 1984).
On the other hand, the supply of P to the ecosystem is
primarily dependent solely on bedrock, with relatively
minor external inputs from aeolian dusts and volcanic
ash, although such inputs can be an important source of
P in some tropical regions, including the Amazon basin
and Hawaii (e.g., Vitousek 2004). Therefore, highly
weathered tropical soils tend to have less available P
than the relatively young temperate soils due to a scar-
city of easily-weatherable minerals and strong P fixation
by Fe and Al oxides.

The initial P concentrations of geological substrates
are variable; ultramafic rocks tend to contain low P con-
centrations, granite and sedimentary rocks are interme-
diate, and volcanic ash and lava tend to contain high P
concentrations (Fujii et al. 2012, Porder and Ramachan-
dran 2013). Soil P availability to plants can decrease with
soil age (Walker and Syers 1976; Vitousek 1984; Turner
et al. 2007). After the complete weathering of P in primary
minerals (e.g., apatite), the dominant P forms are organic
P and poorly soluble inorganic P (Turner andEngelbrecht
2011). Inorganic P is tightly bound to Fe and Al oxides,
which are abundant in highly weathered soils such as
Oxisols and Ultisols. As a result, productivity can be
limited bypoor soil P availability in tropical forests, which

contrasts with N limitation in most the temperate forests
(Vitousek 1984; Crews et al. 1995).

Nutrient demand for plant biomass production

It is essential to understand whether highly weathered
soils can meet nutrient demands for production of bio-
mass including litters, stems, and fruits. Phosphorus
concentrations in aboveground biomass and litterfall are
extremely low in Oxisols and Ultisols, but N concentra-
tions are moderate (Vitousek and Sanford 1986; Town-
send et al. 2007). Nitrogen input via litterfall is highly
variable within tropical forests (28–224 kg N ha�1; Vi-
tousek and Sanford 1986). The higher N inputs occur in
forests dominated by legume trees, while the lower values
occur in tropical montane forests on Spodosols.

Compared to N, P concentrations in litterfall are consis-
tently low in tropical forests, although the P inputs via lit-
terfall can vary from1 to 15 kg P ha�1 due to the substantial
amounts of litterfall input in tropical forests (Vitousek and
Sanford 1986). The consistently low P concentrations in lit-
terfall canbeexplainedby the tightPcycle linked to lowsoilP
availability and P resorption from fallen leaves (Hidaka and
Kitayama 2009), as discussed later.

In addition to the annual nutrient demand for foliar
litter production, supra-annual production of fruits at
the community level is characteristic of dipterocarp
forests in Southeast Asia (Janzen 1974). The triggers of
massive flowering and consequent mass fruiting have
been hypothesized to be related to climatic patterns [low
temperature (Ashton et al. 1988) and/or droughts (Sakai
et al. 2006) related to El Niño] and limitation of stored P
resources in the tree related with low soil P availability
(Ichie et al. 2005; Ichie and Nakagawa 2013). Diptero-
carp fruits require more P (ca. 0.5 g P kg�1 dry matter)
than litterfall (ca. 0.1 g P kg�1 dry matter). Based on the
data of fruit production of 191 kg ha�1 from 48 tree
species (Curran and Webb 2000), fruit production in the
year requires substantial amounts of P (4.6 kg P ha�1

year�1). Based on the data of 10-year average P fluxes of
fruit and flower production (0.7–1.4 kg P ha�1 year�1),
greater percentages of P need to be allocated to repro-
ductive organs (Kitayama et al. 2015). This nutrient
demand reaches the same order of magnitude of annual
N and P demand for annual litter production
[3.0–3.7 kg P ha�1 year�1 from Fujii et al. (2011) and
Kitayama et al. (2015)]. Phosphorus availability could
therefore limit annual fruit production in dipterocarp
forests in Southeast Asia.

Microbial responses to nutrient limitation in tropical
soils

The biomass or activities of soil microorganisms are
regulated by availability of nutrients as well as C re-
sources (Schimel and Weintraub 2003). The nutrient
demands of microorganisms fall within similar range
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(molar ratio of C:N = 7 (bacteria) and 5–17 (fungi),
N:P = 7 (bacteria) and 15 (fungi) and extracellular en-
zymes (C:N = 3:1) (Cleveland and Liptzin 2007). This
principle is applicable to a variety of tropical soils.

The high abundance of Al and Fe oxides in tropical
soils (especially Oxisols) can increase P sorption and
thus limit P availability to plants and microorganisms
(Sollins et al. 1988). This contrasts with temperate
coniferous forests, where slow decomposition of N-poor
litter typically limits soil N availability (Reich et al.
1997). The high C:N ratios of organic substrates can
lead to strong competition for N between microorgan-
isms and plant roots (Schimel and Weintraub 2003).
This holds true in some of tropical forests such as
tropical montane forests invaded by conifers and tropi-
cal lowland forests dominated by non-legume trees
(Kitayama et al. 2004; Fujii et al. 2009).

In N-limited ecosystems, some ECM fungi can
decompose organic matter to obtain N by releasing
extracellular enzymes (Chalot and Brun 1998). Ecto-
mycorrhizal fungi are hypothesized to utilize soil organic
N and increase the C:N ratio, which can decrease the
decomposability of organic matter and increase soil C
storage (Averill et al. 2014). This cycle can provide an
advantage for growth of ECM fungi and associated trees
against the saprotrophic fungi and bacteria and appear
to promote monodominance by ECM trees in tropical
forests (Corrales et al. 2016).

Regarding P deficiency, inorganic P can be released
from organic P by phosphatase enzymes synthesized by
plants and microorganisms. In addition, inorganic P
bonded to oxides can be released through Fe solubi-
lization by redox reactions caused by seasonal flooding
(Peretyazhko and Sposito 2005) or by complexation
with organic acids released from microorganisms and
plant roots (Jones 1998). The microorganisms including
ECM fungi have finer structures and wider surface area
compared to plant roots. This is advantageous for plants
to capture P, which is less mobile and more diffusion-
dependent compared to N (Jones 1998).

Although competition for nutrients occurs between
microorganisms and plants, soil microorganisms are not
a permanent sink of nutrients. In tropical ecosystems,
soil microbial biomass can fluctuate with wet-dry or
seasonal cycles (Turner and Wright 2014), which can
release N and P for plant uptake (Singh et al. 1989). The
longer life span of trees than microorganisms can allow
tree roots to take up nutrients when dead microorgan-
isms supply substrates rich in N and P.

Roles of plants and microorganisms on soil weathering
in tropical forests

Soil acidification by biological activities

In the humid tropics, the vast majority of soils are highly
weathered and acidified because of intensive leaching
over long periods of time (Eyre 1963; Slessarev et al.

2016). At the same time, soil acidification is a conse-
quence of biogeochemical processes driven by plants and
microorganisms such as nitrification, the dissociation of
carbonic and organic acids, and excess cation uptake by
plants (Van Breemen et al. 1983). Acidity generated by
biological activity can promote mineral weathering and
cation mobilization. Most tree species require greater
amounts of cations (e.g., K+, Mg2+, Ca2+) than anions
(e.g., Cl�, SO4

2�, H2PO4
�) and they release protons

from roots to maintain their internal charge balance.
The cation demands of plants in tropical forests are
generally greater than in temperate forests due to the
greater primary productivity in tropical forests (Fujii
et al. 2010). Excess cation uptake by tropical plants
therefore leads to high rates of soil acidification in
tropical forests (Fujii 2014).

Different patterns of acidification can cause changes
in soil chemical properties on pedogenic time scale
(Ugolini and Sletten 1991). As acidification proceeds,
different mechanisms are involved in acid neutraliza-
tion, depending on pH ranges: buffering by carbonates
(pH 6.2–8.6), weathering of primary minerals to sec-
ondary clay minerals (pH 5.0–6.2), cation exchange
reactions (pH 4.2–5.0), and silicate clays (pH 3.8–4.2).
Most tropical forest soils are in the pH ranges of cation
exchange reactions and silicate clays. Al3+ is solubi-
lized when protons replace exchangeable base cations
and react with silicate clay structures. This Al3+ can
occupy the cation exchangeable sites of 2:1 type silicate
clays, if any, and increase exchangeable Al3+ in soil.
Since much of the CEC is derived from 2:1 type silicate
clays in Ultisols in Southeast Asia, acidification results
in accumulation of the greater amounts of exchange-
able Al3+, compared to Oxisols poor in silicate clays
(Figs. 3, 4). Assuming that most of acidity can be
neutralized within the profiles, cumulative impacts of
acidification can be recorded as soil exchangeable
Al3+. When cumulative proton generation for excessive
uptake of cations over anions by plants (estimated from
the charge balance between cations and anions in
standing wood biomass) is compared with the size of
soil exchangeable Al3+, soil exchangeable Al3+ are
comparable to proton generation caused by cation
uptake by plants (Fig. 5). The accordance between
cumulative acidity in soil (exchangeable Al3+) and
cumulative proton release by plants supports a high
contribution of plants to soil acidification. On the other
hand, the dominant process of acid neutralization in
the Oxisols that are poor in 2:1 type silicate clays is
different from Ultisols and, thus, exchangeable Al3+ of
Oxisols is maintained at the lower level (Fig. 3).

Effects of plants on Si, Al, and Fe biogeochemistry

Aluminum, Fe, and Si constitute stable structural com-
ponents of primary and secondary clay minerals, but
they can be mobilized through weathering. Solubility of
Al and Fe increases with decreasing pH. The solubility
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of Fe in the acidic condition is less than that of Al, but
Fe solubility can increase under extremely acidic and/or
reducing conditions. Silica (SiO2) solubility is generally
greater under warm temperatures and at neutral pH
(Krauskopf 1967; Verma 2000), while Si can be solubi-
lized by acid weathering of silicate clay minerals in soils.
The silicic acid (ortho-silicic acid H4SiO4) in soil solu-
tion can be supplied from both phytoliths (so-called
plant opal) and silicate clays, but the ultimate source is
the soil parent material (Lucas 2001). Therefore, the
poverty of weatherable primary minerals can reduce Si
availability to plants in tropical soils. Quartz (SiO2) is

abundant even in highly-weathered tropical soils, but its
solubility is lowest among the primary minerals
(quartz > olivine).

Mobilization of Al, Fe, and Si is not simply an abiotic
process, but is also biological process mediated by plants
and soil microorganisms. The chelating organic acids
(e.g., citric acid) released by microorganisms (and/or
reducing condition) contributes to the destruction of
clays, leaching of Al and Fe from upper soil horizons,
and their accumulation (illuviation) in the subsoil. This
is the process that leads to the development of podzols
(Spodosols in Soil Taxonomy) under temperate conif-

Fig. 4 Effects of soil age (pedogenesis) on phosphorus availability (from Walker and Syers 1976, redrawn in Turner and Condron 2013)

Fig. 5 Relationship between soil exchangeable Al3+ and acidity
generated for excessive accumulation of cations over anions in
standing wood biomass (a) and diagram to show the mechanism of

accumulation of exchangeable Al3+ by plant cation uptake (b).

Data sources include four sites of acidic soil (pH 4.0–5.3) and two
sites of less acidic soil (pH 5.6–6.3) (Fujii et al. 2010, 2011). Soil
depth to 30 cm was counted
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erous forests, but weak podzolization is also involved in
the formation of Ultisols in tropical forests (Do Nasci-
mento et al. 2004, 2008). Nutrient mining by ECM fungi
associated with dipterocarp trees can promote the for-
mation of an elluvial (E) horizon through organic acid
exudation (Landeweert et al. 2001).

In contrast, carbonic acid produced by microbial and
root respiration can contribute to incongruent dissolu-
tion of minerals. An absolute loss of Si (desilicification)
results in a relative accumulation of Al and Fe oxides
(ferralitization) in tropical soils, especially in Oxisols.
Biological Si cycling via plants can influence the loss or
accumulation of Si in soils. Rice, banana, and bamboo
are well-known for Si accumulation in plant tissues,
where Si can enhance physical strength (leaf architecture
to receive sunlight) and defense against herbivores and
pathogens (Street-Perrott and Barker 2008). The active
uptake and accumulation of Si is driven by Si trans-
porters in roots (Ma et al. 2006). High Si concentrations
in litter were also observed for tropical woody species
(Lucas 2001). Decomposition of Si-rich litters can in-
crease the equilibrium Si concentrations in soil solution
and increase the thermodynamic stability of kaolinite
and halloysite even in gibbsite-dominated soil profiles,
where otherwise the low equilibrium Si concentrations in
soil solution can promote weathering of kaolinite or
halloysite to gibbsite (Lucas et al. 1993; Lucas 2001;
Kleber et al. 2007). On the other hand, plant Si cycling is
estimated to drive Si loss and formation of Oxisol from
basalt (Street-Perrott and Barker 2008).

Plant-soil feedbacks and edaphic niche differentiation
in tropical forests

Plants and microorganisms can modify the soil envi-
ronment and adjust to soil nutrient deficiency. The
interactions between soil fertility and plant performance
have been confirmed for Metrosideros polymorpha for-
ests in the Hawaiian Island model system (Vitousek
2004). Low nutrient availability (especially P) in old
P-limited soils leads to lower nutrient concentrations in
plant tissues, longer lifespan of plant tissues and the
nutrients within it, and greater resorption of nutrients to
perennial organs (Hidaka and Kitayama 2009). This
process can reduce litter nutrient concentrations and
retard litter decomposition. This cycle accentuates low
nutrient availability in soils (Vitousek 2004).

Soil acidification can also trigger plant-soil feedbacks
(Fujii 2014; Fig. 6). In acidic soils on sandstone, low
base cations and P concentrations in soils reduces the
corresponding concentrations in plant tissues and in-
creases nutrient use efficiency (Schlesinger et al. 1989).
Low P concentrations in litters can increase the high C:P
ratio of soil organic matter (Turner and Engelbrecht
2011) and the production of dissolved organic acids at
low P availability due to limited microbial mineraliza-
tion (Wieder et al. 2008; Fujii et al. 2011). Since dis-

solved organic acids are an important proton source in
the surface soil (Ugolini and Sletten 1991), leaching of
dissolved organic acids can further accentuate soil
acidification (Fujii et al. 2009). The direction of feedback
is influenced by the initial condition of the parent
material, soil age, and leaching intensity. The wide
variability of soil acidification patterns can originate
from differences in climate, geology, and topography,
but feedbacks between soil–plant-microorganisms cycle
reinforce the direction and magnitude of soil acidifica-
tion (Vitousek 2004).

When competition for nutrients exists between plant
species in tropical forests with diverse plant community
structure, edaphic niche partitioning or shifts in plant
community structure can occur along with climate, wa-
ter and light availability, and soil fertility (pH and
nutrient availability) (Paoli et al. 2006). Shifts in plant
community structure have been observed along soil
acidity and fertility gradients of Panamanian tropical
forests (John et al. 2007; Condit et al. 2013; Heineman
et al. 2016). Some plants can survive on acidic soils by
mitigating Al toxicity by complexation of Al3+ with
organic acids released from roots (Fujii 2014; Heineman
et al. 2016). The shifts in plant community structure
toward efficient P utilizers can maintain high biomass
production even in P-limited environments (Kitayama
et al. 2000, 2004). Production of root phosphatases can
be stimulated by P deficiency (Kitayama 2013; Ushio
et al. 2015). In montane tropical forests of Malaysia and
New Zealand, for example, soil aging (podzolization) is
often associated with invasion of conifers (Podocarpa-
ceae) (Kitayama et al. 2004). Tree species with greater
organic acid excretion from roots can survive on pod-
zolized soil of low P availability by acquiring P from the
rhizosphere soil (Aoki et al. 2012). Differences in
capacities to absorb N from N-limited soil between

Fig. 6 An example of possible plant-soil feedback in the highly
acidic Ultisol under dipterocarp forest. The bold arrows indicate
process linkages, while the dot arrows indicate influence of state
factors. The figure was drawn based on Fujii (2014)
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seedlings of some conifers (e.g. Dacrydium) and
broadleaved trees can successfully explain shift in plant
community structure with soil aging (Ushio et al. 2017).
Identifying the main driving mechanisms of plant soil
interactions would contribute to better understanding or
prediction of forest dynamics and soil formation.

Conclusion

Variations in soil chemical properties (pH, exchangeable
Al3+, Fe oxides, and P concentration) and nutrient cy-
cling are large within tropical soils. These variations can
be primarily explained by climate (e.g., leaching intensity
and duration of droughts, including El Niño) and
geology (geological age, silicate clays, Fe oxides, and
bedrock P concentration). This paper emphasized the
effects of plants on soil formation and the effects of soil
properties on plants (ECM association, N2 fixation, Si
accumulation by plants). These factors are not exclusive,
but geographical variation in climate, geology, and plant
species can be the triggers and drivers of plant-soil
feedbacks, which drive diverse patterns of soil weather-
ing on pedogenetic time scales. Comparison of tropical
regions is promising to unravel the hidden roles of soils
on biodiversity and functions in tropical forests.
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