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Preface

The negative impacts of agricultural development on our environment are rapidly

growing, yet we are increasingly dependent on the agricultural sector for food and

energy. The situation is similar in the tropics, where subsistence agriculture with

low–input management has long comprised most agricultural systems. The main

objective of this book, therefore, is to integrate environmental knowledge observed

in local agriculture, based on the understanding of soil science and ecology, and to

propose possible technical solutions and a more integrated approach to tropical

agriculture.

We first start with a rather classical pedological issue, i.e., an investigation of

weathering processes of soil minerals under different geological and bioclimatic

conditions, which could be regarded as the cumulative result of biological activities

and, in turn, may control natural biological processes. Traditional agricultural

practices with different resource management strategies are then analyzed in

terms of their modification of natural biological processes. The goal of this section

is to compile and describe local knowledge accumulated in traditional agriculture

under different natural constraints for resource utilization. Finally, we focus on the

present situation of tropical agriculture, that is, resource utilization in modern

agriculture after application of technical innovation (increased application of

chemical fertilizers as well as agricultural chemicals). Here, possible technical

approaches to resource management that reasonably support agricultural produc-

tion while mitigating environmental degradation are discussed.

In summary, we will describe and analyze the ecological and technical counter-

measures available for mitigating environmental degradation due to the increasing

agricultural activities by humans, based on our scientific understanding of tradi-

tional agriculture in the tropics. This is an effective approach, as such ecological

and technical tools previously involved in traditional activities are expected to be

easily incorporated into present agricultural systems.

Kyoto, Japan Shinya Funakawa
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Chapter 1

Introduction

Shinya Funakawa

Abstract This volume describes soil and ecosystem processes and agronomic

practices that are well-suited for sustainability in tropical regions. In Part I, pedo-

genic processes on different continents, i.e., in humid Asia and equatorial Africa,

are discussed in detail, with special reference to our recent findings regarding clay

mineralogy and soil fertility in these regions. Part II provides a comparative

analysis of pedogenic acidification processes under different geological and cli-

matic conditions in humid Asia where Ultisols predominate and follow with a

comparative analysis of Oxisols in Cameroon. This analysis is presented within

the context of an “ecosystem strategy for resource (nutrients) acquisition,” as a

driving force of mineral weathering and soil development. Parts III and IV provide

an analysis of “low-input” agricultural methods and a description of trials for

establishing “minimum-loss” agriculture, respectively, in tropical Asia and Africa.

Firstly, shifting cultivation and/or slash-and-burn agriculture in different regions,

i.e., in the forest–savanna boundary of Cameroon, monsoonal forests in Thailand,

and the miombo woodland of Zambia, are analyzed. These agricultural systems are

then comparatively analyzed in the context of on-site re-accumulation and/or

temporal redistribution of nutrients. In addition, the interaction between agricul-

tural and pastoral activities in the Sahel is analyzed from the viewpoint of the

spatial redistribution of resources, i.e., transport of resources to the farm from

outside. Agricultural practices consistent with “low-input” and “minimum-loss”

management have been characterized, and they provide a knowledge base and

technical framework for scientifically based sustainable soil management. We

then describe several trials undertaken for the control of soil erosion by either

wind or water in different regions, characterized by different tropical climates and

soils, e.g., semiarid savannas in Niger, Ultisols in monsoonal forests in Thailand,

and on Ultisols and Oxisols in savannas and forests of Tanzania and Cameroon. A

trial conducted on a cropland in Tanzania—for the purpose of minimizing losses of

nitrogen due to leaching—that utilizes soil microbial biomass as a temporary pool

is also described.

S. Funakawa (*)

Graduate School of Global Environmental Studies, Kyoto University, Yoshida-Honmachi,

Sakyo-ku, Kyoto 606-8501, Japan

e-mail: funakawa@kais.kyoto-u.ac.jp
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Keywords Clay mineralogy • Ecosystem strategy for resource (nutrients)

acquisition • Low-input agriculture • Minimum-loss agriculture • Tropics

1.1 What Is Soil?

Five essential soil-forming factors, i.e., parent material, climate, biological activity,

topography, and time, were initially specified by Dokuchaev more than 100 years

ago. This idea is a classical in soil science, and many researchers have explained the

present soil distribution pattern based on these soil-forming factors. In my opinion,

during the formation of a particular soil, the contribution of biological activity is

crucial, since the parent material of soil could develop to the “actual” soil only after

undergoing interactive reactions with biosphere. More specifically, the role of

biological activity and time in actual soil formation differs from that of the other

three soil-forming factors, as shown in Fig. 1.1.

Parent material, topography, and climate are considered to be inherent condi-

tions that are essentially a result of the earth’s activity. The parent material of a

specific soil is determined either directly by the movement of earth’s crust, which
distributes different kind of rocks with variable chemical composition to different

parts of the land surface, or indirectly through the mode of deposition, forming

different types of soils such as residual, colluvial, alluvial, or aeolian. This factor

could govern soil formation through mineral weathering and supply of mineral

nutrients to the biosphere. Topography is primarily the result of orogenesis, which

controls the direction of water movement and the hydraulic environment of soil.

Climate is primarily controlled by the distribution pattern of land and ocean on the

earth’s surface and the rotation and revolution of the earth, which are mostly

determined by the earth’s (and solar) activities.

In contrast, biological activity is not the initial condition. Rather it is the driving

force of soil development and is also regulated by the inherent conditions of earth’s
surface similarly as soil. Time may relate to the cumulative biological activity and

is not independent from climate and/or topographic factors. For example, in the soil

under rainforest climate, soil and biological reactions proceed more rapidly;

thereby soil development would be faster than that under dry climatic conditions.

In the soil on a stable flat terrain, the rate of soil erosion is low and the soil is aged

and strongly weathered; therefore, it has low residual mineral content.

In Part I of this volume, the soil-forming processes in different continents, i.e., in

humid Asia and equatorial Africa, have been discussed in detail, with special

reference to our recent findings regarding the clay mineralogy and soil fertility in

these regions. First, based on the soils in humid Asia, the importance of parent

material and climate factors for the development of upland soils have been

discussed, with special emphasis on the process of vermiculitization of illitic

minerals from sedimentary rocks and/or felsic plutonic rocks under a udic soil

moisture regime as a determining factor for certain chemical properties of soils,

such as cation exchange capacity and level of exchangeable aluminum, and also for

2 S. Funakawa



the formation of strongly acidic Alisols under udic soil moisture regime (Chaps. 2

and 3). This is followed by a comparative analysis of soil properties of equatorial

Africa, taking into account both chemical and mineralogical characteristics

(Chaps. 4 and 5). In these discussions, clay mineralogical characteristics, especially

of crystalline layer silicates, are highlighted as a key element that largely influences

the physicochemical properties of the soil. In addition, the role of amorphous oxides

and/or hydroxides of aluminium and iron is emphasized as a controlling factor for

the retention of soil organic matter and phosphate in tropical soils (Chap. 6).

1.2 How Do Soil Development and Natural Ecosystem

Processes Correlate?

The interaction between terrestrial ecosystem processes and soil development is an

essential process. Biological activity is a driving force of soil development, while

soil conditions largely derived from parent material and climate can either restrict

or enhance biological activities and ecosystem processes. Several processes are

involved in the interactions between soil and ecosystem processes: for example,

nutrient uptake by plants and soil acidification/mineral weathering, microbial

respiration, and redox reactions in soil. I believe that the former combination

above is one of the most crucial processes under humid climatic conditions,

where precipitation exceeds evapotranspiration, and, consequently, mineral

weathering proceeds only in one direction due to the consecutive removal of by

products from the soil system under leaching conditions.

The essential interplay between soils and biological activities observed in the

nutrient uptake by plants and soil acidification/mineral weathering is represented

below:

1. Different kinds of acids are generated during the process of energy transforma-

tion in the ecosystem processes, which are then added to the soil. For example,

excess uptake of cations over anions into forest biomass, dissolving CO2 derived

Parent 
materials Topography Climate

Different soils

Energy transfer 
and material 
dynamics in 
biosphere

Constraints for biological 
activities by inherent 
conditions and resulting 
ecosystem processes as 
adaptation of biosphere

Time

Biological 
activity

Soil 
development

Ecosystem 
processes

Fig. 1.1 Relationship between biological activity and soil development
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from respiration of soil microbes and plant roots, transformation of nitrogen and

its leaching loss, and release of organic acids from plant roots and soil microbial

activities could all be listed as ecosystem internal acid load (van Breemen et al.

1984).

2. It is known that mineral weathering is accelerated under the presence of acids.

For example, weathering reaction of K-feldspar to form kaolinite is represented

below:

2KAlSi3O8 þ 2H2CO3 þ 9H2O ! Al2Si2O5ðOHÞ4 þ 4H4SiO4 þ 2Kþ

þ 2HCO3
� ð1:1Þ

As mentioned in the examples, mineral weathering reaction is represented as

follows:

½Thermodynamically less stable mineral A� þ nHþ þ ½Anionn�� !
½Thermodynamically more stable mineral B� þ H4SiO4 þ ½ðsolubleÞ Cationnþ�
þ½Anionn��

ð1:2Þ

3. Many cations, such as K+, Mg2+, and Ca2+, released during mineral weathering,

would be utilized by plants and other organisms as essential nutrients.

Based on the above facts, the relationship between biological activities and

mineral weathering is possible taking into consideration the following: (1) biolog-

ical activities accelerate mineral weathering through ecosystem internal acid loads,

and (2) living organisms utilize the essential nutrients, which are released through

mineral weathering reactions. Thus, information on the interaction between bio-

logical activities and soil processes under different bioenvironmental conditions

(differing in climate, parent material, and topography/water conditions) is impor-

tant to understand the processes of ecosystems or soils.

To analyze the relationship between soil formation and ecosystem processes in

detail, we applied the proton budget method, which was originally used in studies of

acid deposition and/or soil acidification (van Breemen et al. 1983), to a soil horizon

levels. In Part II of this volume, pedogenetic acidification processes under different

geological and climatic conditions in humid Asia, where Ultisols (Acrisols and

Alisols in World Reference Base for Soil Resources [IUSS Working Group WRB

2014]) predominate, have been comparatively analyzed (Chap. 7). This analysis is

presented within the context of an “ecosystem strategy for resource (nutrients)

acquisition” and as a driving force of mineral weathering and soil development

(described in Chap. 3). Similar processes in Oxisols/Ferralsols in equatorial Africa

have been analyzed following the same methodology used to compare Acrisols and

Alisols in Asia (Chap. 9). Ecosystem processes involved in the differentiation of

forest and savanna vegetation in central Africa are discussed in Chap. 8, with

special reference to soil processes, which might contribute to clarify the interaction

between ecosystem and soil processes.

4 S. Funakawa
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1.3 How Do Human Agricultural Activities Adapt and/or

Modify Natural Ecosystem Processes? – Future

Perspective of Development on Tropical Agriculture

Agricultural production inevitably removes ecosystem resources such as mineral

nutrients from the ecosystems as crop yield. It indicates that the replenishment of

nutrients once removed is essential for sustaining agricultural productivity for a

long time period. Before the establishment of modernized agriculture, input of

external resources from outside was limited. Farmers had to depend on natural

processes such as mineral weathering and litter input for replenishing mineral

nutrients for next cropping. There are essentially two strategies for nutrient replen-

ishment. One is the on-site re-accumulation of mineral nutrients or temporal

redistribution of nutrients. This approach is typically observed for shifting cultiva-

tion, in which both cropping and fallow phases are incorporated in land rotation. It

is believed that, in traditional shifting cultivation, sustainable crop production

requires added nutrients via slash and burn after certain periods of fallow. The

other possibility is the transport of resources from outside the farm, i.e., spatial

redistribution of resources. Input of manure produced outside is such an example.

When the impact of agricultural activities on the natural soil and ecosystem

processes were limited, severe environmental constraints have driven adaptation

of human beings to the respective natural environments (Fig. 1.2).

Such relationship between soil and ecosystem processes and human agricultural

practices, characterized by heavy constraints of natural conditions and limited

impact of human agricultural activities, was subjected to change considerably

after introduction of modern technologies into agricultural practices since the

early twentieth century, typically after chemical fertilizers had been available

through development of Haber–Bosch process. The information and techniques

for resource management and sustainable land use, which have been involved in

classical, low-input agriculture, are presently not necessarily adopted; instead,

modern agriculture, characterized by the use of heavy doses of agricultural

chemicals and/or intensive irrigation, is the major approach for agricultural

production.

It is a fact that extensive application of irrigation practices and/or nitrogen

fertilizer have led to increased agricultural production. However, this has also

caused negative impacts as well, for example, irrigation practice has caused serious

expansion of secondary soil salinization (Middleton and Thomas 1992) and nitro-

gen contamination, especially into the water systems such as lakes and/or closed

seas in downstream, is becoming a serious threat to the aquatic ecosystems

(Rockstr€om et al. 2009). On the other hand, low-input agriculture is considered to

be still important in relation to the economic poverty in many countries and also to

unstable and unpredictable conditions of agroecological infrastructures in near

future such as climate, soil degradation, worldwide depletion of water, and nutrient

resources (such as phosphorous). Notably, there are many examples of

1 Introduction 5



desertification, which has been largely enhanced by the extensive application of

modern agricultural practices (Middleton and Thomas 1992).

In this context, I emphasize that we should maintain the knowledge of low-input

agriculture with scientific basis, which has proved to be sustainable at least for a

certain period of time and could be utilized for developing alternative agriculture

that does not heavily depend on external input of resources. It is especially

applicable in the cases of tropical agriculture, where the experiment of modern

agriculture has only short history and economic and ecological uncertainty in near

future has more reality than in the temperate zone. I consider that the main direction

of the development of tropical agriculture in future could be set to as below:

1. It should decrease the loss of resources rather than increase their input.

2. It is important to control the fluxes of carbon, nitrogen, and mineral resources

rather than to accumulate them in soils, since the proportion of flux relative to

the pool size is usually much larger in tropical ecosystems than in temperate

ecosystems.

Parts III and IV are composed of the analysis of “low-input” agriculture and

trials for establishing “minimum-loss” agriculture in tropical Asia and Africa,

respectively. In Chaps. 10, 11, and 12, shifting cultivation in different regions,

i.e., in forest–savanna boundary of Cameroon, monsoonal forest in Thailand, and

miombo woodland of Zambia, is analyzed, respectively. Then these agricultural

systems are comparatively analyzed in the context of on-site re-accumulation of

Classical 
agriculture

Modern 
agriculture

Input of external resources from 
outside after modernization

High environmental constraints 
by and limited modification of 
soil and ecosystem processes 
in agricultural practices; 
resulting in human adapta�on 
to natural environment

Intensive modification of 
and increasing impact on 
ecosystem and soil 
processes in modernized 
agriculture

Yield

Re-accumulation of 
ecological resources for 
agricultural production 
through spatial or 
temporal re-distribution 
of the resources

Yield

Parent 
materials Topography Climate

Different soils

Energy transfer 
and material 
dynamics in 
biosphere

Constraints for biological 
activities by inherent 
conditions and resulting 
ecosystem processes as 
adaptation of biosphere

Time

Biological 
activity

Soil 
development

Ecosystem 
processes

Fig. 1.2 Alteration of ecosystem and soil processes after establishment of modern agriculture
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mineral nutrients and/or temporal redistribution of nutrients in Chap. 13. On the

other hand, in Chap. 14, the interaction between agricultural and pastoral activities

in the Sahel has been analyzed from the viewpoint of the spatial redistribution of

resources, i.e., transport of resources from the outside to the farm. These agricul-

tural practices are all equipped with technical background and knowledge enabling

“low-input” and “minimum-loss” management.

Subsequently, in Chaps. 15, 16, and 17, several trials for controlling soil erosion

either of wind or water in tropical agriculture in different regions under different

climate and soils, i.e., in semiarid savannas in Niger, in monsoonal forest on

Ultisols in Thailand, and in savannas and forest on Alfisols, Ultisols, and Oxisols

in Tanzania and Cameroon, have been introduced. A trial for decreasing leaching

losses of nitrogen, by utilizing soil microbial biomass as a temporary pool, in

Tanzanian cropland is included in Chap. 18.

It is again emphasized that the main intention of all these analyses and trials,

introduced in Parts III and IV, is derived from our primary concern that we should

maintain the knowledge of low-input agriculture with scientific basis in order to

develop alternative tropical agriculture, in which the loss of resources should be

minimized by controlling the fluxes of carbon, nitrogen, and mineral resources.

These directions would be justified both from the economic perspective related to

the poverty of many farmers in the tropics and instability in the production

circumstances specific to tropical countries in the near future, such as climate

change, soil degradation, and worldwide depletion of water and nutrient resources.
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Chapter 2

Parent Materials and Climate Control
Secondary Mineral Distributions in Soils
of Kalimantan, Indonesia

Tetsuhiro Watanabe and Supiandi Sabiham

Abstract Secondary mineral distributions in soils from Kalimantan, Indonesia,

were investigated to examine the effects of the parent materials and climate at

different elevations on the distributions. B horizon soils were sampled at 60 sites on

gentle slopes at different elevations (20–1700 m altitude). Each major parent

material (sedimentary, felsic, and intermediate to mafic) was represented at differ-

ent elevations. The soil samples were classified from their total elemental compo-

sitions using cluster analysis. Secondary minerals were measured by X-ray

diffraction and selective extractions. The samples were divided into ferric (high

Fe contents), K&Mg (high K, Mg, and Si), and silicic (high Si) groups. The ferric

soils were derived from mafic parent materials, whereas the others were derived

from felsic or sedimentary parent materials. The K&Mg soils had higher total base

contents (suggesting primary minerals) and were less weathered than the silicic

soils. Secondary minerals in the ferric soils were characterized by high contents of

Fe oxides and gibbsite. The K&Mg and silicic soils had similar secondary mineral

(kaolinite and vermiculite) contents, but more mica was found in the former. Only

the silicic group soils had secondary mineral contents that changed as the elevation

changed (the kaolinite content increased and the vermiculite and poorly crystalline

Al and Fe contents decreased as the elevation decreased). Higher temperatures at

lower elevations may cause minerals to be altered more. Secondary mineral distri-

butions were primarily controlled by the parent material (mafic or felsic/sedimen-

tary) and, secondarily by the climate, which varied with elevation.

Keywords Borneo • Weathering • Soil mineralogy • Clay minerals
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2.1 Overview

The distribution of secondary minerals is fundamental to understanding the ele-

mental cycles in natural and agricultural ecosystems because secondary minerals

control the chemical and physical properties of soil (Schulze 2002). Vermiculite

and smectite contribute to the cation exchange capacity (CEC), and interlayer Al

hydroxides decrease the CECs of vermiculite and smectite (Barnhisel and Bertsch

1989; Funakawa et al. 2008). Al and Fe oxides/hydroxides contribute to the

adsorption of anions such as phosphate (Parfitt 1978), and this is particularly the

case for poorly crystalline Al and Fe, which are important even though they are

present at low contents (Huang et al. 2002; Watanabe et al. 2015). Organic matter

dynamics are also affected by secondary minerals (Bruun et al. 2010; Percival et al.

2000). Information on the distributions of secondary minerals is therefore essential

to understanding nutrient dynamics in ecosystems and to managing agricultural and

forestry land appropriately.

The parent material influences the quantities and types of secondary minerals

that are present in a soil (Brady and Weil 2002). Minerals in the parent material can

retain their frameworks when they are transformed into secondary minerals. This

process, called transformation (Nahon 1991), is important in the weathering of 2:1-

type minerals, especially the weathering of mica to vermiculite and then smectite

(Churchman and Lowe 2012; Watanabe et al. 2006). Minerals in the parent

material, e.g., feldspars, micas, and amphiboles, dissolve in the soil solution,

from which secondary minerals can precipitate through the neoformation process

(Nahon 1991). Gibbsite, kaolinite, and smectite are formed via neoformation

(Huang et al. 2002; Churchman and Lowe 2012), although kaolinite and smectite

also form as authigenic sedimentary minerals (Reid-Soukup and Ulery 2002;

Murray and Keller 1993) and may be contained in sedimentary rocks.

The minerals in the parent material can be characterized by their weathering

resistances. Felsic rocks (e.g., granite) and sedimentary rocks (e.g., mudstones and

sandstones) are rich in quartz, alkali feldspars, and micas, which are more resistant

to weathering than amphiboles, pyroxenes, and olivines, and have relatively low

dissolution rates (Nagy 1995; Brantley and Chen 1995; Lasaga 1998; Rai and

Kittrick 1989). More mica, which is the starting material for the transformation

of 2:1-type clay minerals, is found in felsic and sedimentary rocks than in mafic

rocks. In contrast, intermediate to basic rocks (e.g., andesite and basalt), which are

found in some parts of Kalimantan, are rich in amphiboles, pyroxenes, olivines, and

Ca feldspar, which weather rapidly (Nahon 1991; Lasaga 1998). More weathered

soil is therefore expected to be present over mafic parent materials. The studies so

far have been focused only on soils from limited areas of Kalimantan, mostly in

East Kalimantan. This area contains large areas in which sedimentary rocks (e.g.,

mudstones and sandstones) are the parent materials.

The climate varies with elevation and affects the distributions of secondary

minerals. Lower temperatures at higher elevations cause lower evapotranspiration

rates, leading to higher leaching rates in the soil (Brady and Weil 2002). A high
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leaching rate affects the composition of the soil solution, such as giving low pH

and H4SiO4
0 activity (Norfleet et al. 1993; Huang et al. 2002). Lower temperatures

at higher elevations decrease the rate at which organic matter decomposes, there-

fore, inhibiting the crystallization of Al and Fe oxides and hydroxides by organic

matter (Huang et al. 2002; Schwertmann 1985).

Thermodynamic analyses of the equilibria between soil solutions and minerals

can allow a theoretical understanding to be gained of the distributions of secondary

minerals and the conditions under which the secondary minerals formed (van

Breemen and Brinkman 1976; Karathanasis et al. 1983; Rai and Kittrick 1989;

Norfleet et al. 1993; Karathanasis 2002; Watanabe et al. 2006). The neoformation

and transformation of secondary minerals are both affected by the composition of

the soil solution (Karathanasis 2002; Watanabe et al. 2006). The H4SiO4
0 activity in

a soil solution mainly controls the relative stabilities of gibbsite, kaolinite, and

smectite (Rai and Kittrick 1989). Gibbsite is most stable under strong leaching

conditions and low H4SiO4
0 activities, whereas kaolinite is stable at moderate

H4SiO4
0 activities, and smectite is stable at high H4SiO4

0 activities. The pH is

decisively important to transformation processes. Mica weathers to vermiculite at

low pH values (Karathanasis 2002; Watanabe et al. 2006). The parent material and

climate affect the composition of the soil solution. Si released from a parent

material is a source of H4SiO4
0, and strong leaching conditions caused by high

precipitation and low evapotranspiration cause the H4SiO4
0 activity to be low

(Huang et al. 2002). The compositions of soil solutions in soils formed from a

range of parent materials and under different climatic conditions need to be

analyzed so that the conditions under which the secondary minerals formed can

be theoretically supported.

In this chapter, the effects of the parent materials and variations in the climate

with elevation on the distributions of secondary minerals in Kalimantan are

discussed where hilly landscape without active volcanoes is characteristics and

different from other tropical regions on shields.

2.2 Soil Samples

A total of 60 samples of B horizon soils with a range of parent materials and formed

at a range of elevations were collected from across Kalimantan (Fig. 2.1). The

sampling sites were at elevations of between 20 and 1700 m a.s.l. The mean annual

temperatures at the sites were 18–27 �C, and the mean annual amounts of precip-

itation at the sites were 1970–4040 mm (www.worldclim.org). Sedimentary rocks

(e.g., mudstone, sandstone, shale, and slate) are the most widely distributed rocks in

Kalimantan, and 40 out of the 60 sites were on these rocks. The other sites were on

felsic to mafic igneous rocks. Five sites were on felsic or felsic to intermediate

rocks, six were on intermediate (andesitic) rocks, and nine sites were on mafic or

mafic to intermediate (basaltic to andesitic) rocks. Sites at different elevations with

each of the major parent materials found in Kalimantan (i.e., sandstone, mudstone,

2 Parent Materials and Climate Control Secondary Mineral Distributions in. . . 13
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and slate; basalt and andesite; and granite) were included. Most of the sites were on

gentle upper slopes that had been little disturbed (e.g., in forests or rubber planta-

tions). The soils were found to be Alisols (25 sites), Acrisols (5 sites), Cambisols

(26 sites), Ferralsols (3sites), and Luvisols (1 sites) (IUSS Working Group WRB

2015).

Climatic data (the mean annual temperature, mean annual precipitation, and

mean monthly temperature at each sampling site) were obtained from the

WorldClim database (www.worldclim.org). Evapotranspiration at each site was

estimated from the monthly temperatures at the site using a previously developed

method (Thornthwaite 1948).

2.3 Analytical Procedure

The chemical and mineralogical properties of the samples were analyzed: pH(H2O);

pH(KCl); CEC; exchangeable Ca, Mg, K, and Na; total C, Si, Fe (Fet), Al, Ca, Mg, K

and Na contents; clay, silt, and sand contents; sodium dithionite and citrate

extractable Fe (Fed) (Blakemore et al. 1981); and acid ammonium oxalate extract-

able Al and Fe (Alo and Feo) (Blakemore et al. 1981; McKeague and Day 1966).

Alo and Feo include poorly crystalline aluminosilicates and Al and Fe oxides/

hydroxides (Shang and Zelazny 2008). The Fed include crystalline iron oxides and

the fractions extracted by the acidic ammonium oxalate (Feo) (Blakemore et al.

1981). The total reserve in bases (TRB) was defined as the sum of the total Ca,

Mg, K, and Na contents.

(m)

200 km0

E 115°E 110° E 120°

2000

0°

N 5°

S 5°

Fig. 2.1 Sampling sites

(white crosses) on an

elevation map of

Kalimantan, Indonesian

Borneo. The map data were

from the WorldClim

database (http://www.

worldclim.org)
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The mineral composition of the clay fraction of each sample was determined

using an X-ray diffractometer. The clay minerals were semiquantified from the

relative areas of the X-ray diffractogram peaks for layer silicates (kaolinite

(0.7 nm), mica (1.0 nm), and minerals with 1.4 nm layers). The amounts of gibbsite

and kaolinite in the clay fraction of a sample were determined by performing

differential thermal analysis (DTA).

Thermodynamic analyses of the stabilities of the secondary minerals were

performed on 43 out of the 60 samples. The samples that were analyzed were

selected because of the mineral compositions of their clay fractions, their parent

materials, and their elevations. A soil water extract of each sample was collected by

standing the soil for 1 week in water at a soil/water ratio of 1:2 at 25 �C and 1 atm.

The solution composition (pH and inorganic monomeric Al (Driscoll 1984), Si, Fe,

Ca2+, Mg2+, K+, Na+, NH4
+,F�, Cl�, NO3

�, SO4
2�, and inorganic carbon concen-

trations) were determined. Then the ion activity in each sample was calculated. The

stabilities of the minerals in the samples were evaluated using stability diagrams, as

has been described elsewhere (van Breemen and Brinkman 1976). The thermody-

namic data used in the diagrams were taken from a publication by Karathanasis

(2002) for gibbsite and kaolinite and from a publication by Lindsay (1979) for

muscovite, quartz, and amorphous SiO2.

The soil samples were classified by their parent materials and the degree of

weathering that had occurred by performing cluster analyses on the total Al, Fe, Si,

Ca, Mg, K, and Na contents of the samples. The total Al, Fe, and Si are not very

mobile in soil, so are considered to reflect the nature of the parent material, whereas

the total Ca, Mg, K, and Na are very mobile (Hudson 1995), so are considered to

reflect both the degree of weathering (Hudson 1995; Price and Velbel 2003) and the

nature of the parent material. The total element contents of the samples were

standardized and subjected to principal component analysis to give factor scores

for each sample. Cluster analysis was then performed on the factor scores, using

Euclidean distances and the maximum (complete linkage) method.

The Shapiro–Wilk test was used to determine if a group of data followed a

normal distribution. The measured values for the soil groups determined by cluster

analysis were subjected to analyses of variance and then multiple comparisons

analyses. Each multiple comparisons analysis was performed using the Tukey test if

the data followed a normal distribution and using Dunn’s method if the data did not

follow a normal distribution. Spearman rank correlation tests were used to identify

relationships between the total element contents and between the elevations and

mineralogical and physicochemical properties because most of the data were not

normally distributed.
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2.4 Identifying Clusters in the Soil Samples from the Total
Elemental Compositions

The results of the principal component analysis on the total elemental compositions are

shown in Table 2.1 and Fig. 2.2. The factor loadings for the first three principal

components, which accounted for 81 % of the total variances, for Si, Fe, Al, Ca,

Mg, K, and Na are shown in Table 2.1. The first component coefficients were high for

Al, Fe, and Si, suggesting that this component could be used to determine whether a

soil was derived from an iron-rich or silicon-rich parent material. This factor is later

referred to as the “Fe vs Si” factor. The second component coefficients were high for

K and Mg, and this component is referred to as the “K&Mg” factor. The third factor

coefficients were high for Na and moderate for Ca.

Performing cluster analysis on the factor scores produced by the principal

component analysis allowed the 60 samples to be divided into three groups. The

three groups of samples were characterized by the principal components described

above, and the distributions of the three groups of samples on a plot of the Fe vs Si

and K&Mg component scores are shown in Fig. 2.2. A photograph of a represen-

tative soil profile for each group is shown in Fig. 2.3. One group consisted of ten soil

samples with high positive Fe vs Si scores, and these samples had high total Fe

contents (Table 2.2). This group is later referred to as the “ferric group.” Another

group consisted of 13 samples with high K&Mg scores. These samples were silicic

in nature and had relatively high K andMg contents, so this group is later referred to

as the “K&Mg group.” The other group consisted of 37 samples that were silicic in

nature and had low K&Mg scores, and this group is later referred to as the “silicic

group.” In the cluster analysis results, the distance was larger between the ferric

group samples and the other two groups than between the K&Mg and the silicic

group samples.

The total Si contents were higher in the samples in the K&Mg and silicic groups

than in the samples in the ferric group, whereas the total Fe and Al contents were

higher in the samples in the ferric group (total Fe contents>210 cmol kg�1) than in

the K&Mg and silicic groups (Table 2.2). The average total Al, Fe, and Si contents

in the K&Mg group were similar to the contents in the silicic group. The total K and

Mg contents were highest in the samples in the K&Mg group.

2.5 Physicochemical Properties of the Soils

The physicochemical properties of the samples in each group are shown in

Table 2.3. The clay contents decreased in the order ferric group (74 � 13 %),

K&Mg group (53 � 12 %), and silicic group (36 � 14 %), whereas the sand

contents were higher in the silicic group (38 � 18 %) than in the other two groups.

The pH(H2O) values were low in all of the groups, and the means were between pH

4.6 (for the silicic group) and pH 4.9. The ΔpH value was greater for the K&Mg
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group (�1.1) and the silicic group (�0.7) than for the ferric group (�0.3). The TRB

was higher for the K&Mg group than for the other groups, and no statistically

significant difference was found between the ferric and silicic group TRB values.

The CEC was higher for the K&Mg group than for the silicic group. The CEC/clay

was higher for the silicic group than for the ferric group. The CEC/clay value for the

K&Mg group was between and not significantly different from the CEC/clay values

for the silicic and ferric groups. These properties are referred in the following

sections.

Table 2.1 Results of the

principal component analysis

of the total elemental

compositions of the samples

PC1 PC2 PC3

Factor loading

Si �0.95 �0.04 0.01

Fe 0.94 �0.05 0.17

Al 0.90 0.18 0.07

Ca 0.08 0.49 �0.59

Mg 0.08 0.90 0.18

K �0.28 0.82 �0.01

Na 0.22 �0.15 �0.85

Eigenvalue 2.7 1.8 1.1

Total variance

explained (%)

39 26 16
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Fig. 2.2 Principal

component scores (PC1 is

the Fe vs Si factor and PC2

is the K&Mg factor) for the

three soil groups (the ferric,

K&Mg, and silicic groups)
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2.6 Effects of the Parent Materials and Degree
of Weathering on the Distributions of Secondary
Minerals in Kalimantan

2.6.1 Ferric Group

The ferric group samples were concluded to be derived from mafic parent materials.

Mafic rocks contain large amounts of colored rock-forming minerals that are rich in

Fe and Mg and are poorly resistant to weathering (Lasaga 1998; Nahon 1991). Soils

formed from mafic rocks will therefore have high free iron oxide and clay contents

(Schaetzl and Anderson 2005a; Gray et al. 2009). The total Fe contents of the ferric

group soils were>210 cmol kg�1, higher than the average Fe contents of basalt and

andesite (149 and 98 cmol kg�1, respectively) (Best 2003). The Mg contents were

lower, at less than 13 cmol kg�1, in the ferric group samples than in the K&Mg

group samples, probably because intense weathering of the ferric group soils caused

much of the Mg originally present to be leached out. The ferric group samples came

from areas marked on the geological map as having intermediate to mafic geology

(Supriatna et al. 1993, 1994), supporting the conclusion that the ferric soils were

formed from mafic parent materials. The ferric group soils had high secondary iron

oxide (Fed) and clay fraction contents (Table 2.3). The ferric group soils had high

Fig. 2.3 Profiles of the soils in the ferric, K&Mg, and silicic groups. The elevations are shown in

parentheses
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ΔpH values (�0.3 � 0.5), indicating that the samples were dominated by variable

charges or had high oxide contents (Uehara and Gillman 1981) (Table 2.3). These

results were consistent with soils from mafic rocks having high free iron oxide and

clay contents (Schaetzl and Anderson 2005a; Gray et al. 2009). The ferric group

samples contained little or no quartz or mica (Table 2.4), which are found in felsic

rocks, mudstones, and sandstones, and little or no vermiculite (Table 2.4), which is

formed through the weathering of mica.

The ferric group soils were strongly weathered and had low TRB values (21 �
8 cmolc kg

�1; Table 2.3) and low iron oxide activities (Feo/Fed) (0.03� 0.02 g g�1),

indicating that the soils had low primary mineral contents (Delvaux et al. 1989;

IUSSWorking GroupWRB 2015) and high crystalline iron oxide ratios (Shang and

Zelazny 2008; Torrent et al. 1980), respectively. The secondary minerals contained

in the soils were crystallized iron oxides, kaolinite, and gibbsite. The samples with

high gibbsite contents (88 � 66 g kgclay
�1; Table 2.3) had low H4SiO4

0 activities,

within the gibbsite stability field (Fig. 2.4). Poor resistance to the weathering of

minerals in mafic parent materials has been found to result in low primary mineral

Table 2.3 Mean values and standard deviation of physicochemical and mineralogical properties

for each soil group

Group (number of samples) Ferric (10) K&Mg (13) Silicic (37)

Total C g kg�1 11 � 5 a 7 � 3 ab 6 � 3 b

pH(H2O) 4.9 � 0.3 a 4.9 � 0.5 a 4.6 � 0.3 b

pH(KCl) 4.6 � 0.5 a 3.8 � 0.3 b 3.9 � 0.3 b

ΔpH �0.3 � 0.5 a �1.1 � 0.5 c �0.7 � 0.3 b

Clay % 74 � 13 a 53 � 12 b 36 � 14 c

Silt % 15 � 6 b 26 � 6 a 22 � 11 ab

Sand % 11 � 9 b 20 � 11 b 41 � 18 a

CEC cmolc kg
�1 16 � 10 ab 19 � 8 a 13 � 6 b

CEC/clay cmolc kg
�1 clay 24 � 17 b 36 � 13 ab 37 � 16 a

Ex. bases cmolc kg
�1 1.2 � 1.5 ab 2.9 � 2.8 a 0.6 � 0.4 b

TRB cmolc kg
�1 21 � 8 b 64 � 16 a 26 � 17 b

Fed g kg�1 120 � 20 a 37 � 20 b 35 � 20 b

Alo g kg�1 3.0 � 1.0 a 2.7 � 1.5 a 1.6 � 0.6 b

Feo g kg�1 3.1 � 1.3 ab 3.6 � 2.2 a 2.3 � 1.8 b

1.4 nma % 4 � 7 b 42 � 24 a 24 � 17 a

Kaolinitea % 94 � 9 a 47 � 27 b 71 � 22 b

Kaoliniteb g kg�1 clay 670 � 120 a 530 � 110 b 580 � 140 ab

Gibbsiteb g kg�1 clay 88 � 66 a 4 � 11 b 30 � 42 b

ΔpH pH(KCl) minus pH(H2O), CEC cation exchange capacity, CEC/clay cation exchange capac-

ity of the clay fraction, Ex. bases exchangeable bases, TRB total reserve in bases, Fed dithionite-
citrate extractable Fe, Alo, Feo, oxalate extractable Al, Fe
aRelative peak area in the X-ray diffractogram of the clay fraction
bMeasured in the clay fraction from which iron oxide had been removed

Different letters indicate the data were statistically different at P < 0.05
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contents (TRB values) or in desilication, and advanced weathering has been found

to result in low H4SiO4
0 activities, favoring the formation of gibbsite (Karathanasis

2002). Eight out of the ten ferric group samples had lower TRB values than the

indicator of weatherable minerals in the ferric horizon (25 cmolc kg�1 (IUSS

Working Group WRB 2015)), but three of the ten samples were classified as

Ferralsols because they had high CEC/clay values. The ferric group soils were

formed on mafic rocks rich in easily weathered minerals, and they were actually

more weathered, with low active Fe ratios (0.03 � 0.02 g g�1) and TRB values

(21 � 8 cmolc kg
�1), than were the soils in the other groups. However, the ferric

group soils had high CEC/clay values or contained high activity clays, and more

weathering could occur. Some of the soils would not have matured enough to be

classified as Ferralsols because of the hilly and undulating topography of Kaliman-

tan (van Bemmelen 1970).

The distributions of secondary minerals in the soils derived from mafic rocks in

Kalimantan and the formation of these secondary minerals have been described in

few publications. 2:1-type minerals were found to be absent or were only present in

small amounts, and gibbsite is present in the soils derived from mafic rocks in

Kalimantan. This contrasts with the mineralogies of soils formed on mudstones or

sandstones, which contain 2:1-type minerals and lack gibbsite (Koch et al. 1992;

Watanabe et al. 2006). These soils lack 2:1-type minerals because of the absence of

mica in the mafic parent materials and because of intense leaching preventing the

formation of smectite, which has been found to occur in drier soils derived from

mafic parent materials (Vingiani et al. 2004; Righi et al. 1999; Rasmussen et al.

2010).

2.6.2 K&Mg Group

The K&Mg group soils were concluded to be derived from felsic rocks or mud-

stones and sandstones and that they had been weathered relatively little. The mean

Fe content of the K&Mg group soils was 84 � 35 cmol kg�1, which is lower than

the typical Fe contents of basalt and andesite (149 and 98 cmol kg�1, respectively)

(Best 2003). Less-mobile Fe in the parent material will become more concentrated

during the soil formation process, so the soils were concluded to be derived from

rocks with even lower Fe contents, i.e., felsic or sedimentary rocks. These soils

were collected from areas that are shown on the geological map to have felsic or

sedimentary rocks (Supriatna et al. 1993, 1994). The low Fed and clay contents of

the K&Mg group soils and the presence of mica, vermiculite, and quartz indicated

that the soils were derived from felsic or sedimentary rocks (e.g., mudstones,

sandstones, and slate) that contained mica. The high total K and Mg contents

(Table 2.2) of the soils may have been derived from 2:1-type minerals (mica and

smectite). The K&Mg group soils had high mica and vermiculite contents

(Tables 2.3 and 2.4), and the mica was not completely weathered into vermiculite,

unlike in the silicic group soils. The soils were from sites that were close to rivers
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(where deposition of river sediment can be assumed to occur) or from rather

undulating landscapes (where relatively high levels of erosion may have occurred

recently), so the soils may have been formed over a short period of time. The

K&Mg group soils were less mature than were the soils in the other groups, and half

of the K&Mg group soils were classified as Cambisols.

The K&Mg group soils were characterized by the presence of 2:1-type minerals

(mica and vermiculite) and low gibbsite contents and occurrence rates (Tables 2.3

and 2.4). Most of the K&Mg group soil solution compositions were in the kaolinite

stability field (Fig. 2.4), and some were in the muscovite stability field. The solution

compositions corresponded with the mineralogies of the clay fractions, that is, the

presence of mica, and the absence or presence of only small amounts of gibbsite.

The samples had high TRB values, indicating that primary minerals remained in the

soils. The high primary mineral contents would cause the H4SiO4
0 activities to be

high, meaning that the formation of kaolinite would be favored over the formation

of gibbsite. Mica was found to be less stable than kaolinite in the samples (which

had low y-axis (i.e., pH + log (K+)) values in Fig. 2.4), and the mica was weathered

to form vermiculite. The low pH values and K+ activities found in aqueous extracts

of the soils would have been caused by the high levels of precipitation and strong

leaching effects that occur in Kalimantan.
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Fig. 2.4 Compositions of the soil solution extracts plotted on a diagram representing the relative

stabilities of gibbsite, kaolinite, and muscovite. Samples with higher gibbsite contents (>10 g

kgclay
�1) are marked with asterisks. The short dashed vertical lines indicate the solubilities of

quartz and amorphous SiO2
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2.6.3 Silicic Group

The silicic group soils were concluded to be derived from felsic or sedimentary

rocks but were more weathered than the K&Mg group soils. Felsic or sedimentary

rocks were concluded to be the parent materials for the same reasons as the

conclusions for the K&Mg group soils were drawn, i.e., because the total Fe

contents were low and because of the information provided by geological maps

(Supriatna et al. 1993, 1994). The silicic group soils had low Fed and clay contents

and contained vermiculite and quartz (Tables 2.3 and 2.4), supporting the conclu-

sions about the parent materials. Some of the silicic group soils contained no or only

a small amount of quartz, but the soils did contain 2:1-type minerals or had low Fed
contents. The soils had low TRB values, and the mica peak in the X-ray

diffractogram of each silicic group soil was absent or small (Table 2.4), indicating

that the soils were more weathered than were the K&Mg group soils. The silicic

group soils were mainly classified as Alisols, which are the most common upland

soils in Kalimantan (FAO et al. 1998, 2003; Funakawa et al. 2008).

The clay fractions in the silicic group soils were characterized by abundant

kaolinite and the presence of gibbsite and vermiculite with or without interlayer Al

hydroxides (Tables 2.3 and 2.4). The soil solution extracts were in the gibbsite or

kaolinite stability fields (Fig. 2.4), which agreed with the conclusion that the mica

had been weathered to form vermiculite. It has previously been verified that

vermiculite can form from mica (Malla 2002; Churchman and Lowe 2012), and

vermiculite has been found to form from mica under udic soil moisture regimes

(Watanabe et al. 2006; Nakao et al. 2009). This contrasts with the limited degree to

which vermiculite is transformed in regions under ustic moisture regimes (e.g.,

Thailand and Tanzania) (Watanabe et al. 2006; Nakao et al. 2009; Araki et al.

1998). The high pH values in such areas will mean that mica is stable (Watanabe

et al. 2006). The Alo contents were lower in the silicic group soils than in the other

soils (Table 2.3). The Alo contents of the silicic group soils may have been low

because of low clay contents. Clay contents have been found to strongly correlate

with Alo (Ohta and Effendi 1993). The clay fraction may have been translocated to

lower horizons (Ohta and Effendi 1993). Alo in soil may also dissolve when the soil

pH is low (Funakawa et al. 1993; Watanabe et al. 2008; Fujii et al. 2009). The Feo
contents were lower in the silicic group soils than in the K&Mg group soils. Feo has

been found to be more associated with the total C content than with the clay content

(Ohta and Effendi 1993). However, the differences between the total C contents of

the different groups were not significant in this study. Feo can also be translocated

with dissolved organic carbon (Fujii et al. 2009).
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2.7 Distributions of Secondary Minerals at Different
Elevations

The secondary mineral distributions were found to be related to the elevation for the

silicic group soils but not for the ferric and K&Mg group soils. For the silicic group,

the kaolinite, 1.4 nm minerals, interlayer Al hydroxides, gibbsite, Alo, and Feo
distributions were all related to the elevation.

Most of the ferric group soils did not contain 2:1-type minerals, so no trend in

layer silicates (kaolinite, 1.4 nm minerals, and interlayer Al hydroxides) could be

found. It is not clear what other factors could explain there being no trend in the

secondary mineral distributions at different elevations for the ferric and K&Mg

group soils. The ferric group soils were presumably highly weathered, and all of

these soils had started to lose certain mineralogical variations, i.e., all of the soils

contained gibbsite and had lost most of the poorly crystalline Al and Fe (Alo and

Feo). The K&Mg soils were less mature than the soils in the other groups, and the

K&Mg soils had higher primary mineral contents (including of mica), as suggested

by the TRB values (Table 2.3), than did the soils in the other groups. These high

primary mineral contents would have disturbed the possible mineral distributions at

different elevations because the primary minerals will have provided 2:1-type layer

silicates and Al and Fe (which could have been the source of poorly crystalline Al

and Fe).

A trend was found in the secondary mineral distributions in the silicic group soils

with elevation. The soils from high elevations contained more gibbsite and more

1.4 nm minerals (vermiculite), had higher Alo and Feo contents, and contained less

kaolinite than did the soils from lower elevations (Table 2.5). More interlayer Al

hydroxides were found in the soils from higher elevations than in the soils from

lower elevations (Table 2.4). The soils from high elevations also had high TRB

values. The soils from low elevations were more weathered than the soils from high

elevations in terms of the secondary minerals (the soils from low elevations had

high kaolinite contents and low 2:1-type mineral, Alo, and Feo contents) and TRB

values. The higher kaolinite contents and lower 2:1-type mineral contents and TRB

values at lower elevations may indicate that kaolinite formed at the expense of the

2:1-type minerals and other primary minerals because of the higher temperatures

(Schaetzl and Anderson 2005b) at lower elevations than at higher elevations. Less

annual precipitation and excess precipitation (i.e., precipitation minus potential

evapotranspiration) occurs at the low elevation sites than at the high elevation

sites. The moisture contents at both elevations would be sufficient for mineral

weathering to occur, and it was not limited by the amount of water available

(Rasmussen et al. 2007). The Alo and Feo contents may have been higher at high

elevations than at low elevations because of crystallization being retarded by

organic matter (Schwertmann 1985; Huang et al. 2002) at the relatively low

temperatures the soils at higher elevations would have been exposed to. The

gibbsite contents and the amounts of interlayer Al hydroxides between the 2:1

layers were also higher at higher elevations than at lower elevations. The abundance
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of Al hydroxides (i.e., gibbsite and interlayer Al hydroxides) in the soils from high

elevations would have been caused by the low H4SiO4
0 activities of the soils at high

elevations (Fig. 2.4) retarding the loss of Al through the formation of kaolinite. The

low H4SiO4
0 activities might have been caused by the leaching (Huang et al. 2002)

that would be caused by the high levels of excess precipitation found at high

elevations. The stability diagram shown in Fig. 2.4 indicated that the soils from

low elevations may have been in transitional states between kaolinite-dominated

soils with high H4SiO4
0 activities and gibbsite-dominated soils with low H4SiO4

0

activities.

Other possible reasons for there being trends in the secondary mineral distribu-

tions in the silicic group soils as the elevation changed are given next. Higher

contents of 2:1-type minerals in the parent materials at high elevations would affect

the relative amounts of kaolinite and 2:1-type minerals in the soil. Higher erosion

intensities at high elevations would continually provide new material for soils to

form from and increase the 2:1-type mineral and poorly crystalline Al and Fe (Alo
and Feo) contents. The 2:1-type mineral contents of the parent materials were not

examined in this study, and differences in erosion intensities were not apparent, at

least through field and profile observations. These possibilities cannot, however, be

ruled out.

Higher occurrence rates of gibbsite and interlayer Al hydroxides between 2:1

layers at high elevations in Kalimantan have not been described before, although

the possibility that this is the case has previously been suggested from data for soil

from one site (Watanabe et al. 2006). Gibbsite has been found at high elevations in

other tropical regions (Betard 2012; Herrmann et al. 2007). In Thailand, gibbsite is

found at high elevations (>1000 m), where more leaching is expected than at low

elevations (Herrmann et al. 2007). The gibbsite contents of soil and the amounts of

interlayer Al hydroxides present increase as elevation increases in the Sierra

Nevada in central California (Dahlgren et al. 1997). Weathering and intense

leaching at high elevations may cause gibbsite and hydroxyl Al interlayered

vermiculite to dominate in that area (Dahlgren et al. 1997). The weathering of

2:1-type minerals is assumed to generally follow the pathway mica ! vermiculite

! hydroxyl Al interlayered vermiculite (Barnhisel and Bertsch 1989; Churchman

and Lowe 2012). In this study, however, the more weathered soils found at low

elevations (suggested by the soils having low TRB values, low 2:1-type mineral

contents, low Alo and Feo contents, and high kaolinite contents) contained less

interlayer Al hydroxides than did the less weathered soils at high elevations

(Table 2.4). Higher H4SiO4
0 activity in the soils at low elevations may promote

kaolinite formation and retard the formation of Al hydroxides (Huang et al. 2002).

Furthermore, interlayer Al hydroxides dissolve at low pH values (Watanabe et al.

2006), so less interlayer Al hydroxides will be present when the pH(H2O) is lower

than 5.0 (Ohta and Effendi 1993). However, interlayer Al hydroxides are presum-

ably replenished at high elevations by primary minerals dissolving, as has been

found in less weathered Cambisols in Japan (Watanabe et al. 2006).
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2.8 Neoformation of Secondary Minerals Containing Al

The H4SiO4
0 activity was concluded to control the neoformation of secondary

minerals containing Al (i.e., kaolinite, gibbsite, and interlayer Al hydroxides).

Gibbsite was formed at low H4SiO4
0 activities in highly weathered ferric group

soils and less weathered silicic group soils containing 2:1-type minerals from high

elevations. Gibbsite is generally assumed to be the ultimate product of weathering,

but it was still found in the soils containing 2:1-type minerals that were subjected to

strong leaching conditions (Dahlgren et al. 1997, Herrmann et al. 2007). Gibbsite

forms in the initial stages of weathering under strong leaching conditions with low

H4SiO4
0 activities (Vazquez 1981; Herrmann et al. 2007), even from highly

weatherable tephra (Churchman and Lowe 2012; Ndayiragije and Delvaux 2003).

In the study area, gibbsite formed in the ferric group soils because of strong

weathering and in the silicic group soils at high elevations because of strong

leaching conditions. The H4SiO4
0 activity was low in both cases. On the other

hand, for the K&Mg group soils and silicic group soils at low elevations, insuffi-

cient weathering or insufficient leaching to lower the H4SiO4
0 activity occurs, and

kaolinite rather than gibbsite was dominant. The anti-gibbsite effect (Jackson 1963;

Ndayiragije and Delvaux 2003), the inhibition of the formation of gibbsite by the

precipitation of Al between 2:1 layers, was not apparent in the silicic group soils,

but gibbsite and interlayer Al hydroxides seemed to coincide, as has been found

previously (Watanabe et al. 2006). The gibbsite and interlayer Al hydroxide trends

could have been similar because kaolinite formed at high H4SiO4
0 activities

inhibited the formation of polynuclear Al (Huang et al. 2002).

2.9 Conclusion

In this study, the effects of the parent materials and the elevation on the distribu-

tions of secondary minerals in upland soils in Kalimantan were examined. The

primary factor controlling the distributions of secondary minerals was the parent

material (mafic or felsic/sedimentary), and the secondary factor was the climate at

different elevations (Fig. 2.5).

The parent material affected the occurrence of 2:1-type minerals (i.e., mica and

vermiculite) and the neoformation of gibbsite and kaolinite. The parent materials of

the ferric group soils were mafic rocks, which lack 2:1-type minerals and are poorly

resistant to weathering. The soils were therefore strongly weathered, and the

H4SiO4
0 activities in the soils were low. The low H4SiO4

0 activities favored the

formation of gibbsite. The parent materials of the K&Mg and silicic group soils

were felsic rocks (e.g., granite) or sedimentary rocks (e.g., mudstone, sandstones,

and slate). Mica derived from these parent materials weathered to form vermiculite

at the low pH values of the soils. The relatively high primary mineral contents of the
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K&Mg group soils (indicated by high TRB values) may have caused the soils to

have high H4SiO4
0 activities, favoring the formation of kaolinite.

Effects of the climate on the secondary mineral distribution were only apparent in

the silicic group soils (Fig. 2.5), most of which are the most common soils (Alisols)

in Kalimantan. Low temperatures at high elevations would have retarded the

crystallization of oxides, resulting in the Alo and Feo contents being relatively

high. The decrease in vermiculite and increase in kaolinite with decreasing elevation

would have been caused by the weathering or dissolution of 2:1-type minerals at the

high temperatures found at low elevations. High gibbsite contents were found at

high elevations, and this was caused by the H4SiO4
0 activities being low at high

elevations because of the high leaching rates caused by low evapotranspiration rates.

The observed trends in the distributions of secondary minerals have implications

for differences in soil properties (e.g., CEC, P sorption capacity, and accumulation

of organic matter) and therefore nutrient dynamics in soils in Kalimantan.
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Chapter 3

Influence of Climatic Factor on Clay
Mineralogy in Humid Asia: Significance
of Vermiculitization of Mica Minerals Under
a Udic Soil Moisture Regime

Shinya Funakawa and Tetsuhiro Watanabe

Abstract Geology and climate had a clear impact on the claymineral composition for

the soils in humid Asia. In soils derived frommica-free parent materials, such as mafic

volcanic rocks, the clay mineral composition changes to the kaolin apex along the

mineral axis of the 1.4-nmminerals. For other soils derived from the sedimentary rocks

or felsic parent materials, mica and kaolin minerals dominated with lesser amounts of

the 1.4-nmminerals in northern Thailand,while significant amounts of 1.4-nmminerals

were formed in Indonesia and Japan. Based on these findings and a thermodynamic

analysis using soil water extracts, the mineral weathering sequences in the soils from

felsic and sedimentary rocks were postulated for each of the regions. In Thailand, under

higher pH conditions associated with the ustic moisture regime, mica is relatively

stable, while other primary minerals, such as feldspars, are unstable and dissolve to

form kaolinite and gibbsite. Under the lower pH conditions of the udic moisture regime

in Japan and Indonesia, mica weathers to form 1.4-nm minerals. Differentiated in this

way, the soil mineralogical properties are considered to affect the chemical properties

of soils, such as the cation exchange capacity (CEC)/clay and pH, and also the

taxonomic classification of the soils. The CEC/clay of the soils derived from the

sedimentary rocks or felsic parent materials showed a clear regional trend; that is, it

was usually higher than 24 cmolc kg
�1 (corresponding to Alisols if the argic horizon is

recognized) under the udic and perudic soil moisture regimes in Indonesia and Japan. It

was predominantly lower than 24 cmolc kg
�1 (corresponding to Acrisols) under the

ustic soilmoisture regime inThailand. In contrast, soils derived from themafic volcanic

rocks or limestones were more variable in clay mineral composition, the CEC/clay, or

pH and were often high in Fed. The World Reference Base for Soil Resources (WRB)
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classification is generally consistent with the regional trends of the chemical and the

mineralogical properties of soils and describes successfully the distribution patterns of

acid soils in humid Asia using the criterion of CEC/clay¼ 24 cmolc kg
�1.

Keywords Cation exchange capacity (CEC) • Humid Asia • Mineral weathering •

Soil moisture regime • Vermiculitization

3.1 Introduction

In the previous chapter, the influence of both the geological and the climatic factors

on clay mineralogy was analyzed using the soils from Indonesia and Cameroon. It

was found that the major weathering pathways of the secondary minerals were

different depending on the mineralogical composition of the parent materials, i.e.,

the transformation of dioctahedral mica regulated the clay mineralogy of the soils

developed from the sedimentary rocks or the felsic igneous rocks, while the primary

minerals rapidly weathered to form kaolinite and sesquioxides of Fe/Al among the

soils developed from the mafic volcanic rocks. In this chapter, we analyzed the clay

mineralogy of soils in humid Asia, i.e., Indonesia, Thailand, and Japan (for com-

parison), which were mostly derived from the sedimentary rocks or the felsic

igneous rocks, with special reference to the influence of the soil moisture regime.

Based on the analysis in Chap. 2, the expandable 2:1 minerals are expected to be

one of the major components that would affect the soil chemical and physical

characteristics through the appearance of high permanent negative charges derived

from the isomorphic substitution in either the tetrahedral or the octahedral sheets.

The soils in humid Asia exhibit relatively incipient mineralogical characteristics

due to dominant steep slopes, crust movement, and volcanic activity on “young

alpine fold belts compared with soils developed on stable plains associated with the

‘Precambrian shield’ in eastern South America or equatorial Africa (Driessen et al.

2001).” Therefore, it is expected that soils found under different development and

weathering stages might be involved in this region, which would be favorable for

assessing the weathering pathways of clay minerals.

On the other hand, a new classification scheme of the world’s soils was recently
proposed – the World Reference Base for Soil Resources (WRB) (ISSS-ISRIC-

FAO 1998a; IUSS Working Group WRB 2014). One of the new concepts of the

WRB was the introduction of clay activity (or the cation exchange capacity (CEC)/

clay) to classify soils in the highest category level (i.e., the reference soil groups

[RSG]), which are used to distinguish soils that have an argic horizon into Lixisols

and Luvisols (high base saturation [> 50 %] soils) or Acrisols and Alisols (low base

saturation [< 50 %] soils). Upland soils in humid Asia are predominantly acidic due

to excessive precipitation; and, therefore, Acrisols and Alisols are the component in

the major RSGs if argic horizons are recognized (ISSS-ISRIC-FAO 1998b). The

regional distribution patterns of the two soils are, however, still a controversial

issue in this region, and there is scarce data upon which to base discussion.
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Although both Acrisols and Alisols are acidic and agricultural production is

strongly restricted with these soils (Driessen et al. 2001), the higher CEC/clay

values in the Alisols indicate that the levels of exchangeable and soluble Al reach

toxic levels and cause more serious constraints for agricultural use than in Acrisols.

It is necessary to understand the regional distribution patterns of the two soils with

reference to pedogenetic factors, such as geology and climate.

In the present study, the relationship between the mineralogical and the chemical

properties of the upland soils in humid Asia was investigated further. In addition,

the WRB classification scheme for classifying the soils in humid Asia in terms of

regional distribution patterns of physicochemical and mineralogical properties of

the soils was discussed.

3.2 Clay Mineralogical Characteristics of the Soils Studied

3.2.1 Soils Studied and Analytical Methods

The regions considered in this study are Japan, Thailand, and the Java, Sumatra, and

East Kalimantan regions of Indonesia (Fig. 3.1). Japan is part of a volcanic belt and

contains widely distributed felsic igneous and sedimentary rocks and tephra. In

northern and northeast Thailand, the sedimentary and the felsic igneous rocks are

the most common. Java and Sumatra are part of a volcanic belt and contain mostly

tephra, andesite, and sedimentary rocks, with felsic rocks only found locally. Most

of East Kalimantan is covered with sedimentary rocks where there are no active

volcanoes, and soils are more weathered on stable rolling landscapes. All of these

regions have a humid climate, although Thailand has a distinct dry season with

lower annual precipitation. The temperatures in Indonesia and Thailand are higher

than those in Japan, which strongly favors weathering. The soil temperature and the

moisture regimes are, therefore, described as mesic-/thermic-udic in Japan,

hyperthermic-udic in Indonesia, and hyperthermic-ustic in Thailand (Fig. 3.2).

Among these, a moisture deficiency during the dry season is only expected in

Thailand (Fig. 3.2). Considering the geology of each region, we collected upland

soils from subsurface horizons at 204 sites (37 in Japan, 90 in northern Thailand,

one in northeastern Thailand, 28 in Java, nine in Sumatra, and 39 in East Kaliman-

tan) for the identification of the clay minerals. The soil samples were divided into

four groups: Japan (JP), Thailand (TH), the sedimentary rock areas of Indonesia

(ID-S), and the volcanic areas of Indonesia (ID-V). The Indonesian samples were

subdivided on the basis of the parent material, as the volcanic rocks are usually

andesitic or mafic and, therefore, quite different from the typically felsic sedimen-

tary rocks. We use the following abbreviations for samples from the Indonesian

sites: JV, Java; SM, Sumatra; and EK, East Kalimantan. For JP and TH, the parent

rocks were mostly felsic igneous and sedimentary rocks.

All samples were well-drained residual soils. From these, we selected 53 soils

from 38 of the 204 sites, which have the representative clay mineral composition
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and the various parent materials for each region. The soil samples were then

air-dried and sieved through a 2-mm mesh sieve, followed by general chemical

analyses and a mineralogical analysis for the silt and the clay fractions using X-ray

diffraction (XRD). The XRD analysis followed Mg saturation with glycerol

solvation after the Mg saturation or K saturation with samples dried at 25, 350, or

550 �C. The clay minerals were semi-quantified by the relative peak areas of mica

(1.0 nm), the kaolin minerals (1.0 and 0.7 nm), and the 1.4-nm minerals in the

diffractograms.

Fig. 3.1 Study area with soil moisture regimes
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3.2.2 Mineralogy of the Silt and Clay Fractions

The X-ray diffractograms of the silt fraction indicated that mica was usually absent

in soils with the parent materials of andesitic or mafic volcanic ejecta or the

andesites that are characteristic of ID-V, such as gabbro or limestone. Mica was

present in soils with parent materials of the sedimentary or felsic igneous rock

(granite and rhyolite) and was characteristic of the JP, TH, and ID-S samples

(Fig. 3.3). In ID-V4 (JV), ID-V5 (JV), and ID-S2 (JV), smectite was dominant in

the silt fraction, which may be inherited from the parent rocks.

For the clay fraction from all regions, mica and vermiculite were absent when a

mica peak at 1.0 nm was not detected in the silt fraction (Fig. 3.3). In contrast, when

mica was present in the silt fraction, mica, vermiculite, and hydroxyl-interlayer
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Fig. 3.2 Monthly distribution of rainfall and potential evapotranspiration for the three regions:

southwestern Japan (Kyoto), northern Thailand (Chiang Mai), and East Kalimantan of Indonesia

(Balikpapan) (The precipitation data were derived from the Global Historical Climatology Net-

work, version 1 (GHCN 1), and the potential evapotranspiration was estimated with the

Thornthwaite method (Thornthwaite and Mather 1957))
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vermiculite (HIV) were common in the clay fraction. Mica was most abundant in 2:1

clay minerals in the TH samples, with vermiculite most common in the ID-S samples

and HIV most common in the JP samples (Table 3.1, Fig. 3.3). Interlayered materials

between the 2:1 layers were generally more common in the JP than in the ID-S

samples, as the peak tended to remain with the heat treatment. In the JP and ID-S

samples, the relative peak intensity of 1.4–1.0 nmwas larger in the clay than in the silt

fraction, suggesting that 1.4-nm clayminerals formed frommica (Table 3.1; Fig. 3.3).

A broader peak at 0.7 nm among the JP and ID-V samples indicated the lower

crystallinity of kaolin minerals compared to the ID-S and TH samples. In all JP

samples, gibbsite was detected at 0.485 nm using XRD (Fig. 3.3). The exception

was JP5, which consisted of short-range order minerals. With differential thermal

analysis (DTA), gibbsite was usually detected in the JP and the TH samples, but not in

the ID-V or the ID-S samples (Table 3.1). Soils from EK did not contain gibbsite,

except for the ID-S10 (EK) sample. Levels of Alo and Sio indicated that most samples

contain small amounts of amorphous minerals (Table 3.1).
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ID-V6(SM) Bw
(Andesitic-basaltic volcanic breccia)
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Silt, Mg
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Fig. 3.3 X-ray (Cu–Kα) diffractograms from oriented specimens of silt and clay fractions (Parent

materials are shown in parenthesis)
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The regional trend of dominant clay minerals was summarized as follows

(Fig. 3.4). The soils derived from mafic parent materials (mostly mica-free) had a

claymineralogy dominated by kaolin minerals with small amounts ofmica. Under the

higher pH conditions associated with the monsoon climate and the ustic soil moisture

regime in Thailand, mica and kaolin minerals dominated with lesser amounts of the

1.4-nm minerals. In contrast, under the lower pH conditions of the udic and perudic

soil moisture regimes in Japan and Indonesia, significant amounts of 1.4-nmminerals

formed. Among them, most of the soils from Japan were dominated by 2:1–2:1:1

intergrade minerals that have appreciable amounts of interlayered materials, whereas

those from Indonesia usually did not exhibit such clear interlayering (data not shown

here). Our clay mineral composition results were generally consistent with previous

reports for each region (Goenadi and Tan 1988; Matsue and Wada 1989; Araki et al.

1990; Koch et al. 1992; Supriyo et al. 1992; Yoshinaga et al. 1995; Yoothong et al.

1997; Prasetyo et al. 2001; Kanket et al. 2002).

3.3 Assessment of Mineral Weathering Conditions Based
on Chemical Composition of the Soil Water Extracts

3.3.1 Background of the Thermodynamic Analysis

To assess inherent soil fertility for appropriate large-scale land management, it was

important to understand how clay mineralogy relates to geological and weathering

conditions. Important processes in the formation of clay minerals are the
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Fig. 3.4 Clay mineralogical composition of the soils determined based on relative peak areas of

kaolin minerals, mica and 1.4-nm minerals in X-ray diffractograms
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neoformation of gibbsite, kaolin minerals, and smectite and the transformation of

mica. Neoformation is mainly controlled by H4SiO4
0 activity. Gibbsite forms when

desilication is present and H4SiO4
0 activity is low (Huang et al. 2002). Kaolin

minerals form under moderate H4SiO4
0 activity conditions, and smectite forms

under high activity (Reid-Soukup and Ulery 2002). Mica, which is commonly

present in the felsic and sedimentary rocks, weathers to vermiculite and smectite,

with a decrease in the layer charge and the release of alkaline metals. The increased

resistance to weathering of dioctahedral mica means that dioctahedral vermiculite

is more common in soils than trioctahedral vermiculite (Malla 2002).

The distribution of clay minerals in the upland soils of humid Asia, namely,

Japan, Thailand, and Indonesia, has been described previously. In general, hydroxy-

Al interlayered vermiculite (HIV), mica, and kaolin minerals dominated in Japan

(Matsue and Wada 1989; Araki et al. 1990), while kaolinite, mica, and smectite

dominated in Thailand (Yoshinaga et al. 1995, 1997; Kanket et al. 2002). Kaolinite,

vermiculite, and smectite were the primary clay minerals found in Indonesia

(Goenadi and Tan 1988; Koch et al. 1992; Supriyo et al. 1992; Prasetyo et al.

2001). However, each of the above regional reports failed to compare the formation

of local clay minerals with the formative processes in other regions. In addition,

thermodynamic data on soil solution was lacking for humid Asia, and little empha-

sis had been placed on the thermodynamic analysis of the soil–water relationships.

Soil solution data have been used successfully in the past to quantitatively predict

and explain the distribution of clay minerals in soil and explain weathering trends

(Kittrick 1973; van Breemen and Brinkman 1976; Karathanasis et al. 1983; Rai and

Kittrick 1989; Norfleet et al. 1993; Karathanasis 2002). Such an approach may help

to understand the distribution of different clay minerals throughout humid Asia.

The objective of this section is to explain the distribution of clay minerals in humid

Asia. To achieve this, we examine the composition of soil water extracts, as

affected by the climate, the parent material of the soil, and the soil age.

3.3.2 Thermodynamic Analysis of the Soils Studied:
Experiment

Soil water extracts were collected by continuously shaking the soils for 1 week at

25 �C and 1 atm with a soil (40 g) to water ratio of 1:2, followed by filtering through

a 0.025-μm pore membrane filter (Millipore). For these samples, the pH and the

concentration of Na+, K+, Cl�, NO3
�, SO4

2� (via high-performance liquid chro-

matography), Si, Al, Ca, Mg, Fe, Mn (via ICP–AES), and F� (via glass electrode)

were determined. To eliminate the Al complexed with organic matter, the extracts

were passed through a column filled with a partially neutralized (pH 4.2) cation

exchange resin (Amberlite IR-120B(H); Hodges 1987). The amount of Al not

adsorbed by the resin was determined by ICP–AES and assigned to Al complexed

with organic matter, as opposed to the fraction retained that was assigned to the
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inorganic monomeric Al. The inorganic carbon concentration was measured with a

total organic carbon analyzer (Shimadzu, TOC-V CSH). Ionic activities were

calculated with the extended Debye–Hükel equation, using a successive approxi-

mation procedure (Adams 1971). Inorganic monomeric Al was distributed among

Al3+, Al(OH)2+, Al(OH)2
+, Al(OH)3

0, Al(OH)4
�, AlF2+, and Al(SO4)

+ according to

the equilibrium constants of Lindsay (1979).

The clay minerals were assumed to be at or very near to the equilibrium with the

soil water extracts. The stability of minerals was evaluated using stability diagrams

and solubility diagrams. These diagrams represented the relative stability and

solubility of minerals, as outlined by van Breemen and Brinkman (1976) and

Karathanasis (2002), respectively. The thermodynamic mineral data used in these

diagrams are from Karathanasis (2002) for gibbsite, kaolinite, quartz, and amor-

phous silica and from Lindsay (1979) for amorphous Al hydroxide, muscovite, and

microcline.

The potential evapotranspiration for each region was estimated from the mean

monthly temperatures recorded at meteorological stations near the sampling sites

(Thornthwaite 1948).

3.3.3 Thermodynamic Analysis of the Soils Studied: Results
and Discussion

The pH of the soil water extracts from the JP and the ID-S samples was low, mostly

within the range 4.3–5.5; however, the pH is relatively high in the TH and the ID-V

soils (pH 5.4–6.5) (Table 3.1, Fig. 3.5). The pH of the soil water extracts was

generally higher than that determined for the soil suspensions, presumably due to

the gradual dissolution of minerals that occurs during the 1-week preparation of the

soil water extracts. The activities of the Al–OH species (Al3+, Al(OH)2+, Al(OH)2
+,

Al(OH)3
0, and Al(OH)4

–) are higher in the JP samples than in the ID-S samples,

although the pH of the extracts from both regions was low (Fig. 3.5). The activities

of the Al–OH species in the TH and the ID-V samples were low; and in some

extracts, the Al concentration was below the detection limit due to higher pH. The

H4SiO4
0 activity of the soil water extracts was highest in the JP (approx. 10–3.1–10

–3.8 mol L�1) and the ID-V (approx. 10–3.2–10–3.9 mol L�1) samples, followed by

the ID-S (approx. 10–3.5–10–4.0 mol L�1) sample. The lowest was in the TH

(approx. 10–3.6–10–4.3 mol L�1) sample (Table 3.1).

In the stability diagram (Fig. 3.6), the compositions of the TH extracts are close

to the line where both kaolinite and muscovite are stable, while those for the JP and

the ID-S samples mostly lie within the field where kaolinite is stable and muscovite

unstable. Exceptions to this trend are the ID-S1 (JV) sample, which is derived from

limestone, and the ID-S2 (JV) sample, which contains significant montmorillonite.

In the solubility diagram (Fig. 3.7), the compositions of the JP and the TH extracts

mostly lie between the solubility lines of amorphous Al hydroxide and gibbsite,
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which indicates that gibbsite can precipitate. The ID-S samples and a few TH and

ID-V samples lie under the kaolinite solubility line, indicating the dissolution of

gibbsite and kaolinite.

3.3.4 Weathering Sequence in the Upland Soils
of Humid Asia

The pH and Activities of Al–OH Species in the Soil Water Extracts The pH and

activities of Al–OH species such as Al3+ were very important when considering

mineral behavior, such as the stability of or the possibility of neoformation in soils.

The pH of the extracts appeared to reflect the precipitation, the evapotranspiration,

and the geology. The difference between the precipitation and the potential evapo-

transpiration in each region was 808 mm in Japan, �390 mm in Thailand, and

457–2709 mm in Indonesia. These trends may have explained the lower pH in the

JP and the ID-S samples and the higher pH in the TH samples. The ID-V samples

had a high pH despite intense leaching. This probably occurred because the ID-V

soils contained easily weathered minerals, such as mafic minerals that could

neutralize acidity when weathered rapidly. This was apparent at high H4SiO4
0

activity in the high pH extracts (Table 3.1).

The solubility diagrams (Figs. 3.5 and 3.7) for the JP and the TH samples

indicated that the activity of the Al–OH species was controlled by the dissolution
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and the precipitation of Al hydroxide, which had a crystallinity intermediate to

gibbsite and amorphous Al hydroxide. In the ID-S samples, the dissolution of

kaolinite controlled the lower activities. The Al–OH species recorded a higher

activity in the JP samples than in the ID-S samples. As both regions are character-

ized by a low pH, the difference in activity may have reflected the freshness of the

JP soils.

Neoformation and Dissolution of Gibbsite, Kaolin Minerals,

and Smectite Gibbsite is usually present in soils from JP and TH (Table 3.1),

consistent with the soil water composition (Fig. 3.5). The stability diagram of JP,

however, indicated that kaolinite was more stable than gibbsite (Fig. 3.6). Huang

et al. (2002) stated that the formation of gibbsite in saprolites and volcanic ash,

where the H4SiO4
0 activity was high enough for the formation of aluminosilicates,

was due to the rapid removal of the dissolved H4SiO4
0 from weathering zones or to
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the local environment where the H4SiO4
0 activity was low. Gibbsite formation

could also be kinetically favored over kaolinite in solutions where the H4SiO4
0

activity was high. Considering the gibbsite formation in this way and the freshness

of the JP soils, gibbsite presumably formed together with the poorly crystalline Al

hydroxide, the kaolin minerals, and the silica as unstable transitional minerals

during an early stage of weathering. We considered that gibbsite formed in the

same way in the TH samples, as more gibbsite and Alo was found in the TH4 and

the TH14 samples (Table 3.1), and there was no apparent relationship between the

amount of gibbsite and the H4SiO4
0 activity. In the JP6, the TH3, and the TH4

samples, the coexistence of gibbsite and smectite, the latter of which is usually

stable under high H4SiO4
0 activity, may have indicated the transitional presence of

gibbsite. In the TH samples, the gibbsite formation and the stability may also have

resulted from the very low H4SiO4
0 activity (Fig. 3.6).
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In contrast, gibbsite was not present in the East Kalimantan samples except for in

the ID-S10 (EK) sample (Table 3.1). This was consistent with the fact that the

extract composition was undersaturated with gibbsite, indicating that gibbsite could

not form or had been unstable and already dissolved. In the case of dissolution, the

dissolution rate of gibbsite was much higher than that of kaolinite under low pH

conditions (Nagy 1995; Lasaga 1998). We considered that sample ID-S10 (EK) was

relatively unweathered and still contained gibbsite, as the sample recorded a larger

peak area of 2:1-type clay minerals (Table 3.1) and had a broader peak at 0.7 nm in

the X-ray diffractogram (data not shown) compared to other samples from East

Kalimantan. In some acid soils, such as ID-S and JP7, kaolin minerals and gibbsite

were present, but the trend was considered to be decreasing, as indicated by the fact

that the solution composition was undersaturated with respect to the minerals in the

solubility diagram (Fig. 3.7).

Easily weathered minerals in the ID-V samples, such as mafic minerals, must

release Si very rapid upon weathering. The resulting high H4SiO4
0 activity may

enhance the formation of kaolin minerals and smectite rather than Al hydroxide. It

is widely accepted that smectite tends to form in solutions of high pH with high

H4SiO4
0 and Mg2+ activities (Reid-Soukup and Ulery 2002). Such conditions are

likely to exist in soils derived from the andesitic and the mafic parent materials.

Judging from the H4SiO4
0 activity of extracts, the most stable mineral, and,

therefore, the most prevalent mineral given further weathering, was kaolinite in the

JP and ID-V samples. The most stable and prevalent minerals were kaolinite and

gibbsite in the TH samples (Fig. 3.6). In contrast, the most stable mineral

(or kaolinite) was assumed to be decreasing in the ID-S samples (Fig. 3.7).

Transformation of 2:1-Type Clay Minerals In the case of the TH samples, both

the mineralogical and the thermodynamic analyses indicated that mica was relatively

stable and did not transform easily into 1.4-nm minerals (Figs. 3.4 and 3.6). Araki

et al. (1998) investigated the weathering of Tanzanian soils, which experience a

distinct dry season similar to that in Thailand, and reported the weathering of mica

without the formation of 1.4-nm minerals. They assumed that it takes a long time,

perhaps several million years, for mica to weather to kaolinite or gibbsite. According

to the stability diagram, both pH and K+ activity in solution were important for the

weathering of mica. Mica was more stable than kaolinite with an increasing pH or K+

activity (Fig. 3.6). For example, Rausell-Colom et al. (1965) demonstrated that the

removal of K from micas was strongly dependent on the K concentration of the

solution. In our experiment, however, K+ activity in the TH extracts was almost the

same as that in the JP and the ID-S extracts, ranging from 10–3.8 to 10–4.8 mol L�1

(Table 3.1). This indicated that pH plays an important role in the in situ weathering of

mica. The apparent limits of pH(H2O) and pH of the soil water extract in terms of

mica weathering to 1.4-nm minerals were 5.0–5.5 and 5.5–6.5, respectively. Mica

was stable above these limits (Table 3.1).

In contrast, the mineralogical analysis of the JP and the ID-S samples showed the

formation of the 1.4-nm clay minerals, such as HIV and vermiculite, from mica

(Fig. 3.3). The stability and solubility diagrams indicated the dissolution of mica,
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which was interpreted in this dissolution process as 2:1 opened layers forming the

1.4-nm minerals, such as HIV and vermiculite, as transitional products (Figs. 3.6

and 3.7). In the JP samples, the low crystalline clay minerals and the easily

weathered primary minerals dissolved and released Al to the soil solution. The

released Al may have precipitated as Al hydroxide contaminants between the 2:1

layers as well as precipitating as gibbsite. The 2:1 layers of HIV were thought to be

stable, probably because the buffering capacity of interlayered materials was such

that it could react with acid more easily than the 2:1 layers. Such a preferential

dissolution of the interlayered materials in 2:1 layers has been widely observed in

the surface horizons of acidic forest soils (Ross and Mortland 1966; Bouma et al.

1969; Gjems 1970; Hirai et al. 1989; Funakawa et al. 1993). In the ID-S samples,

small to negligible amounts of the easily weathered minerals were present in the

soils from a tropical rainforest climate with relatively stable landscape conditions.

This indicated limited potential for acid neutralization via mineral dissolution.

Accordingly, the interlayered materials and the gibbsite may already have dissolved

preferentially to 2:1 layers, with vermiculite forming. The dissolution of 2:1 layers

or a reduction in layer charge may have resulted in the formation of smectite from

vermiculite (Borchardt 1989).

The Weathering Sequence in Upland Soils of Humid Asia The mineral

weathering sequence for each region was shown in Fig. 3.8. In Thailand, under

higher pH conditions associated with the ustic moisture regime, mica was relatively

stable; whereas, other primary minerals, such as feldspars, were unstable and

dissolved to form kaolinite and gibbsite. Under the lower pH conditions of the

udic moisture regime in Japan and Indonesia, the mica weathered to form the 1.4-

nm minerals. The Japanese soils were young and had much Al–OH species in soil

solution, resulting in Al hydroxide between the 2:1 layers and gibbsite, while the Al

hydroxides and the gibbsite had not formed or were already removed from the more

highly weathered Indonesian soils. In soils derived from mica-free parent material,

which for clay mineral compositions are kaolin minerals and smectite, the clay

mineral composition changed to the kaolin apex along the mineral axis of the

1.4-nm minerals (Fig. 3.8).

3.4 Regional Trends in the Chemical and Mineralogical
Properties of the Soils: With Special Reference
to the WRB Classification Scheme

3.4.1 Background

In Chap. 2 and previously in Chap. 3, a general distribution trend of the clay

mineralogy in humid Asia was demonstrated with the possible weathering path-

ways of minerals under different geological and climatic conditions. Due to the

definitive influence of expandable 2:1 minerals on the physical and the chemical
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properties of soils, such distribution patterns of clay minerals would control not

only the physicochemical properties of soils but also the taxonomic distribution of

the soils. As already introduced in the introduction to this chapter, one of the new

features of the WRB is the introduction of clay activity (or CEC/clay) to classify

soils in the highest category level (i.e., the reference soil groups [RSG]), which

are used to discriminate soils that have an argic horizon into Lixisols and

Luvisols (high base saturation [> 50 %] soils) or Acrisols and Alisols (low base

saturation [< 50 %] soils). The upland soils in humid Asia are predominantly acidic

1.4-nm minerals

Kaolin minerals

Mica

Higher 
pH

(Ustic)
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pH

(Udic)

Mica-free

TH
ID-S
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Few expandable minerals are 
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Fig. 3.8 Assumed mineral weathering sequence in the upland soils in humid Asia
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due to excessive precipitation; and, therefore, Acrisols and Alisols are the compo-

nents in the major RSGs if argic horizons are recognized (ISSS-ISRIC-FAO

1998b). The regional distribution patterns of the expandable 2:1 minerals, which

were discussed in the previous sections, would also affect the regional distribution

patterns of Alisols and Acrisols, which have not been clearly understood. In the

present section, therefore, the relationship between the mineralogical and the

chemical properties of upland soils in humid Asia is further investigated. In

addition, we discuss the WRB classification scheme for classifying soils in humid

Asia in terms of the regional distribution patterns of the physicochemical and the

mineralogical properties of the soils.

3.4.2 Soils Studied and Analytical Items

A total of 186 B-horizon soils from the upland soil profiles with minimum distur-

bance (i.e., under forest or cropland with low-input management), a majority of

which overlap with the samples used in the preceding sections, were used for the

analysis in this section. These soils were grouped into seven categories based on

pedogenetic conditions (Table 3.2). According to Fig. 3.1, a large part of East Asia

is situated either under an ustic, an udic, or a perudic soil moisture regime; and,

therefore, the present study was developed to consider the major soils in terms of

the soil moisture conditions. As soils derived from the intermediate to the mafic

volcanic rocks and limestone are considered to exhibit different properties and

judging from the results presented in a previous section, they are separated from the

other soils and grouped as “mafic.” These soils were derived mainly from volcanic

rocks in the Java and Sumatra Islands of Indonesia (ID-V soils in Sects. 3.2 and 3.3)

and partly from the limestone in northern Thailand and the mafic intrusive rocks in

Japan.

The sample groups of IDL and IDH were comprised of soils derived from the

sedimentary rocks (mostly sandstone and mudstone) or the felsic materials in low

(< 600 m)- and high (> 600 m)-elevation areas of Indonesia, respectively.

Although both of the elevation ranges would be classified as having a hyperthermic

soil temperature regime according to US Taxonomy (Soil Survey Staff 2014), they

were divided into two groups in the present study since the percolation of organic

matter into the B-horizon soils was apparently more extensive at elevations above

600 m, according to soil survey results. This was due presumably to extremely

humid conditions (i.e., a perudic soil moisture regime) there.

The THL and the THH soils were collected from Thailand, mostly from the

northern mountainous region with a monsoon climate. The border of the two groups

was approximately 800 m a.s.l., above which there was predominately an evergreen

forest, which succeeded because of decreasing water stress during the dry season.

The soil temperature regimes of the THL and the THH sample areas were hyper-

thermic and thermic, respectively. Most of the parent materials of the soils were a

wide variety of sedimentary rocks and granite.

52 S. Funakawa and T. Watanabe



The JPS and the JPN soils were collected from warm and cool temperate forests

in Japan; and, therefore, soil temperature regimes of these soils were thermic and

mesic. Japan has a humid climate, and the soils collected had a udic or a perudic soil

moisture regime. The parent materials were predominantly sedimentary rocks

(dominantly mudstone with minor occurrences of sandstone and shale) and partly

felsic igneous rocks. Soils strongly affected by volcanic ejecta were not included in

the samples. The analytical data on 18 soil profiles out of 50 were cited from Hirai

(1995), in which almost the same analytical procedures were used as in the present

study.

The soil samples collected from each pedogenetic horizon of the soil profiles

were air-dried and passed through a 2-mm mesh sieve for the following chemical

and mineralogical analyses: the soil pH, the cation exchange capacity (CEC), the

contents of exchangeable bases (Na+, K+, Ca2+, Mg2+ and NH4
+), the exchangeable

acidity (Al and H), the total C and N contents, the clay mineral composition (using

XRD), and the contents of free oxides [DCB-extractable Fe (Fed) and Al (Ald)].The

CEC solely derived from the mineral components (CECmin) was calculated by

eliminating the contribution of organic C using the following equation for each

soil profile (4–7 soil samples):

CECðcmolc kg
�1Þ ¼ a� ½total Cðg kg�1Þ� þ b� ½clay content ð%Þ� ð3:1Þ

The coefficient, a, was determined by multiple regression, followed by the

determination of CECmin by subtracting the contribution of total C. The median

values of a in different soil groups ranged from 0.16 to 0.22 cmolc g
�1 C. In cases

where the coefficients a and b could not be determined with reliability due to

multicollinearity, the median value of a in each soil group was used instead. The

CEC value per unit of clay content (CECmin/clay, hereafter) was determined to be

the CECmin divided by the clay content.

For the analysis of the B-horizon soils, we used the data from one sample of each

sub-horizon soil from the soil profiles – mostly involving profiles 30–50 cm in

depth and corresponding to upper argic or a comparable horizon. The data obtained

here were statistically analyzed using SYSTAT8.0 software (SPSS 1998).

3.4.3 Regional Trend in the General Physicochemical
and the Mineralogical Properties of the Soils

The average values of selected chemical and mineralogical properties of the

B-horizon soils from different regions, with analysis of variance (ANOVA) results,

were summarized in Table 3.2. Although the clay mica was always the

dominant component in the 1.0 nm minerals, judging from virtually no expansion

of the 1.0-nm diffraction peak after glycerol solvation as well as a clear diffraction

peak remaining after the 550 �C-heating in our samples, there was a possibility that

halloysite could be considered as a minor component. As shown in Table 3.2 and
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Fig. 3.9, the majority of soils were acidic. The base saturation (by CEC at pH 7) was

usually below 50 %. Among the B-horizon soils, the soils from the ustic soil

moisture regime in Thailand showed significantly higher pH(H2O) values. Some

soils from the mafic parent materials also exhibited higher base saturation above

50 % (Fig. 3.9). According to Table 3.2, the Alisols and the Podzols were strongly

acidic, followed by the Andosols, the Cambisols, and the Acrisols. As for clay

content, the soils from Indonesia contained less clay than those from Thailand or

from the mafic parent materials. The total C content clearly increased as

soil temperature decreased in the following order: IDL, IDH, THL (hyperthermic)

< THH, JPS (thermic) < JPN (mesic). The regional trends of clay mineral com-

position discussed in Sect. 3.2 were also observed in the average values shown in

Table 3.2, in which an increasing trend of 1.4-nm minerals in the order of THL,

THH < IDL, IDH < JPS < JPN was clear.

The values of CECmin/clay were plotted together with ECEC/clay (effective

CEC [sum of exchangeable bases and Al] divided by clay content) or (exchangeable

Al)/clay in Fig. 3.10a, b. The CECmin/clay of the soils derived from the sedimentary

rocks (excluding limestone) or the felsic materials showed a clear regional trend. It

was usually higher than 24 cmolc kg
�1 (corresponding to the Alisols if the argic

horizon is recognized) under the udic or the perudic soil moisture regimes in

Indonesia (IDL and IDH) and Japan (JPS and JPN); whereas, it was predominantly

lower than 24 cmolc kg�1 (corresponding to the Acrisols) under the ustic soil

moisture regime in Thailand (THL). The values of the THH soils were occasionally

higher than 24 cmolc kg�1, presumably because the percolating soil moisture

conditions in the high mountains resulted in similar conditions as the udic soil

moisture conditions. Most of the cation exchange sites represented by ECEC

seemed to be occupied by exchangeable Al (Fig. 3.10b); and, therefore, the level

pH(H2O)
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Fig. 3.9 Acidity and base saturation of the soils studied
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of Al toxicity should be higher in the soils from the udic or the perudic soil moisture

regimes of Indonesia and Japan than in those from the ustic soil moisture regime of

Thailand. Similarly high CEC/clay values were reported for soils with an udic soil

moisture regime, e.g., 34.0 and 26.3 cmolc kg
�1 in subsoil layers of upland soils in

northern Sarawak, Malaysia (Tanaka et al. 2005), or average values of 34.7 and

41.2 cmolc kg�1 for 25 and 17 upland soils, respectively, in southern Sarawak,

Malaysia (Tanaka et al. 2007). In contrast, for soils with an ustic soil moisture

regime, lower values of CEC/clay were often reported. Toriyama et al. (2007)

reported the CEC/clay values for subsoils of well-drained Acrisols in central

Cambodia (60 to 100 m a.s.l.) to be typically around 10 cmolc kg
�1. According to
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Fig. 3.10 Characteristics of the cation exchange capacity (CEC) of the soils (CECmin/clay, CEC

value per unit clay content; ECEC/clay, effective CEC (sum of exchangeable bases and Al)

divided by clay content)
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Watanabe et al. (2004), the clay mineralogy and CEC/clay values in upland soils in

northern Laos (600 to 1100 m a.s.l.) were essentially similar to our results in that

illite and kaolinite were dominant in the clay fraction, and the values of CEC/clay

of B-horizon soils were calculated to be almost equal to or lower than the threshold

value, i.e., 24 cmolc kg
�1. All these reports indicated that our results obtained in

some limited regions in humid Asia can be applied to different countries with

similar geological or climatic conditions.

The relationship obtained between CECmin/clay and (exchangeable Al)/clay for

the Acrisols and the Alisols (i.e., Exch. Al /clay ¼ �3.57 þ 0.52 CECmin/clay) was

close to that introduced in Driessen et al. (2001) for those soils in Indonesia, the

Caribbean region, Rwanda, Cameroon, Peru, and Colombia (i.e., Al/clay ¼ �1.28

þ 0.64 CEC/clay). The overall properties of Al retention and, perhaps, of the

proportion of permanent and variable negative charges of the soils in the present

study were considered to be similar to those in the Acrisols and the Alisols from

other regions.

There was a unique characteristic of the soils derived from the mafic parent

materials compared to the soils from the sedimentary rocks (excluding limestone)

or the felsic volcanic materials. These soils were more variable in pH (Fig. 3.9) or

CECmin/clay (Fig. 3.10a). According to Fig. 3.10b, the majority of the soils did not

retain appreciable amounts of exchangeable Al, even if the value of CECmin/clay

was high. One reason must have been the relatively higher pH and the base

saturation for some soils (Fig. 3.9). Another possible explanation was that the

variable negative charges derived from the free oxide surfaces contributed to the

apparent increase of the CEC at a higher pH range (i.e., 7). The actual CEC at a

lower pH range at which Al can dominate was small. Such a wide variety in the

chemical properties of the soils derived from the mafic materials (including lime-

stone) in Java Island was also reported by Supriyo et al. (1992).

3.4.4 Relationship Between Clay Mineral Composition
and CEC and pH of the Soils

It is widely known that the clay mineralogical properties of soils strongly affect soil

physicochemical properties. In fact, the CECmin/clay in the present study was

influenced by the relative abundance of the 1.4-nm minerals in the clay fraction

(Fig. 3.11a). The following equation was obtained:

CECmin=clayðcmolc kg
�1Þ ¼ 0:201� ð1:4 nm minerals in %Þ

þ 25:5 ðr2 ¼ 0:24, p < 0:01Þ ð3:2Þ

This equation suggested that the 1.4-nm minerals contribute to the CEC increase

by 20.1 cmolc kg�1. Since most of the 2:1 minerals in the Japanese soils were

modified by the hydroxy-interlayered materials (Hirai 1995; Kitagawa 2005), the

CEC values of these soils could be estimated to be lower than the possible negative
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charge derived from the 2:1 lattice structure (Funakawa et al. 2003). On the

contrary, among the soils having the lowest amounts of the expandable 2:1 minerals

(i.e., the Thai soils), the relative contribution of other mineral components was

increasing; and the CECmin attributable to the 1.4 nm minerals should be apprecia-

bly lower than the value of the intercept of the equation, i.e., 25.5 cmolc kg
�1. As a

result, the actual contribution of the expandable 2:1 minerals to the CEC may be

considerably higher than 20.1 cmolc kg
�1 clay. The CEC of the upland soils in

humid Asia was primarily determined by the relative abundance of expandable 2:1

minerals, on which the exchangeable Al was predominant, as represented by the

equation described earlier: Exch. Al /clay ¼ �3.57 þ 0.52 CECmin/clay.

Soil pH is the one ofmost important factors affecting awide range of agronomical

and environmental functions of soils (Robson 1989). In our present study, a negative

correlation was observed between the relative abundance of the 1.4-nmminerals and

the soil pH (Fig. 3.11b), and the following equation was obtained:

pHðH2OÞ ¼ 5:06 � 0:00803� ð1:4 nm minerals in %Þ
þ0:00451� ðFed in g kg�1Þðr2 ¼ 0:23, p < 0:01Þ ð3:3Þ

As most of the soils studied were acidic and the base saturation was

lower than 50 %, the dominant cation retained on the cation exchange sites of soils

was Al3+. The equation above indicated that the presence of the expandable 2:1

minerals contributed to pH reduction by 0.008 units per percentage point of clay.

In solution, the Al3+ ion behaved as a weak acid through a hydrolytic reaction: i.e.,

Al3+ + OH� ¼ Al(OH)2+ (pKa ¼ 5.0). The soils that were rich in exchangeable

Al showed a distinct buffer zone against OH� addition during titration (Funakawa

et al. 1993, 2008). The strong acidity far below pH 5.0 of some soils must have been

affected by the presence of a stronger acid(s), e.g., H+, though the quantitative analysis

of exchangeable H+ is difficult, and the selectivity coefficient between Al3+ and H+

ions on the permanent negative sites of soils is rarely determined.

On the other hand, the oxide surfaces represented by the Fed fraction were

considered to increase the soil pH by 0.00451 units per g Fed kg�1 soil. As is

well known, the oxide surfaces act as weak acids that have a zero point of charge

(ZPC) of around 6–9 (McBride 1989). In lower pH regions, it might mitigate H+ in

solution through the protonation reaction: M–OH þ H+ ¼ M–OH2
+, where M–

represents the metal ions (Fe, Al) at the surface of the soil particles, contributing to

increased soil pH. As was discussed earlier, the soils derived from mafic volcanic

materials were often rich in the Fed fraction originally inherent to the parent

materials, and the soil pH was relatively high (Table 3.2). In humid Asia, the

major distribution of the mafic parent materials was limited generally to specific

regions, such as the volcanic belts of Java and Sumatra Islands. In the humid tropics

of other continents, e.g., eastern Latin America or equatorial Africa, wider regions

are covered by mafic materials. It can be said that the acid mitigation by oxide

surfaces is relatively limited in humid Asia, unlike in other continents. The general

results obtained in the present study are, therefore, considered to be specific for

some regions of humid Asia, in which the sedimentary rocks or the felsic volcanic

materials dominate as the parent materials of the soils.
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3.4.5 Classification of the Soils Studied According to WRB
(2006) and Its Relation to Mineral Weathering
Conditions

Table 3.3 summarizes the classification of the soils studied according to IUSS

Working Group WRB (2014). The RSGs to which “mafic” soils were classified

are diverse, including the Alisols, the Acrisols, the Luvisols, and the Cambisols.
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Fig. 3.11 Relationships between the relative abundances of the expandable 1.4-nm minerals in

the clay fraction and (a) CECmin/clay and (b) pH(H2O) of soils
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More detailed surveys focusing on the relationship between parent materials or

primary minerals and the properties of the soils that developed are necessary.

Most of the samples of IDL and IDH belong to the Alisols according to WRB,

except for those on relatively steep slopes in high mountains that are classified

into Dystric Cambisols due to lack of a clear argic horizon. The higher soluble Al3+

in the Alisols may be a more serious constraint for agricultural production com-

pared with the Acrisols. In contrast, the Acrisols were predominant in the THL

samples, and the proportion of the Alisols and the Dystric Cambisols increased in

the THH samples. In Japan, the majority of the soils were Dystric Cambisols, and

some from the JPS were Alisols. In JPN, some soils were classified into Andosols or

Podzols due to the relatively high influence of amorphous materials under cool

temperate climates and/or the presence of nearby active volcanoes. It should be

noted that no extremely weathered soils, such as Ferralsols or Plinthosols, were

found in the present study, though there is still a necessity to extend future surveys

to whole regions of humid Asia, especially to the relatively stable plains of

northeast Thailand, central Cambodia, and southern Vietnam.

Thus, among the 186 soil samples, only nine and eight soils are classified into

Luvisols (or Lixisols) and Eutric Cambisols, respectively, indicating that the upland

soils in humid Asia are predominantly acidic. In the previous sections, dioctahedral

mica inherent to the sedimentary rocks or the felsic igneous rocks was thought to

weather to form expandable 2:1 minerals, i.e., vermiculitization, under the lower

pH conditions associated with the udic or the perudic soil moisture regime. On the

other hand, mica was relatively stable under the higher pH conditions associated

with the ustic soil moisture regime, while other primary minerals, such as feldspars,

were unstable and dissolve to form the kaolin minerals and gibbsite. These pro-

cesses should be further analyzed critically considering the possibility of the

selective dissolution of interlayered K+ ion from mica under acidic conditions

from a clay mineralogical viewpoint (as discussed in Fanning et al. 1989). Our

finding in the present study suggested that the regional distribution patterns of

Table 3.3 Summary of the classification of the soils according to the World Reference Base

Sample

group

Number

of

samples

Number of soils classified into different RSG

Andosols Podzols Alisols Acrisols

Luvisols

(or

Lixisols)

Cambisols

(Dystric) (Eutric)

IDL 39 0 0 34 2 0 2 1

IDH 10 0 0 5 0 0 5 0

THL 40 0 0 5 20 3(1) 9 2

THH 24 0 0 6 6 1 9 2

JPS 30 0 0 7 0 0 23 0

JPN 20 4 6 0 0 0 10 0

Mafic 23 0 0 7 4 4 5 3

Total 186 4 6 64 32 9 63 8
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Acrisols and Alisols in humid Asia were strongly related to the pedogenetic

conditions through clay mineral formation. In turn, such a close relationship

suggested that the soils in humid Asia were dominantly on the course of pedogen-

esis under the present bioclimatic conditions, probably unlike tropical soils on

plains in other continents.

3.5 Conclusion

A clear trend of clay mineral composition was observed for the soils in humid Asia

in terms of geology and climate. In soils derived from mica-free parent materials,

such as the mafic volcanic rocks, the clay mineral composition changed to the

kaolin apex along the mineral axis of the 1.4-nm minerals. For other soils derived

from the sedimentary rocks or the felsic parent materials, mica and kaolin minerals

dominated with lesser amounts of 1.4-nm minerals in northern Thailand, while

significant amounts of the 1.4-nm minerals formed in Indonesia and Japan. Based

on these findings and the thermodynamic analysis using soil water extracts, the

mineral weathering sequences in the soils from the sedimentary rocks or the felsic

igneous rocks were postulated for each of the regions as follows. In Thailand, under

higher pH conditions associated with the ustic moisture regime, mica was relatively

stable, while other primary minerals, such as feldspars, were unstable and dissolved

to form kaolinite and gibbsite. Under the lower pH conditions of the udic moisture

regime in Japan and Indonesia, mica weathered to form the 1.4-nm minerals. The

Japanese soils were young and had much Al–OH species in the soil solution,

resulting in the formation of Al hydroxide between the 2:1 layers and gibbsite,

while the Al hydroxides and gibbsite had not formed or were already removed from

the more highly weathered Indonesian soils.

These distinct soil mineralogical properties were considered to affect the chem-

ical properties of the soils, such as the CEC/clay and the pH, and also the taxonomic

classification of the soils. The CEC/clay of the soils derived from the sedimentary

rocks (excluding limestone) or the felsic parent materials showed a clear regional

trend; that is, it was usually higher than 24 cmolc kg
�1 (corresponding to the Alisols

if the argic horizon was recognized) under the udic and the perudic soil moisture

regimes in Indonesia and Japan. However, it was predominantly lower than

24 cmolc kg
�1 (corresponding to the Acrisols) under the ustic soil moisture regime

in Thailand. In contrast, soils derived from the mafic volcanic rocks or limestones

were more variable in clay mineral composition, the CEC/clay or the pH, and were

often high in Fed. The WRB classification was generally consistent with the

regional trends for the chemical and the mineralogical properties of soils and

successfully described the distribution patterns of acid soils in humid Asia using

the criteria of CEC/clay ¼ 24 cmolc kg
�1.
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Chapter 4

Soil-Forming Factors Determining
the Distribution Patterns of Different Soils
in Tanzania with Special Reference to Clay
Mineralogy

Shinya Funakawa and Method Kilasara

Abstract Soil-forming conditions in Tanzania, which is located near the Great Rift

Valley, vary with geological and climatic conditions. In the present study, 95 sur-

face soil samples were collected from croplands, forests, and savannas in different

regions across Tanzania and the physicochemical and mineralogical properties of

the samples were analyzed. Reflecting the wide variation of climatic conditions and

parent materials of soils, soil physicochemical properties varied widely. Clay

mineral composition was basically similar to the soils developed under ustic

moisture regime in Southeast Asia, in which mica and kaolin minerals were usually

dominated. Based on a principal component analysis of the collected soil samples,

five individual factors were determined. From the clay mineralogical composition

and the relation between the geological conditions (or parent materials) and the

annual precipitation and the scores of the five factors, the following observations

were made: (1) The maximum scores of “SOM and amorphous compounds” were

found at the volcanic center of the southern mountain ranges from the east of Mbeya

to Lake Malawi. (2) The scores of the “available P and K” were high in the volcanic

regions around Mt. Kilimanjaro and in the southern volcanic mountain ranges,

presumably due to the intensive agricultural management with fertilizer applica-

tion. (3) The 1.4-nm minerals were probably formed under conditions of high

sodicity and were often observed in the soils near Lake Victoria. (4) In Tanzania,

the volcanic regions and the Great Rift Valley region, where soil is generally more

fertile than in other regions, are conducive to modernized agriculture. The semiarid

regions in Tanzania suffer from water shortage, while the relatively humid areas

have less fertile soil that predominantly contains kaolin minerals. These conditions

are not favorable for agricultural production and should be taken into consideration
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when studying the feasibility of agricultural development in different areas in the

future.

Keywords Clay mineralogy • Great Rift Valley • Soil fertility • Tanzania

4.1 Introduction

The pedogenetic conditions in Tanzania vary widely. In particular, the country has

a wide variety of parent materials of soils because of the presence of volcanic

mountains, the Great Rift Valley, and several plains and mountains with different

elevations (hence, different temperatures). In addition, the amount and seasonal

distribution pattern of the annual precipitation vary, from less than 500 mm to more

than 2500 mm. The potential land use and agricultural production differ greatly

among regions, owing to the presence of different soils.

There have been several reports on the distribution patterns of soils and their

physicochemical and mineralogical properties. According to a review of the history

of soil surveys in Tanzania by Msanya et al. (2002), the major soils observed in the

country are ferric, chromic, and eutric Cambisols (39.7 %); these are followed by

rhodic and haplic Ferralsols (13.4 %) and humic and ferric Acrisols (9.6 %). To

obtain basic information on soil mineralogy, Araki et al. (1998) investigated soil

samples collected from regions at different altitudes in the Southern Highland and

reported that the cation exchange capacity (CEC) per unit amount of clay content

showed a negative correlation with elevation, which was accompanied by clay

mineralogical transformation from mica to kaolinite. The authors suggested that

soil formation on different planation surfaces is controlled mainly by the geological

time factor whereby the lower surfaces are formed at the expense of the higher

surfaces. Szilas et al. (2005) analyzed the mineralogy of well-drained upland soil

samples collected from important agricultural areas in different ecological zones in

the subhumid and humid parts of Tanzania. They concluded that all soils were

severely weathered and had limited but variable capacities to hold and release

nutrients in plant-available form and to sustain low-input subsistence agriculture.

Generally, there seems to be a consensus that the soils in Tanzania and its neigh-

boring countries are not very fertile. According to the Global Soil Regions (Soil

Survey Staff, 1999), distribution pattern of soils in East Africa may summarized by

the dominance of Ultisols and Alfisols with accessorized distribution of Aridisols

and Oxisols.

In the present study, the regional trend in soil fertility was investigated with

special reference to the clay mineralogy and its forming conditions such as geology

and climate. An understanding of why the distribution of some soil properties is

influenced by soil-forming factors would help in planning an appropriate land-use

strategy, which should make it possible to not only sustain and develop agricultural

production but also maintain natural resources such as forest and woodland

ecosystems.
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4.2 Soil Samples and Analytical Procedure

Ninety-five samples of surface soils were collected from different regions of

Tanzania (Figs. 4.1 and 4.2). All the sampling points were located on slopes or

plains, covering regions with different parent materials and with a wide variety of

annual precipitation (less than 250 to more than 1500 mm) (Fig. 4.2; prepared based

on Atlas of Tanzania [1967]). Apparent lowland soils were excluded from the

analysis. The parent materials of the soils were broadly classified according to the

following categories: (1) volcanic rocks (mostly basic), (2) granite and other

plutonic rocks, (3) sedimentary and metamorphic rocks, and (4) Cenozoic rocks

and recent deposits. The sampling plots were used as croplands or were covered by

Fig. 4.1 Representative soil profiles observed in Tanzania
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Fig. 4.2 Geological and climatic conditions of the sampling plots
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seminatural vegetation (forest or woodland) or secondary vegetation that had grown

after human disturbance.

The chemical and mineralogical properties of the samples were analyzed; we

determined the pH(H2O), pH(KCl), electrical conductivity (EC), exchangeable

cations (bases and Al), cation exchange capacity (CEC), total C and total N content,

available P (Bray-II method), particle size distribution, acid ammonium oxalate-

and DCB-extractable oxides (Feo, Alo, Sio, Fed, and Ald), and clay mineral com-

position (by X-ray diffraction). The data obtained were statistically analyzed with

the software SYSTAT version 8.0 (SPSS 1998).

4.3 General Physicochemical and Mineralogical Properties
of the Soils

Selected statistical values of the analytical data are listed in Table 4.1. The surface

soils studied were usually slightly acidic, with the average values of pH(H2O) and

pH(KCl) being 6.17 and 5.37, respectively. The exchangeable Al content was low

and the base saturation was high, exceeding 95 % on average; hence, soil acidity

was not considered a serious constraint for agricultural production. Although the

average soil texture was sandy clay loam to clay loam, the particle size distribution

varied widely. The average C content was 20.7 g kg�1. However, the obtained

values of most of the aforementioned variables varied significantly over the regions

under study, with their coefficients of variation exceeding 100 %; these results

indicated a marked difference in the soil characteristics in various regions across

Tanzania.

According to the X-ray analysis, several patterns of diffractograms were

obtained (Fig. 4.3a–d); the dominant clay mineral was kaolinite, followed by clay

mica. In the volcanic centers in the northern and southern mountains, X-ray

amorphous clays from volcanic origin were observed. The 1.4-nm clay minerals

such as smectite were occasionally dominated among the soils from northwestern

region of the country. Figure 4.3e shows a summary of semiquantitative clay

mineral composition of all the soils studied, except for the volcanic soils with

X-ray amorphous. Although some soils developed on Cenozoic rocks and recent

deposits contained fairly high amounts of expandable 1.4-nm minerals, the majority

of the soils were dominated by mica and kaolin minerals with few amounts of

1.4-nm minerals. This composition was basically similar to that of the Asian soils

developed under ustic soil moisture regime (Chap. 3 in this volume; Funakawa et al.

2008), indicating that the mineral weathering pathways postulated for the Asian

soils could be applicable to Tanzanian soils under ustic soil moisture regime.

Table 4.2 lists the obtained data categorized according to the parent materials

and land use. In terms of soil parent materials, the physicochemical and mineral-

ogical properties of the volcanic-derived soils (n ¼ 12) were unique; they were

significantly different from the other soil groups in terms of CEC, total C content,
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Table 4.1 Descriptive statistics for the physicochemical and mineralogical properties of the soils

studied

Variable

Number of

samples Average Minimum Maximum

Standard

deviation

Coefficient of

variation (%)

pH(H2O) 95 6.17 4.36 8.66 0.80 13.0

pH(KCl) 95 5.37 3.71 7.96 0.89 16.5

pH(NaF) 95 8.15 7.12 11.01 0.66 8.0

EC(μS dm�1) 95 74.3 10.0 325 59.4 79.9

CEC (cmolc
kg�1)

95 14.0 1.61 59.5 11.0 78.6

Exch. Na

(cmolc kg
–1)

95 0.18 0.00 1.92 0.29 161

Exch. K

(cmolc kg
–1)

95 1.10 0.10 5.62 1.12 102

Exch. Mg

(cmolc kg
–1)

95 2.78 0.18 11.4 2.14 77.0

Exch. Ca

(cmolc kg
–1)

95 6.98 0.00 49.5 8.76 126

Exch. Al

(cmolc kg
–1)

95 0.21 0.00 2.99 0.51 241

Exch. bases

(cmolc kg
–1)

95 11.0 0.43 60.7 11.4 103

Base satur.

(%)

95 95.4 49.0 101 10.5 11.0

Sand (%) 95 63.6 3.4 96.7 23.3 36.7

Silt (%) 95 11.2 0.2 48.1 11.3 101

Clay (%) 95 25.2 1.5 81.4 17.6 69.8

Total C

(g kg�1)

95 20.7 2.13 152 24.4 124

Total N

(g kg�1)

95 1.49 0.21 13.7 1.84 129

Available P

(gP2O5 kg
�1)

95 0.15 0.01 1.0 0.24 161

Feo (g kg�1) 95 2.46 0.02 14.7 3.28 133

Alo (g kg�1) 95 3.61 0.08 64.3 9.34 259

Sio (g kg�1) 95 1.10 0.00 21.7 3.32 303

Fed (g kg�1) 95 23.7 0.19 159 25.8 109

Ald (g kg�1) 95 4.55 0.01 50.9 7.48 164

0.7 nm

minerals (%)

90 72.5 5.4 100 27.0 37.3

1.0 nm

minerals (%)

90 19.6 0.0 91.2 21.4 109

1.4 nm

minerals (%)

90 7.9 0.0 94.6 17.9 227
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available P, and free oxide-related properties. On the other hand, these soil prop-

erties usually did not differ significantly for different land uses.

A principal component analysis was conducted to summarize several soil

parameters related to soil fertility. The studied variables included pH(H2O); pH

(KCl); pH(NaF); CEC; amounts of exchangeable Na+, K+, Mg2+, Ca2+, and Al3+;

X-ray amorphous from Andisols a

c

e

b

d Kaolinite dominated

Smectite dominated clay from 
Vertisols near Lake Victoria

Mixture of mica minerals and 
Kaolinite

after glycerol solvation

1.4-nm minerals
(%)

0 20 40 60 80 100

Kaolin minerals (%)

0

20

40

60

80

100

Mica (%)

0
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V

V

V

V
VV

V

D

D
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D

D

D
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D
D

D D

D

D
D

D
D
DD

D

TZ, volcanicV

TZ, granite
TZ, sedimentary
TZ, depositD

Clay mineral composition of soils 
studied (except for the samples 
with X-ray amorphous)

Fig. 4.3 Representative patterns of X-ray diffractograms of clay specimen (a–d) and summary of

semi-quantitive clay mineral composition of all the soils studied (e)
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sand, silt, and clay content; total C and total N content; available P content; and Feo,

Alo, Sio, Fed, and Ald content. Table 4.3 lists the factor pattern for the first five

principal components after varimax rotation.

As seen from the list in Table 4.3, high positive coefficients were obtained for

pH(NaF), total C, and total N, Feo, Alo, Sio, and Ald for the first component. These

variables correspond to the properties derived from organic materials that are

bound to amorphous compounds, which might have originated from recent vol-

canic activity. Hence, the first component is referred to as the “soil organic matter

(SOM) and amorphous compounds” factor. The second component has high

negative coefficients for sand content and high positive coefficients for clay

content, exchangeable Mg, and Fed. These soil characteristics could be associated

with parent materials and clay formation, that is, soils derived from mafic and/or

clayey parent materials tend to exhibit fine-textured properties with high concen-

trations of exchangeable Mg and Fed through rapid mineral weathering and clay

formation. Hence, the second component is referred to as the “texture” factor. The

Table 4.3 Factor pattern for the first four principal components (n ¼ 95)

Variable PC1 PC2 PC3 PC4 PC5

pH(H2O) �0.19 �0.07 �0.94 0.10 0.04

pH(KCl) �0.05 �0.11 �0.95 0.10 �0.02

pH(NaF) 0.84 0.00 �0.05 0.29 0.05

CEC 0.57 0.51 �0.09 0.39 0.43

Exch. Na �0.01 �0.01 0.04 0.08 0.93

Exch. K 0.01 0.32 �0.29 0.84 0.07

Exch. Mg �0.03 0.62 �0.42 0.36 0.39

Exch. Ca 0.05 0.28 �0.64 0.38 0.47

Exch. Al 0.20 0.12 0.64 �0.08 0.07

Sand �0.30 �0.83 �0.11 �0.35 �0.17

Silt 0.45 0.29 0.05 0.65 0.21

Clay 0.11 0.91 0.11 0.04 0.09

Total C 0.89 0.20 0.08 0.02 0.01

Total N 0.88 0.19 0.14 0.03 0.01

Avail. P 0.06 0.02 �0.26 0.87 0.04

Feo 0.62 0.32 0.18 0.57 �0.01

Alo 0.97 0.00 0.13 0.05 0.01

Sio 0.94 �0.07 0.07 0.10 0.04

Fed 0.09 0.86 0.15 0.13 �0.27

Ald 0.87 0.24 0.26 �0.06 �0.08

Eigenvalue 5.98 3.43 3.14 2.92 1.60

Proportion (%) 29.9 17.2 15.7 14.6 8.0

“SOM and amor-

phous compounds”

factor

“Texture”

factor

“Acidity”

factor

“Available P

and K” factor

“Sodicity”

factor
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coefficients corresponding to the third component have high positive or negative

values for pH(H2O), pH(KCl), and exchangeable Ca and Al, indicating that a

close relationship exists between this component and soil acidity. This relation-

ship can be referred to as the “acidity” factor. The fourth and fifth components are

referred to as the “available P and K” and the “sodicity” factors, respectively, on

the basis of the coefficients correlating each of the components and the soil

variables.

4.4 Principal Component Analysis for Summarizing Soil
Properties

From this analysis, a wide variety of soil parameters were categorized into five

principal components, which accounted for 85.4 % of the total variance.

4.5 Pedogenetic Conditions Determining the Distribution
Patterns of Factor Scores for Each of the Principal
Components

Figure 4.4 shows a scattergram of the factor scores of SOM and amorphous

compounds and those of available P and K. Both factor scores were significantly

higher in soils derived from volcanic rocks than in other soils, but they were not

statistically correlated. The factor scores are plotted on the geological map, as

shown in Fig. 4.5. There are two representative volcanic areas in Tanzania, namely,

Mt. Kilimanjaro and its surrounding region and Kipengere range between the east

of Mbeya and Lake Malawi. Generally, the scores of the factor for SOM and

amorphous compounds were highest in the region of Kipengere range, followed

by some plots around Mt. Kilimanjaro (Fig. 4.5a), whereas the scores of the factor

for available P and K tended to be high in both volcanic regions (Fig. 4.5b). Since

these regions were already cultivated intensively, influence of chemical fertilizer

might affect the high scores in this factor. Furthermore, as Msanya et al. (2007)

indicated, the volcanic soils in the southern mountain ranges were rich in K,

compared to several Japanese volcanic soils, likely reflecting lithological differ-

ences among the parent materials. The predominantly high scores of the factor for

SOM and amorphous compounds in Kipengere range indicate a relatively incipient

feature of soils after recent active volcanic events and potentially high soil fertility

relating to SOM in these regions.

Figure 4.5c represents the distribution pattern of the factor scores of texture in

terms of the geological conditions. There is a certain regional trend in these factor

scores, though no statistical difference was observed in terms of the geological

condition as a whole. Among the soils of volcanic origin, those in the northern
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volcanic regions exhibited higher scores in the texture factor, consistent with a

previous report by Mizota et al. (1988), in which they postulated that these soils

were in the advanced stages of weathering of volcanic materials. The scores were

high in some soils from sedimentary and metamorphic rocks, which are mostly

distributed in the western region around Kigoma and the hillslopes near Tanga, and,

in contrast, were usually low in soils from granite, except for those of the southern

highland.

Figure 4.6 shows the influence of the amount of precipitation on the scores of

selected factors. There was no clear relationship between the amount of precipita-

tion and the factor scores of acidity or texture. Although it was expected that a

positive contribution of precipitation on mineral weathering might accompany soil

acidification or the formation of clays and secondary Fe oxides, there was no

correlation between them; this indirectly suggested that the influence of parent

materials on soil properties was stronger than that of climatic factors among the

soils studied.
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4.6 Pedogenetic Conditions Determining the Clay
Mineralogy of the Soils

Figure 4.7 shows the distribution patterns of the clay mineralogy in relation to the

geological and climatic conditions. The relative abundance of 1.4-nm minerals was

often higher in the northern region of the Great Rift Valley and around Lake

Victoria. On the other hand, the abundance of 0.7-nm minerals tended to be

lower in the central steppe, which has lower precipitation than other regions.

These relationships are more clearly presented in Fig. 4.8. Stepwise multiple

regression indicated that the abundances of 1.4-nm minerals (mostly smectite)

could be expressed by the following equation:

1:4� nm minerals ð%Þ ¼ 6:38þ 13:4 ðsodicity factorÞ
�9:78 ðSOM=amorphous factorÞ
þ3:17 ðP=K factorÞ; r2 ¼ 0:58 ðp < 0:01, n ¼ 90Þ

ð4:1Þ

c) 
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Fig. 4.5 (continued)
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The 1.4-nm minerals were probably formed under the strong influence of the

high sodicity of the parent materials around the Great Rift Valley and were often

observed in the soils in the flat plains near Lake Victoria.

On the other hand, the abundances of the 0.7-nm minerals (kaolin minerals) can

be expressed by the following equation:

0:7� nm minerals ð%Þ ¼ �56:2þ 19:5ln ðprecipitation in mmÞ
þ5:92 ðacidity factorÞ þ 4:82 ðtexture factorÞ � 11:2 ðsodicity factorÞ
�7:70 ðP=K factorÞ; r2 ¼ 0:45 ðp < 0:01, n ¼ 90Þ

ð4:2Þ

From this equation, it can be stated that the kaolin formation is promoted under

highly humid conditions with the positive influence of soil acidity and texture

(or clayey parent materials) as well as the negative influence of sodicity. Hence,

it can be inferred that the clay mineralogical properties of the soils studied herein

were formed under the strong influence of the present climatic conditions as well as

the parent materials on a countrywide scale in Tanzania.

4.7 General Discussion on the Soil Conditions in Tanzania
with Specific Reference to Potential Agricultural
Development

As stated earlier, soil fertility is considered high in and around the volcanic

regions owing to the high SOM-related fertility and the high P and K nutrient

status. In addition, the soils around Lake Victoria are fertile due to the strong

influence of the 1.4-nm minerals, which also contribute to the high nutrient

retaining potential of the soils. Both the regions, namely, the volcanic regions

and the regions around Lake Victoria, are broadly included in the Great Rift

Valley, which is the center of the intensive agricultural activities of the country.

However, in other areas of Tanzania, soils are generally low in SOM-related

parameters and the 1.4-nm minerals are virtually absent. The proportion of kaolin

minerals increases with the precipitation; hence, soil fertility decreases in regions

of high humidity. Soil fertility in terms of clay mineralogy is comparatively

higher in dry regions than in humid regions because of the greater abundance of

mica minerals; however, water availability decreases in such dry regions. Thus,

the semiarid regions in Tanzania suffer from water shortage, while the relatively

humid areas have less fertile soil that predominantly contains kaolin minerals;

hence, these inherently adverse conditions are not favorable for agricultural

production and should be taken into consideration when studying the feasibility

of agricultural development in different areas in the future.

4 Soil-Forming Factors Determining the Distribution Patterns of Different. . . 81



4.8 Conclusion

Reflecting the wide variation of climatic conditions and parent materials of soils,

soil physicochemical properties varied widely in this study. Clay mineral compo-

sition was, however, basically similar to the soils developed under ustic moisture

regime in Southeast Asia. From the principal component analysis of the collected

soil samples, five individual factors—SOM and amorphous compounds, texture,

acidity, available P and K, and sodicity—were determined. From the clay miner-

alogical composition and the relation between the geological conditions (or parent

materials) and the annual precipitation and the scores of the four factors, the

following observations were made:

1. The maximum scores of “SOM and amorphous compounds” were found at the

volcanic center of the southern mountain ranges from the east of Mbeya to Lake

Malawi.

2. The scores of the “available P and K” were high in the volcanic regions around

Mt. Kilimanjaro and in the southern volcanic mountain ranges, presumably due

to the intensive agricultural management with fertilizer application.

3. The abundance of 1.4-nm minerals (mostly smectite) can be expressed by the

following equation:

1:4� nm minerals ð%Þ ¼ 6:38þ 13:4 ðsodicity factorÞ
�9:78 ðSOM=amorphous factorÞ
þ3:17ðP=K factorÞ; r2 ¼ 0:58 ðp < 0:01, n ¼ 90Þ

The 1.4-nm minerals were probably formed under conditions of high sodicity

and were often observed in the soils near Lake Victoria.

4. The abundance of 0.7-nm minerals (kaolin minerals) can be expressed by the

following equation:

0:7� nm minerals ð%Þ ¼ �56:2þ 19:5lnðprecipitation in mmÞ
þ5:92 ðacidity factorÞ þ 4:82 ðtexture factorÞ � 11:2 ðsodicity factorÞ
�7:70 ðP=K factorÞ; r2 ¼ 0:45ðp < 0:01, n ¼ 90Þ

From this equation, it was found that kaolin formation is promoted by highly

humid conditions and that it is influenced by the acidity and texture of the soil

(or parent materials). Hence, it was inferred that the formation of the soils studied in

the present study was strongly influenced by climatic conditions and parent

materials.

5. In Tanzania, the volcanic regions and the Great Rift Valley region, where soil is

generally more fertile than in other regions, are conducive to modernized

agriculture. The semiarid regions in Tanzania suffer from water shortage,

while the relatively humid areas have less fertile soil that predominantly con-

tains kaolin minerals. These conditions are not favorable for agricultural
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production and should be taken into consideration when studying the feasibility

of agricultural development in different areas in the future.
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Chapter 5

Soil Fertility Status in Equatorial Africa: A

Comparison of the Great Rift Valley Regions

and Central/Western Africa

Shinya Funakawa and Takashi Kosaki

Abstract Soil fertility was measured in contrasting regions of sub-Saharan Africa,

i.e., Tanzania, Rwanda, western D. R. Congo, Cameroon, Nigeria, Burkina Faso,

Ivory Coast, and others, with special reference to geological and climatic condi-

tions. The general properties of the soils in each region of equatorial Africa could be

summarized as follows: when comparing the soils in central and western regions of

equatorial Africa, the soils in Tanzania are affected more or less by the Great Rift

Valley movement, including volcanic activity, and are considered relatively fertile.

The base level is generally high, and soils are therefore not intensely acidic, and soil

texture is intermediate. The soil organic matter (SOM) level is moderately high,

partially affected by volcanic activity and relatively high elevation. Clay mineral

composition also suggests that the soil in this region is somewhat less weathered

and possibly supplies more mineral nutrients than soils in the other regions. A

similar, but more definitive, advantage of volcanic soil could be found for the soils

in the volcanic regions of the highlands of Rwanda and eastern D. R. Congo. The

soils in this region are characterized by high base levels, high cation exchange

capacity (CEC) values (which are influenced by the presence of both SOM and 2:1

clay minerals), intermediate to clayey soil texture, and relatively high SOM levels;

the latter two are affected by parent materials and cool temperatures. In contrast to

the Great Rift Valley regions, a large part of Cameroon is situated on the Camer-

oonian plateau, which is composed of Precambrian basement rocks under humid

climates. The soils in this region are characterized by a strong acidic nature, high

levels of exchangeable Al, fewer base components, moderately low SOM level, and

clayey soil texture, dominated by inactive kaolin minerals. The soils in the western

regions of equatorial Africa, such as the Nigeria/Benin and Burkina Faso/Ivory Coast/

Liberia regions, are commonly characterized by the presence of sandy soils. The sand
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content usually exceeds 70%,while clay content is less than 20%.As a result, the base

reserve is typically low, and the SOM level is less than 10–15 g C kg�1 soil.

Keywords Central/Western Africa • Great Rift Valley • Soil fertility

5.1 Introduction

Africa has several distinctive geological features—(1) most of Africa is made up of

very old rock, often exposed to the surface; (2) the continent is slowly being divided

along the great East African Rift Valley, and volcanic activity is common; (3) large

parts of African land have been geologically stable for millions of years; and

(4) large parts of Africa are covered by recent sediments (Jones et al. 2013).

From a pedogenetic aspect, such geological features provide varying types of parent

materials for soil development in each of the regions, in part relating to topography

and time factors.

However, climatic conditions, or soil moisture regimes, in the African continent

distribute rather regularly with regard to latitude—a humid climate with the udic

soil moisture regime is found in the equatorial regions, followed by sub-humid

and/or semiarid climates with the ustic soil moisture regime, which are located

approximately 5–10� in the north and south latitudes. Lastly, arid regions with the

aridic soil moisture regime are found at 30� latitude to the north and south. Among

them, the eastern part of the continent featured rather dry climates due to the

dominating effects of the uplift highland plateau surrounding the Great Rift Valley

(Jones et al. 2013).

Owing to the influences of the soil-forming factors introduced above, pedoge-

netic conditions are characterized by extensive volcanic activity and highland

climates, with rather cooler and drier conditions (relative to the same latitude) in

East Africa, typically around the Great Rift Valleys. Central and western regions of

equatorial Africa are near rather stable landforms with relatively low elevation.

Soils distributed in these contrasting regions are typically Andisols/Ultisols/Alfisols

in the Great Rift Valley region and Oxisols/Ultisols/Alfisols in the central to

western parts of equatorial Africa (Soil Survey Staff 1999).

In this chapter, we analyzed general soil properties, including the mineralogical

characteristics that are definitively important in determining soil physical and

chemical properties, with special reference to geological and climatic factors

relevant to soil development, as a basis for further discussion and understanding

of the ecological processes and agricultural practices in the following chapters.

5.2 Soil Sampling and Analytical Procedures

In total, 240 samples of surface soils were collected from different regions of equa-

torial Africa, including Tanzania, Rwanda, the Democratic Republic of Congo

(D. R. Congo), Cameroon, Sao Tome, Nigeria, Benin, Burkina Faso, Ivory Coast,

86 S. Funakawa and T. Kosaki



and Liberia (Fig. 5.1 and Table 5.1). All the sampling points were located on slopes or

plains, covering regions with different parent materials and a wide variation in annual

precipitation (250–3400 mm). Apparent lowland soils were excluded from the anal-

ysis. The climatic conditions, i.e., annual precipitation (AP) and mean annual air

temperature (MAT) of the sampling plots, were estimated by the values recorded at

a nearby meteorological station (World Climate 1996) after correction by elevation for

MAT. Parent materials were identified according to field observation and geological

maps. The parent materials of the soils were broadly classified according to the

following categories: (1) basement rocks formed on Precambrian shields, mostly

derived from migmatite, gneiss, schist, or other metamorphic rocks, (2) granite and

other plutonic rocks, (3) sedimentary and metamorphic rocks, (4) Cenozoic rocks and

recent deposits, and (5) volcanic rocks and ejecta. The sampling plots were once used

Cameroon

Nigeria
Benin

Ghana

Togo

Burkina Faso

Ivory Coast

Liberia

Niger

Tanzania

Kenya

UgandaRwanda

Burundi

D.R. Congo

Zambia

Fig. 5.1 Study soils
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as croplands or were covered by seminatural vegetation (forest or savanna), or

secondary vegetation that had grown after human disturbance.

The chemical and mineralogical properties of the samples were used for the

following statistical analyses: pH (H2O), exchangeable cations (Na, K, Ca, Mg, and

Al), cation exchange capacity (CEC), base saturation, total C and N content,

particle size distribution, clay mineral composition (by X-ray diffraction for

selected samples), and total base reserve (based on total chemical composition;

for selected samples). The data obtained were statistically analyzed using the

SYSTAT version 13 software (Systat Software, Inc. 2014).

5.3 General Physicochemical and Mineralogical Properties

of the Soils

Selected average values of the analytical data, in terms of sampling regions and

parent materials, respectively, are listed in Table 5.2. Soil pH was apparently lower

in the Cameroonian soils compared to other soil types, with a significantly lower

base saturation ( p < 0.05), partially due to the high precipitation of this region.

Both the exchangeable bases and CEC contents were higher in the Great Rift Valley

in Rwanda and eastern D. R. Congo than in the central and western countries ( p <
0.05). Both the higher content of soil organic matter (SOM), due to high elevation,

and also the higher content of 2:1 minerals on relatively new land surfaces, might

contribute to the high values of exchangeable bases and CEC in Rwanda and the

Table 5.1 Outline of sample soils

Sample group

Number

of

samplesa Major parent materials

Annual

precipitation

(soil moisture

regimesa)

Mean annual

temperature (soil

temperature

regimesa)

Tanzania 94 Sedimentary rocks, gran-

ite, volcanic materials,

and Cenozoic deposit

250–2000 mm

(mostly ustic)

13–26�C (thermic

and hyperthermic)

Rwanda and

eastern D. R.

Congo

24 Basement rocks and vol-

canic materials

>1000 mm

(ustic and udic)

16–23�C (mostly

thermic)

Cameroon

and Sao Tome

56 Basement rocks and vol-

canic materials

800–2500 mm

(udic, partially

ustic)

20–25�C (mostly

hyperthermic)

Nigeria and

Benin

41 Basement rocks and

Cenozoic deposit

550–2400 mm

(udic and ustic)

22–28�C
(hyperthermic)

Burkina Faso,

Ivory Coast,

and Liberia

25 Basement rocks 550–3400 mm

(udic and ustic)

25–29�C
(hyperthermic)

Total 240
aAccording to US Soil Taxonomy (Soil Survey Staff 2014)

88 S. Funakawa and T. Kosaki



T
a
b
le

5
.2

A
v
er
ag
e
v
al
u
es

o
f
se
le
ct
ed

ch
em

ic
al

an
d
m
in
er
al
o
g
ic
al

p
ro
p
er
ti
es

o
f
so
il
s
fr
o
m

d
if
fe
re
n
t
re
g
io
n
s

S
am

p
le

g
ro
u
p

N
u
m
b
er

o
f
sa
m
p
le
s

p
H
(H

2
O
)

E
x
ch
.

b
as
es

(c
m
o
l c

k
g
-1
)

C
E
C
(c
m
o
l c

k
g
-1
)

B
as
e

sa
tu
ra
ti
o
n
(%

)

A
ll

N
at
u
ra
l

fo
re
st

S
ec
o
n
d
ar
y

fo
re
st

S
av
an
n
a

C
ro
p
la
n
d

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

T
an
za
n
ia

9
4
(8
9
)

2
2
(2
0
)

1
4
(1
4
)

1
6
(1
6
)

4
2
(3
9
)

6
.1
5
b

0
.0
8

1
0
.5
3
b

1
.0
6

1
4
.0

c
1
.1

9
5
.3

c
1
.1

R
w
an
d
a/
ea
st
er
n

D
.
R
.
C
o
n
g
o

2
4
(2
1
)

1
(0
)

2
(2
)

5
(4
)

1
6
(1
5
)

5
.7
7
b

0
.2
2

1
6
.5
7
c

2
.9
9

2
3
.3

d
3
.1

8
7
.5

b
c

4
.2

C
am

er
o
o
n
/S
ao

T
o
m
e

5
6
(2
3
)

1
5
(6
)

8
(5
)

1
3
(8
)

2
0
(4
)

4
.8
5
a

0
.1
0

3
.2
0
a

0
.5
4

1
1
.5

b
c

0
.7

5
3
.9

a
3
.8

N
ig
er
ia
/B
en
in

4
1
(0
)

0
(0
)

0
(0
)

0
(0
)

4
1
(0
)

5
.9
1
b

0
.1
3

2
.7
5
a

0
.3
1

4
.7

a
0
.5

8
4
.2
b
c

3
.9

B
u
rk
in
a
F
as
o
/I
v
o
ry

C
o
as
t/
L
ib
er
ia

2
5
(0
)

0
(0
)

0
(0
)

1
(0
)

2
4
(0
)

5
.7
8
b

0
.1
8

2
.2
0
a

0
.3
3

6
.2

ab
1
.0

7
9
.2

b
4
.9

S
am

p
le

g
ro
u
p

T
o
ta
l
C
(g

k
g
�1
)

P
ar
ti
cl
e
si
ze

d
is
tr
ib
u
ti
o
n

C
la
y
m
in
er
al

co
m
p
o
si
ti
o
n

S
an
d
(%

)
S
il
t
(%

)
C
la
y
(%

)
1
.4

n
m

(%
)

1
.0

n
m

(%
)

0
.7

n
m

(%
)

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

T
an
za
n
ia

2
0
.2

b
2
.5

6
3
.5

b
2
.4

1
1
.3

a
1
.2

2
5
.2

b
1
.8

8
a

2
1
9
b

2
7
3
a

3

R
w
an
d
a/
ea
st
er
n

D
.P
.
C
o
n
g
o

3
5
.5

c
4
.9

3
8
.7

a
3
.9

2
5
.9

c
2
.8

3
5
.4

c
3
.6

1
3
a

5
1
7
ab

3
6
9
a

6

C
am

er
o
o
n
/S
ao

T
o
m
e

1
5
.2

ab
3
.1

3
5
.8

a
2
.5

1
6
.5

b
1
.7

4
7
.1

d
2
.4

3
a

0
5
a

2
9
2
b

2

N
ig
er
ia
/B
en
in

7
.7

a
0
.9

8
2
.0

c
2
.4

5
.9

a
0
.8

1
2
.1

a
1
.9

n
.d
.

n
.d
.

n
.d

n
.d

n
.d

n
.d

B
u
rk
in
a
F
as
o
,/
Iv
o
ry

C
o
as
t/
L
ib
er
ia

8
.8

a
1
.1

7
2
.1

b
c

3
.6

1
2
.0

ab
2
.4

1
5
.9

ab
2
.0

n
.d
.

n
.d
.

n
.d

n
.d

n
.d

n
.d

(c
o
n
ti
n
u
ed
)

5 Soil Fertility Status in Equatorial Africa: A Comparison of the Great Rift. . . 89



T
a
b
le

5
.2

(c
o
n
ti
n
u
ed
)

P
ar
en
t

m
at
er
ia
ls

N
u
m
b
er

o
f
sa
m
p
le
s

p
H
(H

2
O
)

E
x
ch
.

b
as
es

(c
m
o
l c

k
g
-1
)

C
E
C
(c
m
o
l c

k
g
-1
)

B
as
e

sa
tu
ra
ti
o
n
(%

)

A
ll

T
an
za
n
ia

R
w
an
d
a/

ea
st
er
n

D
.
R
.

C
o
n
g
o

C
am

er
o
o
n
/

S
ao

T
o
m
e

N
ig
er
ia
/

B
en
in

B
u
rk
in
a

F
as
o
/

Iv
o
ry

C
o
as
t/

L
ib
er
ia

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

B
as
em

en
t

ro
ck
s

8
0
(2
2
)

0
(0
)

3
(3
)

3
7
(1
9
)

1
9
(0
)

2
1
(0
)

5
.3
3
a

0
.1
1

2
.6
7
a

0
.4
3

7
.8

a
0
.6

6
6
.1

a
3
.5

G
ra
n
it
e

1
5
(1
5
)

1
4
(1
4
)

1
(1
)

0
(0
)

0
(0
)

0
(0
)

5
.6
1
ab

0
.1
6

3
.3
7
ab

0
.7
2

7
.2

ab
1
.4

8
6
.7

b
4
.6

S
ed
im

en
ta
ry

ro
ck
s

6
0
(5
2
)

4
9
(4
9
)

1
(1
)

2
(2
)

4
(0
)

4
(0
)

6
.1
5
b

0
.1
1

8
.8
8
b
c

0
.9
5

1
1
.6

ab
0
.8

9
1
.5

b
2
.2

C
en
o
zo
ic

d
ep
o
si
t

5
4
(3
3
)

1
8
(1
8
)

1
5
(1
5
)

3
(0
)

1
8
(0
)

0
(0
)

6
.0
4
b

0
.1
3

1
0
.1
1
b
c

1
.6
5

1
2
.0

b
1
.6

9
0
.0

b
2
.6

V
o
lc
an
ic

o
ri
g
in

3
1
(1
1
)

1
3
(8
)

4
(1
)

1
4
(2
)

0
(0
)

0
(0
)

5
.4
6
a

0
.1
3

1
2
.6
3
c

2
.5
0

2
5
.4

c
2
.5

8
3
.2

b
4
.2

S
am

p
le

g
ro
u
p

T
o
ta
l
C
(g

k
g
�1
)

P
ar
ti
cl
e
si
ze

d
is
tr
ib
u
ti
o
n

C
la
y
m
in
er
al

co
m
p
o
si
ti
o
n

S
an
d
(%

)
S
il
t
(%

)
C
la
y
(%

)
1
.4

n
m

(%
)

1
.0

n
m

(%
)

0
.7

n
m

(%
)

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

A
V
E

S
E

B
as
em

en
t

ro
ck
s

8
.7

a
1
.0

5
7
.0

b
3
.0

1
0
.6

a
1
.1

3
2
.0

b
c

2
.5

4
a

1
5
a

2
9
2
b

3

G
ra
n
it
e

1
2
.8

a
3
.2

7
1
.1

b
5
.7

9
.0

a
2
.9

1
9
.9

ab
3
.8

5
ab

3
1
3
ab

4
8
1
ab

5

S
ed
im

an
ta
ry

ro
ck
s

1
6
.6

a
1
.8

6
5
.0

b
2
.8

9
.2

a
1
.1

2
5
.7

ab
2
.1

4
a

1
2
2
b

3
7
4
ab

3

C
en
o
zo
ic

d
ep
o
si
t

1
4
.9

a
1
.8

6
6
.5

b
3
.3

1
1
.8

a
1
.3

2
1
.8

a
2
.6

1
9
b

5
1
7
ab

4
6
4
a

6

V
o
lc
an
ic

o
ri
g
in

4
7
.0

b
7
.3

3
0
.9

a
3
.2

3
1
.4

b
2
.7

3
7
.7

c
3
.7

5
a

3
1
7
ab

6
7
8
a

7

A
V
E
av
er
ag
e,
S
E
st
an
d
ar
d
er
ro
r

T
h
e
v
al
u
es

w
it
h
th
e
sa
m
e
le
tt
er
s
ar
e
n
o
t
si
g
n
ifi
ca
n
tl
y
d
if
fe
re
n
t
b
y
T
u
k
ey

te
st
(
p
<

0
.0
5
)

C
la
y
m
in
er
al
o
g
y
w
as

d
et
er
m
in
ed

fo
r
so
il
sa
m
p
le
s
n
u
m
b
er
ed

in
th
e
p
ar
en
th
es
is

90 S. Funakawa and T. Kosaki



eastern D. R. Congo regions. The soils of the western countries, Nigeria, Benin,

Burkina Faso, Ivory Coast, and Liberia, had a more sandy texture than the others.

Such an extensive distribution of sandy soils was repeatedly reported for these

regions.

When comparing the soils from different parent materials, volcanic soils

exhibited unique characteristics in that (1) the level of exchangeable bases was

high in spite of a low pH, presumably due to a high CEC with increased organic

matter, and (2) fine-textured soils, especially with high silt contents, were the

dominant soil type. Besides the volcanic soils, those from the Cenozoic deposit

were less acidic with higher levels of exchangeable bases and CEC, often accom-

panying an increased level of expandable 2:1 minerals, all indicating a less weath-

ered nature of the mineral components of the soils. It is possible to conclude that the

soils derived from volcanic materials and Cenozoic deposits were, relatively speak-

ing, more fertile than the others. In contrast, soils derived from basement rocks were

usually acidic, low in CEC and exchangeable bases, and higher in clay and kaolin

minerals. All these characteristics were expected for highly weathered soils like

Oxisols and were found mainly in the soils of central and western countries. This is

consistent with the observations discussed in Chap. 4 for Tanzanian soils, though

the clay mineralogical composition of the central and western African countries

exhibited more weathered features than the nonvolcanic soils in Tanzania, adjacent

to the Great Rift Valley.

5.4 Principal Component Analysis for Summarizing Soil

Properties

A principal component analysis was conducted to summarize several soil parame-

ters related to soil fertility. The studied variables included pH (H2O); amounts of

exchangeable K+, Mg2+, Ca2+, and Al3+; sum of exchangeable bases, CEC; effec-

tive CEC; base saturation; total C and total N contents; as well as sand, silt, and clay

content. Table 5.3 lists the pattern for the first three principal components, which

had eigenvalues of higher than unity after varimax rotation.

As seen from the list in Table 5.3, high positive coefficients were obtained for

exchangeable K, Ca, and Mg, sum of exchangeable bases, CEC, and ECEC for the

first component. All these variables correspond to the soil properties relating to the

retention of exchangeable bases. The score of this component highly correlated

with the total base reserve as well, indicating that the first component could be

termed an “base reserve” factor (Fig. 5.2). The second component had high

negative coefficients for pH (H2O), base saturation, and sand content, but high

positive coefficients for exchangeable Al and clay content. These soil characteris-

tics could be associated with soil acidity and fine texture, that is, strong acidity was

considered to preferentially develop on relatively fine-textured soils under humid

climatic conditions. Hence, the second component is referred to as the “acidity and
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Table 5.3 Factor pattern for the first four principal components (n ¼ 240)

Variable PC1 PC2 PC3

pH(H2O) 0.49 �0.75 �0.14

Exch. K 0.74 �0.06 0.15

Exch. Ca 0.92 �0.13 0.19

Exch. Mg 0.91 �0.09 0.20

Exch. Al �0.28 0.84 0.01

Exch. Bases 0.96 �0.12 0.20

CEC 0.69 0.20 0.65

ECEC 0.95 �0.02 0.20

Base saturation 0.37 �0.80 0.08

Total C 0.14 0.01 0.96

Total N 0.16 0.01 0.96

Sand �0.37 �0.76 �0.38

Silt 0.29 0.29 0.62

Clay 0.30 0.80 0.11

Eigenvalue 5.34 3.28 2.54

Proportion (%) 37.2 23.4 18.1

“Base reserve” factor “Acidity and clay” factor “SOM” factor
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clay” factor. It is perhaps a slightly unusual situation that “base reserve” and

“acidity and clay” factors, which were usually considered to be negatively related,

were actually independently recognized in this analysis. Figure 5.3 plots the

relationship between the scores of factors 1 and 2. We can say that the samples

distributed in quadrants II and IV followed the commonly held belief that, if acidity

proceeds, the base reserve would be depleted. Many Tanzanian soils derived from

sedimentary rocks, which were rich in base reserves under relatively dry climates,

and most Cameroonian soils derived from basement rocks, which have been

acidified under humid climate and are hence low in base levels, are typically

distributed in these quadrants. However, some soils in Tanzania and Rwanda/
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eastern D. R. Congo were rich in bases due to the relatively less weathered features

of Cenozoic deposits or volcanic soils, while were simultaneously acidic due to

high precipitation. They are distributed in quadrant I. In contrast, many of the sandy

soils that developed on some Cenozoic deposit and/or sedimentary rocks, with low

scores in factor 2, were found in quadrant III. The soils distributed in quadrants I

and III in Fig. 5.3 were unique, but somewhat commonly observed in the Great Rift

Valley and western Africa, respectively.

The coefficients corresponding to the third component have high positive values

for CEC, total C, total N, and silt content, indicating that a close relationship exists

between this component and SOM accumulation. As discussed earlier, the soils of

volcanic origin accumulated higher SOM and unweathered features, such as high

silt content. Therefore, this component is referred to as the “SOM” factor.

From this analysis, a wide variety of soil parameters were categorized into three

principal components, which accounted for 78.7 % of the total variance.

5.5 Climatic Conditions Affecting Factor Scores for Each

of the Principal Components

Figure 5.4 shows scattergrams of climatic parameters, such as AP and MAT, and

the scores of three factors, i.e., base reserve, acidity and clay, and SOM. Table 5.4

indicates the average values of the factor scores by each of the regions or by a

difference in parent materials. According to Fig. 5.3a and b, AP could contribute to

a decrease in the base reserve and an increase in soil acidity, through intense

leaching and mineral weathering. However, such a direct influence may be limited

judging from the rather low correlation coefficients. The soils with low scores in

factor 1, which distributed in regions of low AP in spite of their overall negative

correlation, suggested two possibilities: that is, (1) cumulative mineral weathering

might have consecutively occurred under more humid climatic conditions in the

past, and consequently decreased the base reserve during that period, and (2) the

domination of sandy soils (mostly composed of quartz) could directly decrease the

total reserve as well as the amount of exchangeable bases. Similarly, in Fig. 5.3b

and Table 5.4, soils in western Africa, including those in the most humid regions,

showed the lowest scores in factor 2 (“acidity and clay” factor) compared with the

highest scores in the clayey soils of the Cameroonian plateau. Judging from the

close relationship between clay content and soil acidity, i.e., a clear negative

correlation between clay content and soil pH (H2O) (r¼�0.41**) or exchangeable

Al (r ¼ 0.46**), the presence of a certain amount of clay may be a prerequisite to

develop soil acidity.

Figure 5.4c shows that the influence of lower temperatures may enhance the

accumulation of SOM, together with a possible positive influence of volcanic

materials to SOM accumulation in highland regions of the Great Rift Valley.

Lower scores in this factor were commonly observed for the soils in Nigeria/

Benin and the Burkina, Faso/Ivory, Coast/Liberia regions (Fig. 5.4c and
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Table 5.4). Both a hot climate at a low elevation and the absence of volcanic-

derived materials, as well as the dominance of sandy soils, clearly characterized the

low SOM status in these regions; therefore, the utilization of SOM-related

resources for agriculture would also be difficult.

These results suggest that soil chemical properties, in terms of base status, soil

acidity, and SOM, would not effectively characterize the soils within the Nigeria/

Benin and Burkina Faso/Ivory Coast/Liberia regions, which were similarly domi-

nated by soils with a sandy texture and low CEC (Table 5.2).
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5.6 Pedogenetic Conditions Determining the Clay

Mineralogy of Soils

Figure 5.5 shows the relationship between the scores of factors 1 or 2 and the

relative abundance of 0.7-nm kaolin minerals. There are moderate but significant

negative and positive correlations ( p< 0.05), respectively. The combination of two

factors in the multiple regression analysis successfully improved the simulation as

described by the following equation:

0.7-nm minerals (%) ¼ 78.1–11.7 (“base reserve” factor) + 8.69 (“acidity and

clay” factor)–4.75 (“SOM” factor); r2 ¼ 0.34 ( p < 0.01, n ¼ 136)

In this equation, the negative contribution of the “base reserve” factor might

indicate the result of mineral weathering, i.e., as a result of mineral weathering,

the base reserve would decrease and 0.7-nm minerals would increase. However,

the positive contribution of the “acidity and clay” factor may suggest that soil

acidification is a driving force of mineral weathering. The factor relating to SOM

accumulation may indicate an inhibitory effect of SOM on mineral weathering,

combined with the low temperature of highlands, as well as the presence of

recently supplied volcanic materials rich in weatherable minerals. It is notable,

however, that the value of intercept of this equation was already high as 78.1 %,

and most soils were already subjected to considerable mineral weathering, not

like in the soils of humid Asia (Chap. 3 in this volume; Funakawa et al. 2008),

Table 5.4 Average values of factor scores of soils from different regions or parent materials

Sample group

Factor scores

Base reserve

factor

Acidity and clay

factor SOM factor

AVE SE AVE SE AVE SE

Tanzania 0.34 b 0.12 �0.42 a 0.06 0.05 a 0.11

Rwanda/eastern Zaire 0.82 b 0.29 0.17 b 0.13 0.84 b 0.25

Cameroon and Sao Tome �0.28 a 0.06 1.22 c 0.12 �0.07 a 0.14

Nigeria and Benin �0.55 a 0.05 �0.59 a 0.11 �0.37 a 0.04

Burkina Faso, Ivory Coast, Liberia �0.55 a 0.05 �0.33 ab 0.14 �0.22 a 0.06

Parent materials

Factor scores

Base reserve factor Acidity and clay factor SOM factor

AVE SE AVE SE AVE SE

Basement rocks �0.40 a 0.05 0.45 b 0.14 �0.35 a 0.04

Granite �0.42 ab 0.07 �0.36 ab 0.16 �0.13 a 0.15

Sedimentary rocks 0.22 bc 0.11 �0.36 a 0.08 �0.14 a 0.07

Cenozoic deposit 0.22 bc 0.17 �0.35 a 0.11 �0.14 a 0.07

Volcanic origin 0.42 c 0.29 0.33 b 0.14 1.48 b 0.35

AVE average; SE standard error

The values with the same letters are not significantly different by Tukey test ( p < 0.05)
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where the relative abundance of kaolin minerals was approximately 60 % on

average.

Figure 5.6 shows the contribution of factors 1 and 2 on the relative abundance of

mica minerals and expandable 2:1 minerals, respectively. For both relationships,

the relative abundances of mica and expandable 2:1 minerals were apparently

affected by the scores of factor 1 or 2, i.e., an increase in the “acidity and clay”
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factor decreased the relative abundance of mica minerals (Fig. 5.6a), while an

increase in the “base reserve” factor resulted in greater amounts of expandable

2:1 minerals (Fig. 5.6b). However, at the same time, there were many exceptions to

such simple relationships. For example, in Fig. 5.6a, several soils of volcanic origin,

Cenozoic deposit, or sedimentary rocks exhibited a very low mica mineral content,
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in the range of low scores for factor 2. Similarly, an increase in the factor 1 scores

did not always accompany an increase in the expandable 2:1 minerals for the soils

derived from the Cenozoic deposit and/or sedimentary rocks (Fig. 5.6b). There

could be two possibilities for such a discrepancy: (1) one is that the parent materials

of some soils actually did not contain mica minerals or expandable 2:1 minerals as

primary minerals, and these minerals have never been formed under the pedoge-

netic conditions of these soils, and (2) the other is that the past climatic conditions,

which might have developed clay mineralogy and the “base reserve” and/or soil

“acidity and clay” factors of the soils, does not actually correlate with the present

climates.

Thus the overall limited correlations among present climatic factors, soil phys-

icochemical properties, and clay mineral composition suggest that the soils in

equatorial Africa, especially those in central and western Africa, have developed

under fluctuating pedogenetic conditions for a long period of time. During such a

long history, climatic conditions have considerably fluctuated and vegetation cover

has also changed. As a result, the mass movement of surface soil materials through

wind and/or water erosion, involving both removal and deposition, has consider-

ably modified soil properties (Driessen et al. 2001). This is not the case for upland

soils in the humid areas of Asia, where the respective contributions of geology

(or parent materials) and climate could be more easily distinguished (Chaps. 2 and 3

in this volume; Funakawa et al. 2008).

5.7 General Discussion on the Soil Conditions for Different

Regions of Equatorial Africa, with Specific Reference

to Potential Agricultural Development

Based on the preceding sections, the general properties of the soils in the respective

regions of equatorial Africa could be summarized as follows:

For soils in Tanzania, we generally concluded in Chap. 4 that clay mineral

composition was characterized by the dominance of mica and kaolin minerals.

From the clay mineralogical composition and the relationship between the geolog-

ical conditions (or parent materials) and climatic factors (MAT and AP) and the

scores of the five factors determined by the principal component analysis, the

following observations were made: the scores of both “SOM and amorphous

compounds” and “available P and K” were high in/around the volcanic regions of

Mt. Kilimanjaro and in the southern volcanic mountain ranges, and the 1.4-nm

minerals were often observed in the soils near Lake Victoria. Hence, the volcanic

regions, where soil is generally more fertile than in other regions, are conducive to

modernized agriculture. The semiarid regions in Tanzania suffer from water short-

ages, while the relatively humid areas have less fertile soil that predominantly

contains kaolin minerals.
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In this chapter, when comparing the Tanzanian soils with those of the central and

western regions of equatorial Africa, a similar conclusion could be made: the soils

in Tanzania are affected more or less by the Great Rift Valley movement, including

volcanic activity, and are considered to be relatively fertile in that (1) base reserve

is generally high, (2) soil acidity is not intense and soil texture is intermediate, and

(3) SOM level is moderately high, partially affected by volcanic activity and

relatively high elevation. The chemical and mineralogical characteristics of the

volcanic soils are generally similar to those observed in the previous study (Mizota

et al. 1988). Clay mineral composition also suggests that the soils in Tanzania are

for the most part less weathered and possibly supply more mineral nutrients than

soils found in other regions.

A similar but more definitive advantage of the volcanic soils could be found for

the soils in volcanic region in the highlands of Rwanda and eastern D. R. Congo.

The soils in this region are characterized by (1) a high base reserve; (2) high CEC

values, contributed both by the presence of SOM and 2:1 clay minerals; (3) inter-

mediate to clayey soil texture; and (4) high SOM levels, affected both by parent

materials (volcanic origin) and cool temperatures (high elevation). The high base

reserve and CEC were considered to be closely related to the greater SOM found in

this region, as discovered by Asadu et al. (1997). In fact, this region was already

extensively cultivated and, consequently, was densely populated, sometimes

reaching up to 1000 people per square kilometer (Jones et al., 2013). This is

probably because the soils here are exceptionally fertile among the regions of

equatorial Africa. The detailed chemical properties of the soils in this region are

extensively reported by Vander Zaag et al. (1984) and Yamoah et al. (1990).

In contrast to the Great Rift Valley regions mentioned above, a large part of

Cameroon is situated on the Cameroonian plateau, composed of Precambrian

basement rocks with humid climates. The soils in this region are characterized by

(1) a strong acidic nature, high in exchangeable Al; (2) low base levels; (3) moder-

ately low SOM level; and (4) clayey soil texture, dominated by inactive kaolin

minerals. Compared with the remaining western regions of equatorial Africa, the

soils in Cameroon are typically clayey, presumably because this territory has been

continuously maintaining forest vegetation, even during the driest era, and fine soil

components have not been considerably eroded. As a result, clayey acidic soils are

still extensively covering this region. Although the soils are strongly acidic, the

level of exchangeable Al, 2.05 cmolc kg
�1 soil on average, is much lower than those

for the rainforests of humid Asian regions (5–20 cmolc kg
�1 for soils in Kaliman-

tan, Indonesia), in which expandable 2:1 minerals with high CEC dominate; highly

weathered Oxisols with low CEC values are the major components of the Camer-

oonian plateau. Low-input agricultural practices presently dominate this region.

Agricultural development for the future, however, can advance after the introduc-

tion of modernized techniques, such as appropriate fertilization, when compared to

the present agricultural development of Oxisols in other continents, such as

Cerrado, Brazil.

The soils in the western regions of equatorial Africa, such as the Nigeria/Benin,

Burkina Faso/Ivory, and Coast/Liberia regions, are commonly characterized by the
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presence of sandy soils. The sand content usually exceeds 70 %, while clay content

is less than 20 %. As a result, the base reserve is typically small, and the SOM level

is also low, less than 15 g C kg�1 soil. Concerning soil fertility, the agricultural

development of these regions would be difficult unless the continuous application

of chemical fertilizers is guaranteed. However, it should be noted that the popula-

tion density of southern Nigeria is sometimes already as high as > 500 people per

square kilometer (Jones et al. 2013). Establishing a stable agricultural system is

urgently needed in these regions.
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Van Ranst E, Yemefack M, Zougmoré R (eds) (2013) Soil Atlas of Africa. European Com-

mission, Publications Office of the European Union, Luxembourg

Mizota C, Kawasaki I, Wakatsuki T (1988) Clay mineralogy and chemistry of seven pedons

formed in volcanic ash, Tanzania. Geoderma 43:131–141

Soil Survey Staff (1999) Soil taxonomy: a basic system of soil classification for making and

interpreting soil surveys. 2nd edn. Natural Resources Conservation Service. U.S. Department

of Agriculture Handbook 436

Soil Survey Staff (2014) Keys to soil taxonomy. 12th edn. United States Department of Agricul-

ture, Natural Resources Conservation Service

Systat Software, Inc (2014) SYSTAT 13 Getting Started. IL USA, Chicago

Vander Zaag P, Yost RS, Trangmar BB, Hayashi K, Fox RL (1984) An assessment of chemical

properties for soils of Rwanda with the use of geostatistical techniques. Geoderma 34:293–314

World Climate (1996) http://www.worldclimate.com. Accessed 5 Jan 2016

Yamoah CF, Burleigh JR, MalcolmMR (1990) Application of expert systems to study of acid soils

in Rwanda. Agric Ecosyst Environ 30:203–218

5 Soil Fertility Status in Equatorial Africa: A Comparison of the Great Rift. . . 101

http://www.worldclimate.com


Chapter 6

Significance of Active Aluminum and Iron
on Organic Carbon Preservation
and Phosphate Sorption/Release in Tropical
Soils

Tetsuhiro Watanabe

Abstract The effects of active Al and Fe (acid ammonium oxalate-extractable Al

and Fe: Alo and Feo) on the preservation of organic carbon (OC) and sorption/

release of phosphate in tropical soils are presented. For OC preservation, Alo and

Feo, Fe oxides, and clay fraction have been assumed to be important components

stabilizing the organic matter. The Alo þ Feo content explained more than 60 % of

variation in OC for the all soil groups classified by the degree of soil weathering

(weak, moderate, and strong). The quantitative relationships between OC and Aloþ
Feo were of similar order for all the soil groups. In contrast, Fe oxides and clay

contents are less correlated with OC. Effects of Alo and Feo on phosphate sorption

capacity and its extractability after sorption were also examined. Furthermore, the

retardation effects of phosphate sorption into micro- and meso-pores of Alo and Feo
were assessed. The phosphate sorption capacity was strongly correlated with Alo þ
Feo. The proportion of labile phosphate relative to added phosphate and the rate of

phosphate released in sequential extractions were negatively correlated with Alo þ
Feo and porosity of the soils (0.7–4-nm pore specific surface area (SSA) relative to

the total SSA). These results showed that Alo and Feo are important components of

tropical soils that influence OC preservation and phosphate sorption/release. Car-

bon dynamics and availability of fertilized phosphate will be affected by the

amount of Alo and Feo in the tropical soils.
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matter • Phosphorus • Clay content • Iron oxides
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6.1 Overview

Active Al and Fe are the fractions that are extracted by acid ammonium oxalate (Alo
and Feo) (Shang and Zelazny 2008). Their levels are used for classifying soils as

Andisols and Spodosols, and the Andic and Spodic subgroups in other orders in

USDA Soil Taxonomy (Soil Survey Staff 1999); and Andosols, Nitisols, and

Podosols in WRB (IUSS 2014). Alo and Feo are extracted from amorphous Al

and Fe, poor crystalline aluminosilicates, ferrihydrite, and Al- and Fe-humus

complexes, but little or none from gibbsite, goethite, hematite, and layered silicates

(Shang and Zelazny 2008). The importance of Alo and Feo in the preservation of

organic carbon (OC) and sorption and release of phosphate in soils is well known

for soils derived from volcanic materials and those formed in temperate or cooler

regions. However, the importance has not been thoroughly examined for highly

weathered tropical soils where contents of Alo and Feo are very low. Moreover, the

contributions of Alo and Feo were not compared with Fe oxides and clay fractions,

which are also important to OC preservation and phosphate sorption/release.

Soil OC is critically important to the physical and chemical properties of soil

and, therefore, its agricultural productivity. OC improves soil structure, cation

exchange capacity (CEC), and biological activity in soil. OC is also related to

climate change because it is a large terrestrial carbon pool. Alo and Feo, Fe oxides,

and fine particle fractions (clay) contribute to the preservation of OC in soils (von

Lützow et al. 2006; Sollins et al. 1996; Rumpel and Koegel-Knabner 2011).

Wiseman and Püttmann (2006) recognized that Alo and Feo are strongly correlated

to OC content, but poorly correlated to clay content. Kleber et al. (2005) discovered

that stable OC, which is isolated by chemical treatment using NaOCl, is strongly

related to Alo and Feo but unrelated to free Fe oxides or to clay. In contrast, a

positive correlation between OC and clay contents (Ohta and Effendi 1992; Konen

et al. 2003) and a correlation between OC and free Fe oxides have been identified

(Eusterhues et al. 2003; Lorenz et al. 2009). Although the importance of Alo and Feo
is suggested in eight Cambodian soils (Acrisols and Podosols) (Toriyama et al.

2015) and four Tanzanian soils (Acrisols and Alisols) (Kirsten et al. 2016), few

studies have examined the preservation of OC by Alo and Feo in tropical soils with

low in Alo and Feo contents due to strong weathering. Moreover, the contributions

of Alo and Feo, Fe oxides, and clay fractions to OC preservation in tropical soils

have not been compared, and it is not clear which component has the largest effect

on the preservation of OC in tropical soils.

The sorption and release of added phosphate in soils is important for both

agriculture and the environment because the availability of added phosphate affects

agricultural production and phosphate leaching causes eutrophication of water

bodies. Compared to carbon preservation, the effects of Al and Fe oxides/hydrox-

ides on phosphate sorption and release have been studied in detail (e.g., Sharpley

1983; Freese et al. 1992; Colombo et al. 1994; Hartono et al. 2006). Phosphate

sorption processes in soils include fast ligand exchange reactions onto surface sites

of Fe and Al oxides/hydroxides and subsequent slow reactions that deposit
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phosphate within soil particles (McGechan and Lewis 2002; Parfitt 1978; Addiscott

and Thomas 2000). Generally, less phosphate is released than the amount added

because of deposition of phosphate within soil particles (McGechan and Lewis

2002) in addition to inner-sphere complexation caused by ligand exchange reac-

tions. The slow reactions include the physical process of diffusion into micro- and

meso-pores (intra- and interparticle) and the subsequent chemical process of

adsorption onto the inside surface of the pores (Arai and Sparks 2007), which

will be referred to as sorption into micro- and meso-pores. Micro- and meso-

pores are defined as pores of < 2 nm and 2–50 nm, respectively (Everett 1972).

Phosphate trapped in micro- and meso-pores is difficult to be extracted because

desorbed phosphate from surface sites in micro- and meso-pores has to diffuse into

bulk solution before extraction or release from soil particles. Very few studies have

studied the adsorbent porosity or the effects of micro- and meso-pores on phosphate

sorption and extraction from soils (Torrent et al. 1992). Soil pore structures are

likely to affect phosphate extraction, and inhibitory effects on phosphate extraction

by micro- and meso-pores of non-soil materials have been reported (Cabrera et al.

1981; Strauss et al. 1997; Colombo et al. 1994; Makris et al. 2004). Clarifying the

characteristics of phosphate release in soils with different porosities would be

useful for predicting phosphate availability to plants and the risk of phosphate

leaching after fertilization.

In this chapter, the importance of Alo and Feo on OC preservation and phosphate

sorption and release processes is emphasized on tropical soils where information on

Alo and Feo is limited. For OC preservation, the key component(s) associated with

OC preservation include: Alo and Feo, Fe oxides, and clay contents. For phosphate,

the effects of Alo and Feo on the sorption and release are clarified. Furthermore, the

inhibitory effect on the extractability of phosphate sorption into micro- and meso-

pores, which results from Alo and Feo, is examined.

6.2 Effects of Active Al and Fe on Organic Carbon
Preservation

6.2.1 Soil Samples

Soils were collected from various tropical countries (Cameroon, Tanzania, Indo-

nesia, and Thailand) with tropical rain forest, monsoon, and savanna climates. Soils

were also collected from Japan with a humid temperate climate to compare soils

formed under tropical climate conditions with those under temperate climatic

conditions. Subsurface horizons, most of which were identified as B horizons,

were used. Soils strongly affected by volcanic ash were not included. Although

carbon content is generally higher in surface horizons, the mass of OC stored in

subsoil is generally larger in the subsurface horizons because the total volume of

soil is much larger (Jobbagy and Jackson 2000; Kaiser et al. 2002; Rumpel and
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Koegel-Knabner 2011). Thus, it is essential to study the soil components that

contribute to soil OC preservation in subsurface soils to obtain a proper under-

standing of carbon preservation in the whole profile.

In Cameroon, 53 samples from subsurface horizons were collected at elevations

ranging from 310 to 1650 m. The climate type is Aw, according to K€oppen’s
classification, and the mean annual temperature (MAT) and mean annual precipi-

tation (MAP) at the sites range from 20 to 27 �C and from 1070 to 2450 mm,

respectively. The soil moisture and temperature regimes are udic and

isohyperthermic, respectively. The primary soil types identified were Oxisols and

Ultisols, and the primary parent materials were mica schist, granite, and

granodiorite.

In Tanzania, 33 samples from subsurface horizons were collected at elevations

ranging from 20 to 1940 m. There is a distinct dry season, and the climate type is

Aw. MAT and MAP at the sites range from 18 to 27 �C and from 620 to 1500 mm,

respectively. The soil moisture and temperature regimes are ustic and

isohyperthermic, respectively. The primary soils types were Inceptisols and

Ultisols, and the primary parent materials were granite, schist, gneiss, mudstone,

and shale.

In Indonesia, 38 samples from subsurface horizons were collected at elevations

ranging from 20 to 1450 m. The climate type is Af and Am, and the MAT and MAP

at the sites range from 19 to 27 �C and from 1970 to 4300 mm, respectively. The

soil moisture and temperature regimes are perudic/udic and isohyperthermic,

respectively. The principal soil types were Ultisols and Inceptisols, and the main

parent materials were mudstone, sandstone, and andesite.

In Thailand, 54 samples from subsurface horizons were collected at elevations

ranging from 250 to 2000 m. The climate type is Aw and Cw. The MAT and MAP

at the sites range from 17 to 26 �C and from 960 to 1800 mm, respectively. The soil

moisture and temperature regimes are ustic and hyperthermic/thermic, respectively.

The primary soils were Ultisols and Cambisols and the principal parent materials

were granite, gneiss, schist, mudstone, and sandstone.

In Japan, 34 samples from subsurface horizons were collected at elevations

ranging from 90 to 1600 m. The climate type was Cfa, and MAT and MAP at the

sites ranged from 7 to 16 �C and from 1450 to 3920 mm, respectively. The soil

moisture and temperature regimes are mostly udic/perudic and mesic/thermic,

respectively. The primary soil type was Inceptisol, and the primary parent materials

were shale and granite.

6.2.2 Analytical Procedures

The chemical and mineralogical properties for the samples were analyzed: pH

(H2O); pH(KCl); total C (which is assumed as OC in acidic soils without carbon-

ates), Fe (Fet), Ca, Mg, K, and Na contents; clay content; sodium dithionite- and

citrate-extractable Fe (Fed); and acid ammonium oxalate-extractable Al and Fe (Alo
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and Feo (McKeague and Day 1966)). Fed is a measurement of Fe in crystalline and

poorly crystalline Fe oxides (Blakemore et al. 1981). Soil samples were grouped

based on degree of weathering because of a wide range of pedogenic development

and Alo and Feo levels. Hierarchical cluster analysis was applied using standardized

values of weathering indices: (Fed – Feo)/Fet, Feo /Fed, and total reserve in bases

(TRB). (Fed – Feo)/Fet represents the relative content of crystalline Fe oxides in

relation to total Fe. The Fe activity ratio (Feo /Fed) reflects the poorly crystalline

fraction of total Fe oxides. TRB is the sum of basic cations (Ca þ Mg þ K þ Na)

(cmolc kg�1) and gives a chemical estimation of weatherable minerals (IUSS

Working Group WRB 2015). TRB mainly reflects the bases in primary minerals

although it also includes those located on exchange sites and possibly in the

secondary clay minerals.

MAT and MAP of each site were taken from WorldClim (http://www.

worldclim.org/).

The Shapiro–Wilk test was used to determine if a group of data was normally

distributed. The climatic data and soil properties of the groups determined by

cluster analysis were subjected to analyses of variance and then multiple compar-

isons analyses. Each multiple comparisons analysis was performed using the Tukey

test if the data was normally distributed and using Dunn’s method if the data was

not normally distributed. The contributions of the soil components to OC preser-

vation were analyzed by correlation and single variable linear regression analyses.

In all analyses, P < 0.05 indicated statistical significance.

6.2.3 Grouping of Soils Based on Degree of Weathering

The soil samples were divided into three groups: weakly weathered (Ww), moder-

ately weathered (Mw), and strongly weathered (Sw) using weathering indices.

More than half of the Indonesian, Tanzanian, and Cameroonian soils were classified

into the Sw group. Thai soils were mainly classified into Sw and Mw groups. The

Ww group consisted mainly of Japanese soils. The Sw group had low Feo/Fed value

(indicating low activity of free Fe oxides), a low TRB value (indicating few primary

minerals), and a high (Fed – Feo)/Fet value (indicating a high ratio of crystalline Fe

oxides) (Fig. 6.1). The Mw group had similar values of Feo /Fed and (Fed – Feo)/Fet
to the Sw group but higher TRB values than Sw. In contrast, the Ww group had high

activity of free Fe oxides, high primary mineral content, and a low ratio of

crystalline Fe oxides to total Fe.

The climate of sampling sites was characterized for each group. MAT in Sw,

Mw, and Ww groups were 23 � 2 �C (mean � standard deviation), 23 � 4 �C, and
16 � 6 �C, respectively. The MAT was lower in the Ww group than Sw and Mw

groups. MAP was generally high and 1460� 230 mm, 1800� 870 mm, and 2180�
1050 mm, respectively. MAP of Ww group was higher than that of the Sw group,

but not significantly different from Mw group. Most of the samples in Sw and Mw

were collected from a high temperature climate, while Ww were from low
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temperature climate, and all the samples collected from a humid climate exceeded

1000 mm of precipitation.

The differences between soil properties for each weathering groups are shown in

Table 6.1. The soils were acidic with pH (H2O) of approximately 5. The mean

values of OC content were higher in the Ww group than in other groups. The Alo
and Feo values of the Ww group were higher than those of the Mw and Sw groups.

The mean values of Alo and Feo in the Sw and Mw group were less than half those

of the Ww group. The mean values of Alo þ Feo were much lower than the

diagnostic criteria for andic soil properties (< 72–74 cmol kg�1 calculated from

20 g kg�1 of Aloþ 1/2 Feo as the criteria for Andisols (Soil Survey Staff 1999)). Fed
and clay contents were higher in the Sw group than that in the Ww group. These

results suggest higher contents of clay and crystalline Fe oxides and lower contents

of OC, Alo, and Feo in the Sw group soils, which formed under high temperature

conditions, than in the Ww group soils, which formed under lower temperature

conditions.

6.2.4 Soil Components Contributing to Organic Carbon
Preservation

For all samples and for the samples in each group, OC was strongly correlated with

Alo, Feo, and Alo þ Feo, except for Feo in Mw and Sw groups, with which OC was

moderately correlated (Fig. 6.2). OC was weakly or moderately correlated with Fed
or clay. The correlation coefficient for OC with Alo was significantly higher than

OC and Feo in the Sw and Mw groups, and the coefficient for Feo was higher than

Alo in the Ww group. They indicate that relative importance of Alo and Feo may

be different; Alo may be more important in Sw and Mw groups, and Feo may be

more important in the Ww group.

−

Fig. 6.1 Relationship between weathering indices: crystallinity of free iron oxides (Feo/Fed),

relative amount of crystalline iron oxides ((Fed�Feo)/Fet), and total reserve in bases (TRB). Sw,
Mw, Ww strongly, moderately, weakly weathered soil groups
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Alo þ Feo explained more than 60 % of the variation in OC content for all of the

samples as well as for the samples in each group (Table 6.2). The regression

coefficients were similar between the groups (3.9–5.3), suggesting quantitative

relationships were similar in all the groups. Fed and clay contents only explain <
25 % of the variation of OC in any of the sample groups.

Because Alo þ Feo explained a large part of the variation in OC in all of the

groups (Table 6.2, Fig. 6.2), it indicates that this component contributes markedly

to carbon preservation, not only in temperate soils but also in strongly weathered

soils even though Alo and Feo were very low (Table 6.1). Furthermore, the regres-

sion coefficients were similar in range in all groups, indicating quantitative relation-

ships between Alo þ Feo and OC were similar regardless of the degree of

weathering or climatic conditions.

The correlations of Fed and clay contents with OC were also significant, but not

strong (Fig. 6.2). Fed and clay contents explained< 25 % of the variations in OC for

all sample groups (Table 6.2). The results in this study were contrast to strong

correlations between OC and clay contents (Arrouays et al. 1995; Nichols 1984;

Konen et al. 2003) and OC and Fed (Eusterhues et al. 2003; Kaiser and

Guggenberger 2000) in previous studies. Correlations between OC and clay or

Fed have been found for similar soil types in a region probably because the

mineralogy in the clay fraction or activity of Fed was similar. In this study, a

Fig. 6.2 Relationship between selected soil properties (Alo and Feo acid ammonium oxalate-

extractable Al and Fe, Fed dithionite citrate-extractable Fe, clay content) and soil organic carbon

content. * P < 0.05; ** P < 0.01; *** P < 0.001
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wide range of humid soils was analyzed and mineralogy of the clay fraction was

variable, consisting of hydroxy-Al interlayered vermiculite in Japanese soils, kao-

linite and mica in Thai and Tanzanian soils, kaolinite with/without vermiculite in

Indonesian soils, and kaolinite in Cameroon soils (see Chaps. 2, 3, and 4). The Fe

activity (Feo/Fed ratio) was also diverse in this study (Table 6.1), even in each group

classified by the degree of soil weathering.

In the Sw group, Alo was more strongly correlated with OC than with Feo. This

may have been because Al is more soluble than Fe in soils under low pH conditions

and had a greater opportunity to associate with OC (Oades 1989; Shang and Tiessen

1998). The Sw group had mean value of Feo that is less than half of Alo, probably

due to crystallization of Fe oxides, resulting in lower activity of Fe and lesser

amounts of Feo. The lower contents of Feo compared with Alo would result in poor

correlation with OC in the Sw soils, whereas the Ww group had the similar contents

of Alo and Feo and both would contribute OC preservation in the soils.

6.2.5 Conclusion

Active Al and Fe (Alo and Feo) are the most important components for OC

preservation not only in the less weathered temperate soils but also in highly

weathered tropical soils. In the more weathered soils, Alo may be more important

than Feo probably because Al is more soluble at low pH and has greater opportunity

to associate with OC, whereas Fe tends to crystallize and lose its reactivity

compared with Al.

6.3 Effects of Active Al and Fe on Sorption and Release
of Phosphate

6.3.1 Soil Samples

To evaluate the effects of Alo and Feo, porosity of soil, and phosphate sorption into

micro- and meso-pores on the extractability of phosphate from various soil types,

soils with a wide range of Alo and Feo contents, which are likely related to soil

porosity, were used. The values of Alo and Feo were 0.88–74 g kg�1 and

0.79–26 g kg�1, respectively, and the values of Alo þ 1/2 Feo, based on the criteria

for Andisols (Soil Survey Staff 1999), were 1.7–87 g kg�1. Thirty subsurface soil

samples from Thailand, Indonesia, and Japan were used in this study.

The soils from Thailand and Indonesia developed under tropical climatic con-

ditions and were mostly classified as Ultisols and Alfisols with high kaolinite

contents. The soils from Japan developed under temperate climatic conditions

and were mostly classified as Inceptisols with relatively high hydroxy-interlayered
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vermiculite contents. Four soils from Japan that developed on volcanic ash were

also used, and they contained large amounts of short-range ordered minerals,

identified from the high acid ammonium oxalate-extractable Si levels (Shang and

Zelazny 2008), and were classified as Andisols.

6.3.2 Analytical Procedures

The chemical and mineralogical properties of the samples were analyzed: total P,

pH (H2O), clay content, Fed, Alo, and Feo. The maximum phosphate sorption

capacity was determined from the Langmuir sorption isotherm, which is commonly

used to determine phosphate sorption capacity (McGechan and Lewis 2002).

Extraction experiments could then be performed with every soil sample having

equal phosphate loading conditions. Preparation of phosphate-sorbed samples was

based on maximum phosphate sorption capacity.

Phosphate extractability was determined using a modified Hedley’s fractionation
method (Hedley et al. 1982; Tiessen and Moir 2008) after adding an amount of

phosphate equal to the maximum phosphate sorption capacity and incubating for

24 h. The phosphate fractions are classified as most labile (Resin-P), less labile

(NaHCO3-P), more stable Fe- and Al-associated (NaOH-P), Fe- and Al-associated

in soil aggregates (Sonicate/NaOH-P), Ca-associated (HCl-P), and most stable

forms (Residual-P) (Tiessen and Moir 2008; Hedley et al. 1982). Although this

fractionation method has limitations in the selectivity for different fractions

(Pierzynski et al. 2005; Condron and Newman 2011), relative lability among

Resin-P, NaHCO3-P, and other fractions is maintained.

The rate of phosphate release was determined using sequential AEM extractions

(Sato and Comerford 2006) for each soil after adding the maximum sorption

capacity of phosphate and incubating for 24 h. AEM-extracted P (AEM-P) consists

mainly of highly mobile phosphate ions, which have a rapid transfer rate between

soil and solution. Applying the AEM extraction repeatedly allows the phosphate

release rate to be determined from a regression curve using the exponential equa-

tion (Sharpley 1996; Roboredo and Coutinho 2006):

X8

t¼1

AEM-Pt ¼ a 1� e�bt
� �

where a is a constant that is closely related to the maximum amount of phosphate

released using AEM, b is a constant that represents the rate of phosphate released

using the AEM strips, and t is the number of extractions. The constant b was used to
represent the phosphate extractability.

Specific surface area (SSA) characterization was performed on soil samples with

and without phosphate addition using the N2 adsorption method. The total surface

areas (SSAtotal) of the samples were calculated using the Brunauer–Emmett–Teller
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(BET) equation (Brunauer et al. 1938). The SSAs of micro-pores (� 2 nm) were

calculated using the t-plot procedure (Lippens and Deboer 1965), and the SSAs of

meso-pores (2–50 nm) were determined using the Barrett–Joyner–Halenda (BJH)

method (Barrett et al. 1951).

Normality of the data was tested using the Kolmogorov–Smirnov test. A Spear-

man rank correlation (rs) was applied because most of the data were not normally

distributed. It was used to assess correlations between the maximum phosphate

sorption capacity and soil components (e.g., Alo, Feo, Alo þ Feo, Fed, and clay

content) and between desorption values and soil components or porosity of the

studied soils. The contributions of soil components to maximum phosphate sorption

capacity were analyzed by single variable linear regression analyses.

6.3.3 Maximum Phosphate Sorption Capacity

The maximum phosphate sorption capacity (Table 6.3) was calculated using the

Langmuir equation. The phosphate sorption data for all of the soils had a high

correlation (r2 > 0.98). The maximum phosphate sorption capacity had a high

positive correlation with Alo (rs ¼ 0.89, P < 0.001) and Alo þ Feo (rs ¼ 0.91, P <
0.001; Fig. 6.3) and a weaker correlation with Feo (rs¼ 0.62, P< 0.001). Aloþ Feo
explained the maximum phosphate sorption capacity well:

Maximum phosphate sorption capacity (cmol kg�1)

¼ 0.11 � (Alo þ Feo)(cmol kg�1) þ 2.0 (R2 ¼ 0.95, n ¼ 30)

In contrast, clay content and Fed did not significantly correlate with the maxi-

mum phosphate sorption capacity. Thus, most of the following analyses are shown

using Alo þ Feo as the most important soil components for phosphate sorption.

6.3.4 Extractability of Added Phosphate

The modified Hedley’s fractionation method showed that most of the added phos-

phate was extracted as Resin-P, NaHCO3-Pi, and NaOH-Pi (Table 6.3). The percent-

age of phosphate extracted in each fraction correlated significantly with Alo þ Feo;

the most labile phosphate (Resin-P) extract was negatively correlated with Aloþ Feo,

and the less labile and more stable Fe and Al-associated phosphate (NaHCO3-Pi and

NaOH-Pi) extracts were positively correlated with Alo þ Feo (Table 6.4). These

results indicate that soils with higher Alo þ Feo have lower proportions of labile

Resin-P and higher proportions of less labile NaHCO3-Pi and NaOH-Pi.

Sequential extraction by AEM showed the slow release of added phosphate from

soils with high Alo þ Feo. The amounts released were highly fitted to the exponen-

tial equation well (R2 � 0.80), and the calculated constant b had P-values <0.001.

The constant b, representing the phosphate release rate, had a significant negative
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correlation with Aloþ Feo (Table 6.4, Fig. 6.4), indicating that soils with higher Alo
þ Feo have a lower phosphate release rate.

Japanese soils generally showed lower Resin-P proportions and lower release

rates than soils from the other regions with the exception of soils TH4 and ID5

(Thai and Indonesian soils) and soil JP16 (Japanese soil) (Table 6.3, Fig. 6.4). The

TH4 and ID5 were high-altitude (Thai) or volcanic (Indonesian) soils with high Alo
þ Feo (30 and 31 cmol kg�1, Table 6.3). JP16 was from Okinawa, an island in

southwest Japan with a warmer climate than other parts of Japan. Thus, these soils

would show intermediate values between the tropical countries and Japan.

Japan
Thailand
Indonesia
Volcanic, Japan

Fig. 6.3 Relationship between acid ammonium oxalate-extractable Al and Fe contents (Alo and

Feo) and maximum phosphate sorption capacity (left: small scale; right: large scale)

Table 6.4 Spearman correlation coefficients between the value of extraction results and acid

ammonium oxalate-extractable Al and Fe contents and the porosity of the studied soils

Hedley’s fractionation

Rate constant for desorption with AEM

Resin NaHCO3 NaOH

-P -Pi -Pi

Alo þ Feo �0 79*** 0.55** 0.55** �0 91***

Alo �0.81*** 0.47** 0.56** �0 90***

Feo �0.44* 0.36* 0.23 �0.66***

SSA0.7–4nm/

SSAtotal

�0 72*** 0.42* 0.46* �0 70***

ΔSSA0.7–4nm �0.68*** 0.53** 0.47* �0 74***

P phosphorus, Pi inorganic phosphorus, AEM anion exchange resin, Alo, Feo acid ammonium

oxalate-extractable Al, Fe, SSAtotal total specific surface area (SSA), SSA0.7–4nm SSA of 0.7–4 nm

pores, ΔSSA0.7–4nm decrease in SSA of 0.7–4-nm pores after phosphate sorption treatment

*** P < 0.001, ** P < 0.01, * P < 0.05
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6.3.5 Effects of Micro- and Small Meso-Pores
on Extractability of Sorbed Phosphate

The results indicate that Alo and Feo reduced the extractability of added phosphate

because of phosphate sorption into micro- and small meso-pores. Phosphate sorp-

tion treatment resulted in a decrease in SSAtotal (Table 6.5). When the decrease in

micro- and small meso-pore SSA (ΔSSA0.7–4-nm) was high, the proportions of labile

Resin-P and less labile NaHCO3-Pi and NaOH-Pi measured using Hedley’s method

were low and high, respectively, and the constant b for sequential extraction was

low (Table 6.4, Fig. 6.5). ΔSSA0.7–4-nm was positively correlated with Aloþ Feo (rs
¼ 0.74, P < 0.001) and the SSA0.7–4-nm/ SSAtotal ratio (rs ¼ 0.80, P < 0.001),

suggesting that sorption into micro- and meso-pores occurred in soils with high Alo
and Feo contents and high porosities. The desorption of phosphate might be the

same in all pore sizes, but the diffusion of the desorbed phosphate to bulk solution

might be limited in the micro- and meso-pores.

The Japanese soil samples had high porosity (Table 6.5), and the decrease in the

micro- and small meso-pore SSAs with phosphate treatment (ΔSSA0.7–4-nm) was

greater in these samples than in the Thai and Indonesian samples (Fig. 6.6). When

the amount of Alo þ Feo was similar, the proportion of Resin-P measured using

Hedley’s method and the constant b for sequential extraction were lower for the

Japanese soils than for the other soils (Table 6.3 and Fig. 6.4). For the Thai and

Indonesian soil samples, the amounts of 0.7–4-nm micro- and meso-pores and the

reduced amount in pore size after phosphate treatment were small (Fig. 6.6),

indicating that this pore size range appeared to have less effect on the sorption

and extraction of phosphate in these soils. Short-range ordered minerals, i.e.,

allophone and imogolite, contributed to the large micro- and meso-pore surface

areas, their decrease with phosphate sorption, and the low phosphate extractability

in the volcanic soils from Japan. The Sio contents were similar in nonvolcanic

Japanese, Thai, and Indonesian soils (mean� standard deviation: 0.45� 0.33, 0.45

�, 0.11, and 0.52� 0.13 g kg�1, respectively), and therefore they appear to contain

little, if any, allophone and imogolite. The crystallinity of the Al and Fe oxides/

Japan
Thailand
Indonesia
Volcanic, Japan

b 
(n

um
be

r 
of

 e
xt

ra
ct

io
n-

1 )

Fig. 6.4 Relationship

between acid ammonium

oxalate-extractable Al and

Fe contents (Alo and Feo)

and the constant b,
representing phosphate

release rate using an anion

exchange membrane
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hydroxides might be lower in the Japanese soils because they were younger soils

such as Inceptisols and Andisols with interference in Al and Fe crystallization from

organics and Si (Hsu 1989; Schwertmann and Taylor 1989), resulting in higher soil

porosity, a decrease in micro- and meso-pores with phosphate sorption, and lower

phosphate extractability.

The availability of phosphate to plants and the potential for phosphate leaching

after application to agricultural land might differ depending on particle surface

porosity derived from Alo and Feo and phosphate sorption into micro- and small

meso-pores. Lower soil loading with phosphate leads to lower phosphate extract-

ability (Barros et al. 2005). If the same amount of phosphate was applied to the soils

in the present study, soils with high Alo and Feo (and therefore large maximum

sorption capacities) would release sorbed phosphate more slowly. The mobility of

applied phosphate differs between the Japanese and the Thai and Indonesian soils

even when the amount of Alo and Feo was similar. The Japanese soils were rich in

micro- and meso-pores that sorbed phosphate inside the pores, whereas Thai and

Indonesian soils had low porosity and larger pores, and the outer surfaces probably

sorbed the most phosphate. This should result in higher phosphate mobility in Thai

and Indonesian soils than in Japanese soils.

6.3.6 Other Soil Properties and Phosphate Extractability

Other than the parameters listed in Table 6.4, soil physicochemical properties that

could contribute to phosphate extractability such as clay content, total carbon, Fed,

Fed – Feo, and Feo/Fed showed weak or no correlation with the proportion of Resin-

P from Hedley’s method (rs values were �0.20, �0.55, �0.18, 0.08, and �0.46,

respectively) or the constant b for AEM sequential extraction (rs values were

�0.13, �0.44, 0.03, 0.27, and �0.48, respectively). This indicated that these

properties did not affect phosphate extractability in the samples analyzed.

Japan

(n
um

be
r 

of
 e

xt
ra

ct
io

n-
1 )

Thailand
Indonesia
Volcanic, Japan

Δ

Fig. 6.5 Relationship

between the decrease in

specific surface area of

micro- and meso-pores

(0.7–4 nm) after phosphate

sorption treatment

(ΔSSA0.7–4 nm) and the

constant b representing

phosphate release rate using

an anion exchange

membrane
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6.3.7 Conclusion

The importance of Alo and Feo on the phosphate sorption capacity and the inhib-

itory effect of micro- and meso-pores on phosphate released using various types of

soils were presented. Phosphate sorption capacity strongly depended on Alo and Feo
contents. Release of sorbed phosphate from soils with high Alo and Feo contents and

high porosity was more difficult than from soils with low porosity. The sorbed

phosphate was more easily released from tropical soils with lower porosity. Esti-

mations of phosphate release for plant nutrition or phosphate leaching in soils

should consider the porosity of soils.

6.4 Significance of Active Al and Fe on Organic Carbon
Preservation and Phosphate Sorption/Release
in Tropical Soils

Active Al and Fe (Alo and Feo) had a significant effect on both OC preservation and

phosphorus sorption and release. The contents of Alo þ Feo explained more than

60 % of variation in OC contents, and the quantitative relationships of OC with Alo
þ Feo were of similar order for all the groups classified by the degree of weathering,

i.e., weakly, moderately, and strongly weathered soils. Maximum sorption capacity

of phosphate was highly correlated with Alo þ Feo (rs¼ 0.91, P< 0.001) and 95 %

of variation was explained by Alo þ Feo. Release of sorbed phosphate was retarded

by porosity of Alo and Feo. These statistically significant effects of Alo and Feo are

notable especially when compared to poor correlations of clay and Fe oxide

contents. It is important to highlight the utility of Alo and Feo in humid regions

for soils derived from volcanic materials and soils developing in temperate or

cooler regions but also in highly weathered tropical soils.

Δ

Δ

Japan
Thailand
Indonesia
Volcanic, Japan

Fig. 6.6 Relationship

between the decrease in

total specific surface area

(ΔSSAtotal) and the decrease

in SSAs of micro- and

meso-pores (0.7–4 nm) after

phosphate sorption

treatment (ΔSSA0.7–4 nm)
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Chapter 7

Soil Acidification Patterns Under Different
Geological and Climatic Conditions
in Tropical Asia

Kazumichi Fujii and Arief Hartono

Abstract Tropical forests are characterized by highly weathered and acidified soils,

whilst patterns and processes of soil acidification are diverse under different geolog-

ical and climatic conditions. To identify the dominant processes of soil acidification

in Southeast Asia, proton budgets were quantified for plant-soil systems in Indonesia

and Thailand. The net proton generation by plant uptake was consistently high in the

tropical forests. Acidification of soils can function as nutrient acquisition strategies of

plants that promote cation mobilization through mineral weathering and cation

exchange reaction. Soil solution composition indicated that organic acids are domi-

nant anions that drive acidification in the highly acidic soils from sandy sedimentary

rocks. Production of organic acids in the O horizons can be enhanced by the high

activities of fungal enzymes (peroxidases) especially in the lignin-rich and P-poor

litters on the highly acidic soils. On the other hand, bicarbonate also contributed to

cation mobilization in the moderately acidic soils from clayey sedimentary rocks and

ultramafic rocks (Indonesia) and under monsoon climate with distinct dry season

(Thailand). The spatiotemporal variation in fine roots (plant uptake) and organic and

carbonic acids can lead to different pathways of pedogenesis, i.e., incipient podzol-

ization (Al eluviation/illuviation) and ferralitization (in situ weathering). The differ-

ences in acid-neutralizing capacities of parent materials and climatic patterns can

generate the variability in soil acidity, and plant and microbial feedbacks can further

reinforce the patterns of soil acidification.
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7.1 Introduction

Acidification is a common soil-forming process under humid climate where pre-

cipitation exceeds evapotranspiration (Krug and Frink 1983; Hallbäcken and Tamm

1986). In tropical regions, acidic soils (pH < 5.5) are widespread; they cover 30 %

of the world’s total land area and 60 % of the total area in the tropics (Sanchez and

Logan 1992). The acidic soils in tropical regions generally exhibit the low concen-

trations of exchangeable bases, low solubility of phosphorus (P), and high concen-

trations of exchangeable Al and solution Al ions (Al3+). These factors related to soil

fertility can limit productivity of plants (esp., crop species) in tropical regions.

The decline of plant productivity has also been reported in some of tropical

forests on the highly acidified and weathered soils (Vitousek and Howarth 1991).

On the other hand, the massive aboveground biomass of tropical forests can be

developed even on highly acidic soils in Southeast Asia (Fujii 2014). There still

exist several knowledge gaps between high productivity and soil acidity.

Soil acidification induced by acidic deposition or agriculture is well known as

one of soil degradation, whilst acidification is an essential process for plant nutrient

acquisition. In tropical forests, the large amounts of nutrient need to be supplied

from the acidic soils for plant biomass production. Basic cations (K, Mg, and Ca)

and P are released from mineral dissolution and cation (or anion) exchange reac-

tions. Most of these reactions require acidification of soil. To assess the drivers and

ecological significance of soil acidification, the dominant processes of soil-

acidifying processes need to be identified.

Soil acidification is caused by nitrification, the dissociation of organic acids and

carbonic acid, and the excess uptake of cations over anions by plants (Van Breemen

et al. 1983; Binkley and Richter 1987). Soil solution studies have revealed the roles

of biologically processed anions in soil solution, i.e., organic acids, carbonic acid,

and nitric acid, as drivers of cation mobilization (Ugolini and Sletten 1991).

Further, theory and calculation of proton budgets in a plant-soil system can quantify

contribution of external and internal proton sources to soil acidification, as it can

also include proton release associated with cation uptake by plants (Van Breemen

et al. 1983; Johnson 1977; Fujii et al. 2008). These studies showed that soil-

acidifying processes can vary from ecosystem to ecosystem. Organic acids

[dissolved organic matter (DOM)] generally play roles in acidification of the

Spodosol soils in coniferous forests, while carbonic and nitric acids contribute to

acidification of the Inceptisol and Andisol soils in temperate broad-leaved forests

(Ugolini and Sletten 1991; Fujii et al. 2008). Calculation of proton budgets in each

of soil horizon provides a better understanding of proton generation and consump-

tion within the soil profiles.

The soil-acidifying processes can also vary between temperate and tropical

forests. In several tropical forests from America, the production and leaching of

carbonic acids from intensive root and microbial respiration have been reported to

be a major cause of soil acidification (Johnson 1977; McDowell 1998). The

hypothesis has been proposed that carbonic acid leaching has developed in tropical
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forests to utilize high soil CO2 pressure to acquire exchangeable bases and to

minimize leaching losses of bases from base-poor soils (Johnson 1977).

Tropical forests exhibit wide variation in vegetation, geology, and climate.

Regarding specific aspects in Southeast Asia, Ashton (1988) hypothesized that

Dipterocarpaceae exhibit high species diversity, tall stature, and large biomass

production through adaptation to acidic soils via ectomycorrhizal associations.

The high host specificity of ectomycorrhizae can cause competitive advantage

and family-level monodominance of Dipterocarpaceae in Southeast Asia, whereas

most of the dominant trees in America and Africa associate with vesicular-

arbuscular mycorrhizae (Connell and Lowman 1989). In Southeast Asian tropical

forests, nutrient acquisition of trees in the Ultisol soils may be different from those

in the Oxisol and Ultisol soils of America and Africa, in that Asian Ultisol soils are

richer in weatherable minerals because of steep slopes or relatively young geolog-

ical ages (Fujii et al. 2011a).

We applied theory of proton budgets to individual soil horizons to identify the

dominant soil-acidifying processes and the site-specific and common aspects of

acidification processes in Southeast Asia by comparing with the other tropical

regions.

7.2 Materials and Methods

7.2.1 Descriptions of Experimental Plots

The experimental sites include five sites from Indonesia and one site from Thailand.

The sites are selected to compare effects of geology (serpentine vs mudstone vs

sandstone) and climate (tropical humid vs tropical monsoon) (Table 7.1).

Five sites of tropical forests in Indonesia consisted of natural secondary forests

in Kuaro (KR1, KR2, and KR3) and Bukit Soeharto (BS) and pristine forest in Bukit

Bankirai (BB), East Kalimantan Province, Indonesia. The parent materials are

largely sedimentary rocks, but there occur patches of serpentine (ultramafic) intru-

sion. The KR1, KR2, and KR3 plots are located along a traverse across serpentine-

sedimentary rocks (mudstone). The KR1 soil is located on the serpentine belt and is

classified as a Rhodic Eutrudox (Soil Survey Staff 2006). The KR2 soil is located in

the transitional zone between serpentine and mudstone, and the KR3 soil is located

on mudstone (Fig. 7.1). The KR2 and KR3 soils are classified as Typic Paleudults.

The BS and BB soils are derived from sedimentary rocks (sandstone) and are

classified as Typic Paleudults. The mean annual air temperature is 26.8 �C at all

plots. The annual precipitation is 2256 mm year�1 (KR1, KR2, and KR3),

2187 mm year�1 (BS), and 2427 mm year�1 (BB), respectively. At the KR sites,

the vegetation is dominated by Harpullia arborea and Bauhinia purpurea at KR1,

Harpullia arborea and Durio spp. at KR2, and Harpullia arborea, Artocarpus
lanceolata, and Durio spp. at KR3. At the BS and BB sites, the vegetation is
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dominated by Shorea laevis and Dipterocarpus cornutus. The detailed information

of sites and soils is given in Fujii et al. (2009a, 2011c).

One site in Thailand was located in Ban Rakpaendin, Chiang Rai Province,

Thailand, where the mean annual air temperature and annual precipitation are

25.0 �C and 2084 mm year�1, respectively. There are distinct dry and wet seasons:

the dry season is from November to March and the wet season with most of the

rainfall is from April to October. Soils are derived from sedimentary rocks (mud-

stone) and classified as Typic Haplustults (Soil Survey Staff 2006).The vegetation

is dominated by Lithocarpus sp. and Eugenia sp. in RP.

7.2.2 Soil Materials

Soil samples were air-dried and crushed to pass through a 2 mm sieve and then

analyzed by the following methods. Soil pH was measured using a soil to solution

(H2O or 1 M KCl) ratio of 1:5 (w/v) after shaking for 1 h. Total carbon contents

were determined using a CN analyzer (Vario Max CN, Elementar Analysensystem

GmbH). Particle size distribution was determined by the pipette method. The

exchangeable basic cation concentrations and CEC were determined using the

Fig. 7.1 Landscapes and soils of the experimental sites in Thailand (RP) and Indonesia (KR, BS,

BB); (a) secondary forest/shifting cultivation landscape (RP), (b) Ultisol soil, (c) tropical lowland
forest (BS), and (d) Oxisol and Ultisol soils in KR and Ultisol soils in BS and BB
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ammonium acetate (1 M and pH 7.0) method. Ca and Mg in the extracts were

measured using atomic absorption spectroscopy (A-A-640-01, Shimadzu), whereas

Na and K were measured by flame photometry. Exchangeable Al and H were

determined by titration after 1 M KCl extraction and exchangeable Al was deter-

mined using aluminon colorimetry. The contents of well and poorly crystalline Fe

oxides and organic Fe compounds (Fed) were estimated by extraction with a citrate-

bicarbonate mixed solution buffered at pH 7.3 with the addition of sodium

dithionite (DCB) at 80�C (Mehra and Jackson 1960). Elemental analyses were

made in hydrofluoric acid-sulfuric acid digests of soil samples (Jackson 1958). The

Fe and Al contents were determined by inductively coupled plasma atomic emis-

sion spectrometry (ICP-AES, SPS1500, Seiko Instruments Inc.).

7.2.3 Plant Materials

Circular litter traps of 60 cm diameter were used to collect litterfall. Fine root

biomass in the O horizon was estimated by collecting the roots from 30 cm� 30 cm

quadrats. Fine root biomass in the mineral soil was estimated by collecting the roots

in 5 cm depth intervals in cores of 0.1 L volume. Five replicates were used for all

three of these measurements. Roots were rinsed in distilled water to remove soil

materials. Aboveground biomass was estimated by applying the diameters of stems

at breast height (DBH) to the regression equations obtained by Yamakura et al.

(1986). DBH was measured by tree census. Wood increment was estimated by stem

analysis (tree ring analysis) and using the regression equation for estimating tree

biomass according to Johnson and Risser (1974). Wood samples were collected

using an increment borer. Plant samples were oven-dried at 70�C for 48 h and then

weighed and milled. The C and N concentrations in plant materials were deter-

mined using a CN analyzer. The Na and K concentrations in plant samples were

determined by flame photometry, Mg and Ca concentrations by atomic absorption

spectroscopy, Fe and Al contents by ICP-AES, and P concentrations colorimetri-

cally (UV-VIS spectrophotometer UV-1200, Shimadzu) after nitric-sulfuric acid

wet digestion. The Cl and S concentrations were determined by high performance

liquid chromatography (HPLC, Shimadzu) after combustion according to Busman

et al. (1983).

7.2.4 Throughfall and Soil Solution

Soil solutions were collected in five replicates using tension-free lysimeters, each

draining a surface area of 200 cm2, beneath the O (A for RP), A (BA for RP) and B

(Bt1 for RP) horizons (0, 5 and 30 cm depths) at all plots. Throughfall was collected

using a precipitation collector, also using five replicates. Sample solutions were

filtered through 0.45 μm membrane filters before each analysis. The concentrations
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of H+ in solution were determined with a glass electrode. The concentrations of

Na+, K+, NH4
+, Mg2+, Ca2+, Cl�, NO3

�, and SO4
2� in solution were determined

by HPLC. The concentrations of total Fe and Al in solution were determined by

ICP-AES. The total charge equivalent of Al ions (Aln+) was calculated as the

equivalent sum of Al3+, AlOH2+, and Al(OH)2
+. The concentrations of DOC,

inorganic carbon (IC), and total dissolved N (TDN) were determined using a total

organic carbon analyzer (TOC-VCSH, Shimadzu). The concentrations of HCO3
� in

solution were determined from the solution pH and IC concentration, based

on pKa ¼ 6.3. The anion deficit, if any, was assigned to the negative charge of

organic acids. The concentrations of dissolved organic N (DON) were calculated

by subtracting NH4
+ and NO3

� from TDN concentrations (DON ¼ TDN � NH4
+

� NO3
�).

7.2.5 Monitoring Temperature and Volumetric Water
Content in Soils

The soil temperature at 5 cm depth was measured with a thermistor probe (107 Tem-

perature Probe, Campbell Scientific, Inc.) using two replicates, while volumetric

water contents in soils at depths of 5, 15, and 30 cm were measured with time

domain reflectometer probes (CS615 Water Content Reflectometer, Campbell

Scientific, Inc.) in three replicates. Data were recorded using data loggers at

30 min intervals (Campbell Scientific, Inc., CR-10X) during the study.

7.2.6 Ion Fluxes

Ion fluxes leached from each horizon were calculated by multiplying the water

fluxes by ion concentrations in throughfall and soil solutions. Throughfall water

fluxes were measured using a precipitation collector, while the half-hourly fluxes of

soil water percolating at depths of 5, 15, and 30 cm were estimated by applying

Darcy’s law to the unsaturated hydraulic conductivity and the gradient of the

hydraulic heads at each depth. The one-dimensional, vertical flow equation

(Richards’ equation) in the unsaturated soil zone is written as

C hð Þ δh
δt

¼ δ
δz

K hð Þ δh
δz

þ 1

� �� �
� S hð Þ ð7:1Þ

where C (m�1) is differential water capacity, t (day) is time, Z (m) is height, h (m) is

soil water pressure head, K (m day�1) is unsaturated hydraulic conductivity, and

S (day�1) is a sink term accounting for water uptake by vegetation and lateral water

flow. The unsaturated hydraulic conductivity and soil water pressure heads at
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depths of 5, 15, and 30 cm were estimated using the saturated hydraulic conduc-

tivity, water retention curves of soil, and volumetric water content monitored at

30 min intervals at each depth (Mualem and Dagan 1978; Van Genuchten 1980). In

this process, the Mualem-Van Genuchten parameters describing the unsaturated

hydraulic conductivity and soil water pressure heads were adjusted to meet the soil

water budget according to Klinge (2001). A detailed description of the calculation

of soil water fluxes was given in our previous report (Fujii et al. 2008). The water

fluxes for each month were calculated by summing the half-hourly water fluxes thus

estimated. Ion fluxes for each month were calculated by multiplying the water

fluxes by ionic concentrations in throughfall and soil solution during each month.

The annual ion fluxes were each calculated by summation.

7.2.7 Proton Budgets

Net proton generation (NPG) resulting from excess cation uptake by vegetation,

nitrification, dissociation of organic acids, dissociation of carbonic acid, and net

proton influx from the overlying horizon can be calculated based on the input-

output budget of ions in soil vegetation systems and including solute leaching and

vegetation uptake (Table 7.2; Van Breemen et al. 1983, 1984). In the present study,

proton budgets were quantified for each soil horizon compartment (O, A, and B

horizons) using throughfall and soil solution to describe proton generation and

consumption in the soil profiles (Fujii et al. 2008). Net proton generation associated

with excess cation uptake by vegetation (NPGBio), which consists of wood incre-

ment and litterfall, is calculated as

NPGBio ¼ Cationð Þbio � Anionð Þbio ð7:2Þ

where (Cation) and (Anion) represent the equivalent sum of cations and anions,

respectively. The ionic species considered in the present study were Na+, K+, Mg2+,

Ca2+, Fe3+, and Aln+ for cations and Cl�, H2PO4
�, and SO4

2� for anions. The suffix

“bio” represents ion fluxes caused by plant uptake (kmolc ha
�1 year�1).

Net proton generation associated with the transformation of nitrogen (NPGNtr) is

NPGNtr ¼ NH4
þð Þin � NH4

þð Þout
� �þ NO3

�ð Þout � NO3
�ð Þin

� � ð7:3Þ

The suffix “in” represents ion fluxes percolating into the soil compartment in

throughfall and the soil solution from the overlying horizon (e.g., throughfall for the

O horizon), while the suffix “out” represents ion fluxes leaching out of the soil

compartment in the soil solution.
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Net proton generation associated with the dissociation of organic acids (NPGOrg) is

NPGOrg ¼ Orgn�ð Þout � Orgn�ð Þin ð7:4Þ

where Orgn� represents the negative charge of organic anions.

Net proton generation associated with carbonic acid dissociation (NPGCar) is

NPGCar ¼ HCO3
�ð Þout � HCO3

�ð Þin ð7:5Þ

Net proton influx from the overlying horizon is

Hþð Þin � Hþð Þout
� � ð7:6Þ

7.2.8 Soil Acidification Rate

Soil acidification is defined as the decrease of acid-neutralizing capacity (ANC) of

the solid phase of a soil (Van Breemen et al. 1984). ANCs (ref pH¼3) (cmolc kg
�1) is

conceptually defined as the sum of basic cation equivalence minus the sum of

strongly acidic anion equivalence at a reference soil pH of 3. In our study, soil ANC

was calculated using the equation proposed by Brahy et al. (2000):

Table 7.2 Representative processes of proton generation and calculation methods

H+ budget Representative reaction Proton budget calculation

Proton-generating processes

(1) H+ input (e.g., acid rain) H+ input ¼ (H+)in � (H+)out

(2) Cation excess uptake by

plants

Ca2+ + 2R–OH ! (R–

O)2Ca (org) + 2H+
NPGBio ¼ (Cat)bio � (Ani)bio

(3) N transformation (e.g.,

nitrification)

NH4
+ + H2O ! NO3

�

+ 2H+ + H2O

NPGNtr ¼(NH4
+)in � (NH4

+)out +

(NO3
�)out � (NO3

�)in
(4) Dissociation of carbonic

acid

H2CO3 ! HCO3
� + H+ NPGCar¼ (HCO3

�)out� (HCO3
�)in

(5) Dissociation of organic

acid

2CH2O + 3/2O2 !
HC2O4

� + H+ + H2O

NPGOrg ¼ (Orgn�)out � (Orgn�)in

Proton-consuming processes

(6) Weathering and cation

exchange reaction

n/2M2/nO(s) + nH+!Mn+

+ n/2H2O

The suffix “bio” represents ion fluxes (kmolc ha
�1 year�1) caused by plant uptake, assuming that

vegetation uptake was equal to the sum of wood increment and litterfall

The suffixes “in” and “out” represent ion fluxes entering the soil horizon (e.g., throughfall for the O

horizon) and leaving the horizon, respectively

Cat and Ani represent cations (Na+, K+, Mg2+, Ca2+, Fe3+, Aln+) and anions (Cl�, SO4
2�, H2PO4

�),
respectively
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mANCs refpH¼3ð Þ ¼ 2 Na2Oð Þ þ 2 K2Oð Þ þ 2 CaOð Þ þ 2 MgOð Þ
þ 6 Fe2O3tot � Fe2O3dð Þ þ 6 Al2O3ð Þ ð7:7Þ

where parentheses denote total molar concentration. Iron-bearing silicates are

considered to be ANC components, while ferric oxides are not taken into account,

since at pH values above 3 they do not contribute to acid neutralization (Brahy et al.

2000). The soil acidification rate was calculated as the change in ANC components

over a given period, i.e., ΔANC (kmolc ha
�1 year�1). Using ion budget in each soil

horizon, the soil acidification rate (ΔANC) is

ΔANC ¼ Anionð Þout � Anionð Þin
� �� Cationð Þout � Cationð Þin

� �
� Cationð Þbio � Anionð Þbio
� � ð7:8Þ

The sum of acid load is compensated by the stoichiometric decrease of ANC.

Theoretically, ΔANC, NPGBio, NPGNtr, NPGOrg, NPGCar, and net proton influx

from the overlying horizon have the following relationship:

�ΔANC ¼ NPGBio þ NPGNtr þ NPGOrg þ NPGCar

þ Hþð Þin � Hþð Þout
� �

: ð7:9Þ

7.3 Results

7.3.1 Physicochemical Properties of Bedrocks and Soils

The bedrocks and fresh serpentine collected in the KR1 site contained the high

concentrations of Fe and Mg, while bedrocks of mudstone in the KR2, KR3, and RP

sites contained the high concentrations of Al, Fe, and Si (Table 7.3). The C horizon

sample of BB contains the higher concentrations of Si due to its origin of sandstone

(Table 7.3).

In the BS and BB soils from sedimentary rocks (sandstone), all of the soil

horizons are strongly acidic (pH 3.8–4.3), consistent with the low contents of

basic cations and high Al saturation (Table 7.4). In the KR and RP soils from

serpentine and sedimentary rocks (mudstone), the pH values (4.5–6.4) were higher

than in the BS and BB soils (Table 7.4). Clay contents of the KR and RP soils were

also higher than in the BS and BB soils (23–40 %). For Indonesian five sites, the

DCB extractable Fe oxide (Fed) contents increased toward the serpentine belt and

were highest in the KR1 soils from serpentine. The ANC increased with soil pH and

clay content, varying from 309–643 cmolc kg�1 in the BS and BB soils to

1163–2012 cmolc kg
�1 in the KR and RP soils (Table 7.4). The higher ANC values

are mainly contributed by Mg and Fe in the KR1 soil and by Al in the KR2, KR3,

and RP soils.
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The O horizons had only an Oi layer in the KR1, KR2, and RP soils, while they

consisted of an Oea layer, as well as a Oi layer, in the acidic BS, BB, and KR3 soils

(pH< 4.5) (Table 7.5). In the BB and BS soils, the O horizons are acidic (pH 4.5 to

5.0), consistent with lower concentrations of basic cations (17–63 cmolc kg
�1). The

higher concentrations of basic cations in the O horizons of the KR and RP soils

(87–129 cmolc kg
�1) are probably a consequence of parent materials rich in basic

cations (Tables 7.3 and 7.5).

7.3.2 C Stock and Flow in Soils and Ecosystems

In five sites in Indonesia, the aboveground biomass (259.8 to 346.0 Mg C ha�1) was

greater than in RP, with the considerably lower exception of KR1 (134.2Mg C ha�1;

Fig. 7.2). The fine root biomass was mainly distributed in the mineral soil horizons

of all plots; however, it was also distributed in the O horizons of the KR3, BS, and

BB soils (Fig. 7.3; 0.3–2.3 Mg C ha�1). The C stock in the organic and mineral soil

horizons is 2.9–4.1 and 26.6–74.7MgC ha�1, respectively. The higher aboveground

biomass and low C stock in the organic and mineral soil horizons in our study, as

compared to temperate forests, are consistent with a previous report (Nakane 1980).

The rates of litterfall and wood increment in our study (3.6–4.8 and 5.1–11.1 Mg

C ha�1, respectively) are also higher than in temperate forests, owing to the higher

primary production in tropical regions (Table 7.6).

7.3.3 Soil Solution Composition and Ion Fluxes
in Throughfall and Soil Solution

Soil solution composition and ion fluxes are presented in Tables 7.7 and 7.8

(or Fig. 7.4), respectively. Soil solutions were strongly acidic in the BS and BB

Table 7.3 Elemental composition of weathered rocks of the soil studied

Site

Na2O
a K2O

a MgOa CaOa Al2O3
a Fe2O3

a SiO2
b P

(%) (mg kg�1)

Serpentinec 1.2 0.3 39.3 0.5 9.5 7.1 42.1 8

KR1 0.1 0.2 37.3 0.2 15.7 11.7 34.9 17

KR2 0.2 0.3 8.8 0.1 11.8 8.5 70.3 700

KR3 0.1 0.9 0.1 0.1 9.3 6.4 83.2 172

BBd 0.1 1.3 0.2 0.0 4.9 3.4 90.1 98

RP 0.3 4.4 0.0 0.0 21.8 8.8 64.6 281
aOven-dried basis. Elemental analyses were made in hydrofluoric-sulfuric acid digestion
b(SiO2%) ¼ 100 % � {(Na2O %) + (K2O %) + (MgO %) + (CaO %) + (Fe2O3%) + (Al2O3%)}
cFresh serpentine rock sample collected from the bedrock outcrop close to KR1
dRock sample could not be available. The data of the C horizon were presented for BB
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soils (pH 3.9–4.4), while they were moderately acidic at the KR and RP soils

(pH 5.0–6.2) (Table 7.7). The concentrations and fluxes of DOC in the O horizon

were higher in the BS, BB, and KR1 soils compared to the KR2 and KR3 soils

(Table 7.7; Fig. 7.2). The DOC concentrations were low throughout the soil profile

of RP. Organic acids were the dominant anions in the O horizon solution in all plots

except for the KR2 and RP soils (Table 7.7). The concentrations of organic acids

and DOC in the soil solution decreased with depth (Table 7.7). From linear

regression analysis between the concentrations of DOC and organic acids in soil

solutions, the negative charge per 1 mole of DOC (0.09–0.17 molc) corresponds to

one dissociated acidic functional group for 5.9–11.5 C atoms. The high ratios of

DOC to charge in the soil solution suggest the presence of high molecular weight

fulvic acids, which contain 7 C atoms for each acidic functional group (Thurman

1985).

Bicarbonate is present in moderately acidic soil solutions of the KR and RP sites,

while it was negligible in acidic soil solutions of the BS and BB sites (Table 7.6). In

the O horizon of the KR2 soil, bicarbonate was the dominant anion owing to the

relatively high solution pH, while concentrations decreased with depth (Table 7.7).

Nitrogen in soil solution was dominated by nitrate in KR1, KR2, and RP soils,

while DON and NH4
+ also accounted for considerable fraction of TDN (Fig. 7.5).

Nitrate concentrations were low (0.02–0.16 mmolc L
�1) at all plots except for the

A1 and A2 horizons of the KR1 soil (Table 7.7; 0.31–0.47 mmolc L
�1), where the

understory vegetation was the nitrogen-fixing Bauhinia purpurea. The major

accompanying cations were K+, Mg2+, and Ca2+ in the KR1, KR2, and KR3 soils,

while they were H+, NH4
+, and Aln+, as well as basic cations, in the BS and BB soils

(Table 7.7). The Si concentrations in the soil solution were highest in KR1 (0.14–-

0.63 mmol L�1) compared to the other soils from sedimentary rocks (Table 7.7;

0.02–0.07 mmol L�1).

7.3.4 Proton Budgets in Soils

Cation concentrations exceeded anion concentrations in litter and wood materials at

all plots (Table 7.6). Excess cation charge was compensated for by the net proton

load to the soil as NPGBio. NPGBio in each of the soil horizons was calculated by

distributing it based on the distribution of the fine root biomass in the soil profiles

(Fig. 7.3), according to Shibata et al. (1998). Based on the fluxes of solutes entering

and leaving the soil horizon compartment (Table 7.8; Fig. 7.4) and plant uptake

(Table 7.6; NPGBio) in each of the soil horizons, net proton generation and soil

acidification rates were calculated based on proton budget theory. The example in

the BS soils was shown in Fig. 7.6.

In the entire soil profiles, NPGBio was highest among the proton sources at all plots

(Fig. 7.7). NPGBio was present mainly in the A and B horizons of soils at all plots

(1.7–10.8 kmolc ha
�1 year�1), while it was also present in the O horizons of the KR3,

BS, and BB soils (Fig. 7.7; 1.5–3.1 kmolc ha
�1 year�1). In the O horizons, proton

7 Soil Acidification Patterns Under Different Geological and Climatic. . . 145
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sources include NPGOrg, NPGCar, and NPGNtr, as well as NPGBio (Fig. 7.7). NPGOrg is

the largest proton source in the O horizons (NPGOrg, 1.8–3.2 kmolc ha
�1 year�1)

except for the KR2 soil, where NPGCar is higher than NPGOrg (0.8 kmolc ha
�1 year�1).

In the moderately acidic O horizons of the KR1 and KR2 soils, protons were produced

by the dissociation of carbonic acid (Fig. 7.7; NPGCar, 0.5–2.5 kmolc ha
�1 year�1). In

the A and B horizons, protons were consumed by mineralization and adsorption of

organic acids and by protonation of carbonic acid (Fig. 7.7). In theRP soil, NPGBio was

the dominant proton source, while NPGOrg, NPGCar, and NPGNtr were small through-

out the soil profile.

Fig. 7.4 Annual fluxes of cations and anions at each horizon. TF represents throughfall. O, A, A1,

A2, BA, B1, Bt1, and Bt represent soil horizons
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Fig. 7.5 Fluxes of N in litterfall, throughfall, and soil solution of tropical forest ecosystems. Blank
arrows indicate litterfall N flux within ecosystems. TF, O, A, and B represent throughfall and O, A,

and B horizons
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Fig. 7.6 Generation and consumption of protons in soil of the BS (Bukit Soeharto) in East

Kalimantan, Indonesia. The white arrows indicate proton generation, whereas the shaded arrows
indicate proton consumption (Data sources are Fujii et al. (2009a, 2010a))
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Protons were produced by nitrification in the O horizons of the KR1, KR2, KR3,

and BB soils (NPGNtr, 0.3–1.3 kmolc ha
�1 year�1), while they were consumed by

nitrate uptake by vegetation or microorganisms in the A and B horizons. The low

NPG Ntr in the RP soil indicated that proton generation due to nitrification appeared

to be immediately compensated by nitrate uptake by plants in the same horizon. In

the acidic O horizons of the BS and BB soils, an increase in the NH4
+ flux (Fig. 7.2;
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O

A

BA, Bt

Total

-10 -5 0 5 10

O

A

BA, B1

Total

-10 -5 0 5 10

O

A

BA, B1

Total

-10 -5 0 5 10

O

A

BA, Bt1

Total

-10 -5 0 5 10

O

A1

A2

Total

Net proton generation (+) or consumption (−)

Net proton generation (+) or consumption (−)

Horizon Horizon

KR1 BS

BBKR2

KR3

Net proton generation (+) or consumption (−)
(kmolc ha–1 yr–1) (kmolc ha–1 yr–1)

(kmolc ha–1 yr–1) (kmolc ha–1 yr–1)

(kmolc ha–1 yr–1) (kmolc ha–1 yr–1)

Net proton generation (+) or consumption (−)Net proton generation (+) or consumption (−)

5 10

(H+)in-(H+)out

NPGNtr

NPGOrg

NPGBio

NPGCar

DANC

RP

Net proton generation (+) or consumption (−)

Fig. 7.7 Net proton generation and consumption in the soil profiles. TF represents throughfall. O,

A, A1, A2, BA, B1, Bt1, and Bt represent soil horizons
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0.6 kmolc ha
�1 year�1) indicated that protons were mainly consumed by mineral-

ization of organic N to NH4
+ (Fig. 7.7; NPGNtr, �0.7 kmolc ha

�1 year�1). In the A

horizons of the BS and BB soils, protons were released owing to the excess uptake

of NH4
+ over NO3

� by biomass or adsorption of NH4
+ on clays (Fig. 7.7; NPGNtr,

0.9–1.1 kmolc ha�1 year�1). Exceptionally, in the A1 horizon of the KR1 soil,

where understory vegetation was the nitrogen-fixing Bauhinia purpurea, protons
were produced by nitrification (Table 7.4; NPGNtr, 3.2 kmolc ha

�1 year�1).

In the O horizons of the KR soils, acid load contributed mainly by NPGNtr,

NPGOrg, and NPGCar (3.5–4.3 kmolc ha
�1 year�1) was completely neutralized by

basic cations (Fig. 7.8). On the other hand, in the O horizons of BS and BB, the

intensive acid load contributed mainly by NPGOrg and NPGBio (3.2–7.0 kmolc ha
�1

year�1) was largely neutralized by basic cations, but a portion of protons were

transported downward. The protons transported from the O horizon ((H+)in-(H
+)out,

0.5–1.4 kmolc ha
�1 year�1) are neutralized in the B horizons of the BS and BB soils

or are leached further downward (Figs. 7.7 and 7.8).

Using the bulk density and exchangeable acidity, the amounts of acidity accu-

mulated in the soils in the form of exchangeable acidity were estimated to be

23–570 kmolc ha
�1 year�1. When we compare the sizes of exchangeable acidity

in the soils and cumulative NPG needed for cation uptake for production of

standing wood biomass (Fig. 7.9), the exchangeable acidity is greater than NPG

attributable to wood production in the soils except for the KR1 and KR2 soils.

7.4 Discussion

7.4.1 Dominant Soil Acidification Processes in Tropical
Forests

Proton budget theory allows us to quantify contribution of proton sources including

plant uptake to soil acidification. In the tropical forests studied, NPGBio is a

dominant proton source in the whole soil profiles (Fig. 7.7). The soil acidification

rates of tropical forests are higher than those of temperate forests [0.1–4.6 kmolc ha
�1

year�1 from Bredemeier et al. (1990); Binkley (1992); Shibata et al. (2001), and

Fujii et al. (2008)]. The higher acid load in tropical regions is considered to be caused

by higher biomass production and resulting higher demand of basic cations

(Table 7.6). Since NPGBio attributable to litter production would be neutralized by

cations released from the fallen litter, soil acidification would be mainly caused by

excess cation accumulation in wood (3.0–8.6 kmolc ha�1 year�1) during forest

growth.

Since protons react with silicate clay structure in the soils of Al buffering stages

(soil pH < 5), Al in clay structures are solubilized. Assuming that most of acidity

can be neutralized within the profiles, long-term acidification can be recorded as an

increase in soil exchangeable Al3+. When cumulative NPGBio attributable to
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standing wood production and exchangeable Al3+ are compared, the amounts of soil

exchangeable Al3+ are comparable to NPGBio attributable to wood production

(Fig. 7.9). This also supports high contribution of plants to soil acidification. The

exchangeable Al3+ was smaller than NPGBio in the KR1 and KR2 soils derived from

serpentine and mudstone. This indicates buffering capacities of these soils are

derived from the greater amounts of primary minerals as well as weathering of

silicate minerals (Table 7.3). Our data support the idea that higher rates of cation

cycling in plant-soil system result in consistently high acid loads to soils under

tropical forest (Figs. 7.6 and 7.7).
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7.4.2 Factors Regulating Proton Generation
and Consumption in Soil Profiles

The dynamics of protons within the soil profiles can be quantified by application of

proton budgets to each of soil horizons (Fig. 7.6). In all the soil profiles, the

contribution of NPGNtr, NPGCar, and NPGOrg to acidification is minor (Fig. 7.7).

This is consistent with the fact that complete cycles of C and N are balanced with no

net proton fluxes in forest ecosystems (Binkley 1987). However, translocation of

the temporary acids (carbonic and organic acids and nitric acids), as well as

distribution of fine root biomass (Fig. 7.3), contributes to heterogeneity of proton

generation and consumption throughout the soil profiles, which varied from soil to

soil, depending on geology and climate (Fig. 7.7).

Organic acid dissociation is a common proton-generating process in the O

horizons of the forest soils studied. DOM-associated proton generation accounts

for 18–77 % of total proton generation in the O horizons (Fig. 7.7). The large

contribution of organic acids to acidification in the KR1, BS, and BB soils arises

from the substantial fluxes of DOM production in the O horizon. This is primarily

caused by the greater fluxes of precipitation and C input and quality of the foliar

litter (Fujii et al. 2009b), as discussed in the following section.

On the other hand, carbonic acid dissociation is also a proton-generating process

in the less acidic O horizons of the KR1 and KR2 soils (Table 7.5; 5< pH) because

of their weakly acidic nature. Although NPGCar is negligible in RP, bicarbonate can

be a dominant anion in soil solution. This is consistent with substantial proton

generation by carbonic acid dissociation in soils at neutral pH reported by Johnson

et al. (1983), Van Breemen et al. (1984), and Gower et al. (1995). Although NPGCar

associated with active root and microbial respiration has generally been recognized

as a dominant soil-acidifying process in tropical regions, the process is dominant

only in moderately acidic and neutral soils.

Proton generation by nitrification is generally the dominant process involved in

NPGNtr in the O horizons, while proton consumption by mineralization of organic N

to NH4
+ is also involved in NPGNtr in the highly acidic O horizons of the BS and BB

soils (Figs. 7.5 and 7.7). These differences are dependent on the balance between

mineralization, nitrification, and NH4
+ and NO3

� uptake by plants and microor-

ganisms (Fig. 7.3). The rates of N mineralization by microorganisms are generally

dependent on C/N ratio of substrates or soil environments and pH (Booth et al.

2005). Judging from most of the tropical soils and litters studied exhibiting rela-

tively narrow C/N ratios, it was considered that ammonification is not a limiting

step. Nitrification can be retarded by acidic conditions, as shown in NH4
+ leaching

from the highly acidic O horizons of the KR3, BS, and BB soils (Fig. 7.5).

NPGBio is the dominant proton-generating process in the mineral soil horizons of

the KR1 and KR2 soils, while NPGBio is present in the O horizons of the KR3, BS,

and BB soils (Figs. 7.3 and 7.7). Soil acidity and vegetation types could be the

factors controlling the distribution of fine roots and thus NPGBio. In acidic soils, a

fine root and ectomycorrhizal system is developed in the O horizon (Fujimaki et al.
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2004). Dipterocarpaceae, which is the dominant vegetation on the BS and BB soils,

has fine roots and ectomycorrhizal systems developed in the O horizons of acidic

Ultisols (Ashton 1988). The high NPGBio in the O horizons of the KR3, BS, and BB

soils arises from the presence of a fine root mat (0.3–2.3 Mg C ha�1 year�1;

Table 7.3), which is related to soil acidity (pH < 4.5) and ectomycorrhizal associ-

ations of Dipterocarpaceae in the BS and BB soils. Soil acidity and vegetation have

a strong influence on the intensity and distribution of acids.

Release of cationic components is the principal mechanism of acid neutraliza-

tion in organic and mineral soil horizons (Van Breemen et al. 1984). In the O

horizons, the extent of acid neutralization varies with basic cation contents. The

higher concentrations of basic cations in the O horizons of the KR soils (87–129

cmolc kg
�1) are considered to result in complete acid neutralization (Fig. 7.8). In

the O horizons of the BS and BB soils, lower basic cation concentrations (17–63

cmolc kg�1), as well as the intensive acid load, could result in incomplete acid

neutralization and net eluviation of protons, Al, and Fe (Fig. 7.8).

In mineral soil horizons, the extents of acid neutralization depend on ANC of

soils and their parent materials. Based on both published data and those from our

study, soil ANC is variable, depending on parent materials and the extent of soil

acidification or weathering and clay migration (Fig. 7.10). Our data show that

parent materials have a strong influence on soil ANC with the BS and BB soils

from sandstone having less ANC and a lower pH than the KR soils from serpentine

and mudstone (Fig. 7.10). In the KR soils from serpentine or mudstone, their high

ANC suggests that their acidity is completely neutralized by basic cation release

(Figs. 7.8 and 7.10). In the BS and BB soils from sandstone, acidity is not

completely neutralized due to their low ANC (Figs. 7.8 and 7.10). Thus, parent

materials have a strong influence on acid neutralization processes through their

effects on basic cation contents in the O horizons and on soil ANC.

7.4.3 Significance of Dissolved Organic Matter Flux
in Acidification and Nutrient Cycling in Tropical
Forests of Southeast Asia

Dissolved organic matter plays roles in cation mobilization and soil acidification

(Guggenberger and Zech 1994). In forest soils, DOM is an intermediate by-product

of litter decomposition by microorganisms (Guggenberger and Zech 1994). The

formation of thick O horizons has typically been considered to lead to a sizable

production of DOM in cool and humid climates (Michalzik et al. 2001). In tropical

forests, the rapid mineralization of litter to CO2 has been hypothesized to result in

low concentrations of DOM in soil solutions (Johnson 1977). However, in the KR1,

BS, and BB sites, a large flux of DOM is produced from the thin O horizon (Fig. 7.2;

Fujii et al. 2009b, 2011c).
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Data synthesis indicated that large DOC fluxes from the O horizons in tropical

forests can be caused by high precipitation and C input (sum of throughfall and

litterfall) (Michalzik et al. 2001; Fujii et al. 2009b). The proportion of DOC flux

relative to C input increased with decreasing pH (Fig. 7.11a), suggesting that the

sizable production of DOC in the O horizons is common to acidic soils (pH < 4.3)

in both temperate and tropical forests (Fujii et al. 2009b). The dominant DOM

fractions leached from the O horizons are recalcitrant high-molecular-weight humic

substances (Guggenberger and Zech 1994; Qualls and Bridgham 2005). The larger

DOC flux at lower pH was considered to result from the release of aromatic

compounds via lignin solubilization (Guggenberger and Zech 1993; Fujii et al.

2011b). Lignin solubilization is enhanced by the high activity of fungal enzymes

[e.g., lignin peroxidase, Mn peroxidase; Fujii et al. (2012)], which contrasts with

low microbial activity of cellulose degradation in the acidic soils (Hayakawa et al.

2014).

The DOC fluxes in the O horizon of KR1 were high despite high soil pH

(Fig. 7.2), and this is an exceptional case of DOC flux-pH relationship

(Fig. 7.11a). Within the five tropical forests in East Kalimantan, the magnitude of

DOC leaching from the O horizons increased with decreasing P concentrations in

the foliar litters (Fig. 7.11b; Fujii et al. 2011c). Low P concentrations in the foliar

litter, as well as a high lignin concentration, could reduce DOC biodegradability

and increase DOC leaching from the O horizons (Wieder et al. 2008). P concen-

trations in the foliar litter can account for DOC flux at local scale.
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7.4.4 Implication of Proton Budgets for Pedogenetic
Acidification

The acid load is consistently higher in tropical regions than in temperate regions

(Fig. 7.3). This supports the presence of strongly weathered soils in the humid

tropics from the viewpoint of acidification (Eyre 1963). The kind, intensity, and

distribution of acid load could vary with parent materials and vegetation, and

therefore, weathering reactions and pedogenesis could also differ among tropical

soils. The effects of parent materials on the dominant acidifying processes and

pedogenesis can be characterized using the fluxes of Si, Al, and Fe and proton

budgets within the soil profiles (Table 7.8; Fig. 7.7).

Judging from the low concentrations of Al and Fe in the moderately acidic and

neutral soil solutions of the KR1 and KR2 soils (Table 7.7), the accumulated Al and

Fe oxides appear to arise from in situ weathering rather than eluviation/illuviation

processes. In the KR1 soil, the substantial fluxes of Si (2.67–3.55 kmol ha�1 year�1

from Table 7.8) and the high contents of Fe oxides throughout the soil profiles

(Table 7.4) support the concept of ferralitization, which implies an absolute loss of

Si (c) and a relative accumulation of Al and Fe oxides (Cornu et al. 1998). Disso-

lution of olivine by acids [Mg1.6Fe0.4SiO4 (olivine) + 4H+ ¼ 1.6 Mg2+ + 0.4Fe2+ +

H4SiO4] and Si leaching are considered to result in desilication, shown by a

decrease of Si content from 45 % for serpentine to 9 % in the KR1 soil (Effendi

et al. 2000). The fluxes of Si leaching from the KR1 soil (3.55 kmol Si ha�1 year�1)

are higher than those of Oxisols from sedimentary rocks under Amazonian forests

(1.1 kmol Si ha�1 year�1) because of the higher dissolution rates of serpentine
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(olivine) than quartz and kaolinite (Cornu et al. 1998). This is consistent with the

rapid formation of Oxisols (ferralitization) from easily weatherable serpentine, as

compared to sedimentary rocks (Pfisterer et al. 1996).

In the KR2 and KR3 soils from sedimentary rocks, no net loss of Si occurs. In the

KR2 soil, the high rates of NPGCar and minor contribution of NPGOrg to soil

acidification have contributed to incongruent dissolution of Fe-rich parent mate-

rials, which results in accumulation of Al and Fe oxides throughout the profile. This

process in the KR2 soil is similar to brunification, which implies accumulation of Al

and Fe oxides owing to incongruent dissolution by weak acids (e.g., carbonic acid)

in brown forest soils formed under temperate forest (Ugolini et al. 1990; Fujii et al.

2008).

In the highly acidic BS and BB soils, the intensive acid load contributed by

NPGOrg and NPGBio in the O horizons results in net eluviation of protons, Al, and

Fe (Fig. 7.7). These acidification processes are similar to podzolization (Cronan and

Aiken 1985; Guggenberger and Kaiser 1998; Fujii et al. 2008), which involves the

complexing of Al and Fe with organic acids and their translocation downward.

However, translocation of Al and Fe in the BS and BB soils is different from

podzolization because of the absence of spodic B horizons. The degree of podzol-

ization is considered to be controlled by the ANC and Fe contents in the parent

materials (Duchaufour and Souchier 1978; Do Nascimento et al. 2008). The higher

ANC and Fe content in the BS and BB soils (Table 7.4; 309–643 cmolc kg
�1 and

3.6–3.9 %Fe2O3, respectively), as compared to the typical values for the tropical

Spodosols (av. 291 cmolc kg�1 and < 2 %Fe2O3, respectively; Fig. 7.11), is

considered to reduce the mobility of organic acids and the degree of podzolization.

7.4.5 Ecological Significance of Soil Acidification
in Tropical Forests

Proton budgets showed that there are similarities and dissimilarities in soil acidifi-

cation patterns between tropical forests. The similarity of soil acidification pro-

cesses between tropical forests is high cation demand by plants. Plants can take up

the large amounts of basic cations mobilized through acidification (Fig. 7.6). This

leads to a decrease in ANC in most of the soils, but buffering mechanisms are

different between parent materials (Fig. 7.10). Acidification leads to accumulation

of exchangeable Al in the highly acidic Ultisol soils on sandstone, while it leads to

loss of basic cations in the soils on mafic parent materials (Fig. 7.9).

One of dissimilarities in soil acidification processes between tropical forest soils

is flux of DOM (or organic acids) from the O horizon. Organic acids are well known

to play roles in Al detoxification and P solubilization (Jones 1998). The high

concentrations of DOM might be responses of plants and microorganisms to high

Al toxicity in the highly acidic Ultisols containing the high concentrations of

exchangeable Al and soil solution Al ions (Tables 7.4 and 7.7).
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In addition, DOM can transport N and P in organic form (Qualls et al. 1991). The

proportions of DON to TDN in the O horizon solutions (13–40 %) are smaller than

temperate coniferous forests (Table 7.8; Fig. 7.4). These values are within the range

of tropical forests and temperate broad-leaved forests exhibiting narrow CN ratio of

the foliar litters (Fuji et al. 2013).

Because DOM leached from the O horizons is stabilized by sorption onto clays

in the mineral soil horizons, leaching loss from the soil is minimal (Fig. 7.6). Once

DOM is stabilized in the mineral horizons, soil organic matter functions as a

reservoir and slow-release source of N, P, and bases (Kalbitz et al. 2000). The

production of tannin-rich litter is hypothesized to be an adaptive strategy of

coniferous trees for minimizing the leaching loss of N from nutrient-limited forests

(Northup et al. 1995a, b). In the P-limited tropical forests of Southeast Asia, DOM

can increase P solubility in the surface soil through the competition for sorption

sites by organic anions and can minimize loss of dissolved organic P through

sorption in the subsoil (Fig. 7.11 b).

There might exist two different mechanisms of acidification that drive tight

nutrient cycling in tropical forests. Tropical forests in Central America develop

efficient nutrient cycles through carbonic acid leaching in the moderately acidic

soils (Johnson 1977). The soil acidification process in the moderately acidic soils

derived from mafic parent materials (high ANC) in our study are close to this

pattern. On the other hand, tropical forests on sedimentary rocks (low ANC) appear

to develop DOM (or organic acid)-driven nutrient cycling on the highly acidic soils

to acquire bases and P and minimize their losses.

7.5 Conclusions

The proton budgets in the soils showed quantitatively that soil acidification is an

ongoing process in tropical forests due to high primary productivity. The dominant

soil-acidifying process is excessive accumulation of cations over anions in woody

biomass. This finding is common in a variety of the soils under tropical forests.

Although soil acidification has typically been recognized as one of land degrada-

tion, acidification by plants and microorganisms can be one of nutrient acquisition

strategies that promote cation mobilization through mineral weathering and cation

exchange reaction. When proton generation and consumption were analyzed for

each of soil horizons, proton-generating processes are variable depending ANC of

parent materials even within tropical forests. In the O horizons of the highly acidic

soils, dissociation of organic acids and plant uptake contributed to intensive acid-

ification of surface horizons. In the less acidic soils, production of carbonic acid

(bicarbonate) and nitric acid can contribute to leaching of cations. In the mineral

soil horizons, protons generated by plant uptake are consumed by mineralization

and sorption of organic acids, nitrate uptake by plants, and basic cation or Al/Fe

release from the soil. The spatiotemporal variation in roots and acids can cause

different pathways of pedogenesis, incipient podzolization (Al eluviation/
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illuviation) and ferralitization (in situ weathering). The production of DOM, the

sources of organic acids, can be enhanced by the lignin-rich and P-poor foliar and

woody litters and the high activities of fungal enzymes (peroxidases) in the highly

acidic soils. The differences in acid-neutralizing capacities of parent materials and

climatic patterns can generate the variability in soil acidity, and plant and microbial

feedbacks can further reinforce the patterns of soil acidification and nutrient

cycling. Understanding of soil acidification mechanisms in different geological

and climatic conditions is helpful to minimize the potential impacts of land use

changes (conversion of forests to agricultural lands) on soil fertility or to accelerate

restoration of the ecosystems damaged by human disturbances (e.g., fires).

References

Andriesse JP (1969) A study of the environment and characteristics of tropical podzols in Sarawak

(East-Malaysia). Geoderma 2:201–227

Ashton PS (1988) Dipterocarp biology as a window to the understanding of tropical forest

structure. Annu Rev Ecol Syst 19:347–370

Binkley D (1992) Proton budgets. In: Johnson DW, Lindberg SE (eds) Atmospheric deposition and

forest nutrient cycling. Ecol Stud 91:450–466, Springer, New York

Binkley D, Richter D (1987) Nutrient cycles and H+ budgets of forest ecosystems. Adv Ecol Res

16:2–51

Booth MS, John MS, Edward R (2005) Controls on nitrogen cycling in terrestrial ecosystems: a

synthetic analysis of literature data. Ecol Monogr 75:139–157

Brahy V, Deckers J, Delvaux B (2000) Estimation of soil weathering stage and acid neutralizing

capacity in a toposequence Luvisol-Cambisol on loess under deciduous forest in Belgium. Eur

J Soil Sci 51:1–13

Bredemeier M, Matzner E, Ulrich B (1990) Internal and external proton load to forest soils in

Northern Germany. J Environ Qual 19:469–477

Busman LM, Dick BP, Tabatabai MA (1983) Determination of total sulfur and chlorine in plant

materials by ion chromatography. Soil Sci Soc Am J 47:1167–1170

Connell J, Lowman MD (1989) Low-diversity tropical rain forests: some possible mechanisms for

their existence. Am Nat 134:88–119

Cornu S, Lucas Y, Ambrosi JP, Desjardins T (1998) Transfer of dissolved Al, Fe and Si in two

Amaznian forest environments in Brazil. Eur J Soil Sci 49:377–384

Cronan CS, Aiken GR (1985) Chemistry and transport of soluble humic substances in forested

watersheds of the Adirondack park, New York. Geochim Cosmochim Acta 49:1697–1705

Do Nascimento NR, Fritsch E, Bueno GT, Bardy M, Grimaldi C, Melfi AJ (2008) Podzolization as

a deferralitization process: dynamics and chemistry of ground and surface waters in an Acrisol-

Podzol sequence of the upper Amazon Basin. Eur J Soil Sci 59:911–924

Duchaufour P, Souchier B (1978) Roles of iron and clay in genesis of acid soils under a humid,

temperate climate. Geoderma 20:15–26

Effendi S, Miura S, Tanaka N, Ohta S (2000) Serpentine soils on catena in the southern part of East

Kalimantan, Indonesia. In: Guhardja E, Fatawi M, Sutisna M, Mori T, Ohta S (eds) Rainforest

ecosystems of East Kalimantan, Ecological studies, vol 140. Springer, Tokyo

Eyre SR (1963) Vegetation and Soils: a world picture. Edward Arnold, London

Fujii K (2014) Soil acidification and adaptations of plants and microorganisms in Bornean tropical

forests. Ecol Res 29:371–381

Fujii K, Funakawa S, Hayakawa C, Kosaki T (2008) Contribution of different proton sources to

pedogenetic soil acidification in forested ecosystems in Japan. Geoderma 144:478–490

7 Soil Acidification Patterns Under Different Geological and Climatic. . . 161



Fujii K, Funakawa S, Hayakawa C, Sukartiningsih FS, Kosaki T (2009a) Quantification of proton

budgets in soils of cropland and adjacent forest in Thailand and Indonesia. Plant Soil

316:241–255

Fujii K, Uemura M, Funakawa S, Hayakawa C, Sukartiningsih FS, Kosaki T, Ohta S (2009b)

Fluxes of dissolved organic carbon in two tropical forest ecosystems of East Kalimantan,

Indonesia. Geoderma 152:127–136

Fujii K, Hartono A, Funakawa S, Uemura M, Sukartiningsih FS, Kosaki T (2011a) Distribution of

Ultisols and Oxisols in the serpentine areas of East Kalimantan, Indonesia. Pedologist

55:63–76

Fujii K, Funakawa S, Shinjo H, Hayakawa C, Mori K, Kosaki T (2011b) Fluxes of dissolved

organic carbon and nitrogen throughout andisol, spodosol and inceptisol profiles under forest in

Japan. Soil Sci Plant Nutr 57:855–866

Fujii K, Hartono A, Funakawa S, Uemura M, Kosaki T (2011c) Fluxes of dissolved organic carbon

in three tropical secondary forests developed on serpentine and mudstone. Geoderma

163:119–126

Fujii K, Uemura M, Hayakawa C, Funakawa S, Kosaki T (2012) Environmental control of lignin

peroxidase, manganese peroxidase, and laccase activities in forest floor layers in humid Asia.

Soil Biol Biochem 57:109–115

Fujii K, Hayakawa C, Funakawa S, Sukartiningsih FS, Kosaki T (2013) Fluxes of dissolved

organic carbon and nitrogen in cropland and adjacent forest in a clay-rich Ultisol of

Thailand and a sandy Ultisol of Indonesia. Soil Tillage Res 126:267–275

Fujimaki R, Tateno R, Hirobe M, Tokuchi N, Takeda H (2004) Fine root mass in relation to soil N

supply in a cool temperate forest. Ecol Res 19:559–562

Gower C, Rowell DL, Nortcliff S, Wild A (1995) Soil acidification: comparison of acid deposition

from the atmosphere with inputs from the litter/soil organic layer. Geoderma 66:85–98

Guggenberger G, Kaiser K (1998) Significance of DOM in the translocation of cations and acidity

in acid forest soils. Zeitschrift für Pflanzenernährung, Düngung und Bodenkunde 161:95–99
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Chapter 8

Savannazation of African Tropical Forest
Critically Changed the Soil Nutrient
Dynamics in East Cameroon

Soh Sugihara

Abstract Central Africa contains the second largest area of contiguous moist

tropical forest in the world, and its conservation is one of the most critical global

environmental problems. Deforestation is still ongoing, however, due to illegal

and/or legal logging and slash-burn agriculture, and as a result, savannazation is

widely occurring. Because deforestation affects soil conditions, it is important to

understand the effects of vegetation on soil nutrient dynamics in order to implement

sustainable land management practices and support future afforestation. In this

chapter, I explain and discuss the different nutrient stocks and flows in forest and

savanna oxisols in Central Africa, based on field surveys and experiments in East

Cameroon. First, I describe the difference in soil nutrient stocks between the forest

and savanna: soil C stock is mostly the same, but the soil carbon to nitrogen (C:N)

ratio is substantially smaller in forest than in savanna, indicating N-rich conditions

in forest. There is also lower soil K stock in forest, indicating that K deficiency

could be one of the limiting factors for afforestation. Second, I describe the

difference in soil nutrient flow between forest and savanna in relation to soil

microbes. There is a significant positive correlation between soil moisture and

microbial biomass phosphorus (MBP) in forest, indicating the importance of

organic P mineralization for MBP, whereas in savanna, there is a significant

positive correlation between soil N availability and MBP, indicating N limitation

for MBP. These results suggest that forest is an N-rich and P-limited ecosystem,

whereas savanna is an N-limited ecosystem.
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8.1 What Happened to the African Tropical Forest: Past
Climate Change and Human Activity

Central Africa contains the second largest area of contiguous moist tropical forest

of the world, covering about two million km2(Duveiller et al. 2008; Mayaux et al.

2005). Forest conservation in this area is a global issue because tropical forest (and

indeed all forest) ecosystems can act as carbon sinks (Laporte et al. 2007; Lewis

et al. 2009), and they also support high and distinctive biodiversity levels (Brooks

et al. 2001; Mertens and Lambin 2000). In the Guineo-Congolese region, which

includes the northern extreme of the African tropical forest, the forests are

surrounded by periforest savannas that constitute a forest-savanna transition zone

(Duveiller et al. 2008; Sankaran et al. 2005). According to recent studies dealing

with past climate change, substantial tropical forest loss occurred between 3000 and

2200 years ago, and savanna widely replaced the forest, possibly owing to extended

periods of drought during this interval, i.e., the cause was a change in seasonality

rather than a decrease in rainfall (Bayon et al. 2012; Maley and Brenac 1998;

Schefub et al. 2005). After this period, with further change in climate, the forest

again expanded, but not to the same extent as in the early and middle Holocene

(Guillet et al. 2001; Schwartz et al. 1996). At present, the savanna vegetation in the

forest-savanna transition zone cannot be maintained naturally because there is

sufficient rainfall (ca. 1500 mm year�1)to support forest growth. Many studies

have indicated that the savanna vegetation is largely maintained by anthropogenic

disturbance such as fire and/or clearance by livestock farmers, i.e., pastoralists and

agriculturalists (Bucini and Hanan 2007; Sankaran et al. 2008; Staver et al. 2011).

Moreover, these human activities have caused critical deforestation in the forest-

savanna transition zone (Mertens and Lambin 2000; Struhsake et al. 2005),

resulting in severe land degradation because nutrient-poor soils (oxisols) are widely

distributed in this region (Nguetnkam and Dultz 2011; Yemefack et al. 2005). To

implement sustainable land management practices for forest and savanna vegeta-

tion that support both agricultural people and livestock farmers, it is necessary to

understand soil physicochemical properties and nutrient status in areas covered by

both vegetation types. Although several studies have evaluated the mechanisms of

forest expansion in this region based on 13C and 14C data (Guillet et al. 2001;

Schwartz et al. 1996), information on soil physicochemical properties and nutrient

status is quite limited, especially for N, P, and other minerals (K, Ca, and Mg) that

control the net primary production and vegetational succession in this region (Bond

2010; Sankaran et al. 2005; Wright et al. 2011).

In this chapter, I will first discuss the effect of vegetation on soil physicochem-

ical characteristics, and then I will examine the effect of vegetation on the soil stock

of C, N, P, and other minerals and on soil C, N, and P flow in relation to soil

microbial biomass. Finally, I will propose methods for sustainable land manage-

ment for each vegetation type based on these results.
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8.2 Description of Study Sites

The data, which are presented in Chap. 9, were collected in an eastern province of

Cameroon in the forest-savanna transition zone (Guillet et al. 2001; Mertens and

Lambin 2000) (Fig. 8.1). This area is located in the northern part of the Southern

Cameroon Plateau, which is the dominant geographical feature of Cameroon.

Metamorphic rocks are widely distributed as parent material, and oxisols are

generally distributed in this region (Fig. 8.2; Soil Survey Staff 2006). The elevation

is ca. 650–700 m. Based on our field measurements from 2008 to 2012, the mean

annual temperature was ca. 23.5 �C and the annual rainfall was ca. 1350–1550 mm.

Rainfall distribution is usually bimodal, with a short rainy season from September

to November and a long rainy season from March to July. A clear dry season

restricts the invasion of tropical forest and may also support the economic liveli-

hood of livestock farmers, who depend on savanna vegetation for grazing (Klop and

van Goethem 2008). Based on our vegetation survey, the dominant vegetation in the

forest includes Albizia zygia, which predominates in the tree layer, and Myrianthus
arboreus, which is also an abundant species. The dominant species in the savanna

are the perennial grasses Pennisetum setaceum, Imperata cylindrica, and

Chromolaena odorata (Guillet et al. 2001; Mertens and Lambin 2000). Above-

ground biomass values in the forest and savanna were ca. 230 and 13 Mg ha�1,

respectively (Shibata et al. 2012).

8.3 Effect of Vegetation on Soil Physicochemical
Characteristics

To evaluate the physicochemical characteristics of the soils, I collected 52 soil

samples from five pits in each of the two different vegetation types in this area

(forest and savanna), and evaluated the effect of vegetation type on soil physico-

chemical properties (pH, soil texture, cation-exchange capacity, bulk density, and

crystalline and non-crystalline Al and Fe) (Sugihara et al. 2014).

Table 8.1 presents the physicochemical properties of the soil samples taken from

the forest and savanna in the East Cameroon region (N¼ 5 for each vegetation type).

Both the forest and savanna soils were acidic, and soil pH (H2O) was lower in the

forest than in the savanna, although the soil pH (KCl) was similar. Clay content was

quite high (ca. 60–75 % at 40–80 cm depth) in soils from both vegetation types.

Surprisingly, clay content in surface soil (0–5, 5–10 cm) was significantly lower in

savanna than in forest, as assessed by Student’s t-test, and a repeatedmeasures analysis

of variance (RM-ANOVA) also indicated clay content in savanna was significantly

lower than that in forest. Bulk density of surface soil from forest (0.98 g cm�3) was

significantly less than that from savanna (1.25 g cm�3), which is consistent with the

report of Maquere et al. (2008). Exchangeable cations (Na+, K+, Ca2+, Mg2+) were

very low, and therewas no difference between the vegetation types for each cation and
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blue circles) and savanna (S1–S5; green pins). (b) F3, F4, and F5 were within 500 m. (b) was made

based on the Google Earth map
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Horizon Depth (cm) Description

O 3-0

A 0-5
Dark reddish brown (5YR3/4); moist; weak medium sub angular blocky; friable; many
medium and many fine roots; no coarse fragement; abrupt wavy boundary to;

AB 5-15
Dark reddish brown (5YR4/4);moist; moderate mediumsub angularblocky; friable;many
medium and many fine roots; no coarse fragement; clear wavy boundary to

BA 15-30
Dark reddish brown (2.5YR4/4); moist; moderate medium sub angular blocky; friable;
common medium and many fine roots; no coarse fragement; clear wavy boundary to

Bt1 30-60
Dark reddish brown (2.5YR3/6);moist; moderate mediumsub angularblocky; firm; very
few faint clay cutan; common fine roots; no coarse fragement; gradual wavy boundary to

Bt2 60-90+
Reddish brown (2.5YR4/6);moist; moderate medium sub angularblocky; firm; very few
faint clay cutan; common fine roots; no coarse fragement

Site: F3 in Fig.3.3.1     Location: N 04º31’ 08.10” E 13º16’ 36.32” Altitude: 676 m      Vegetation: Forest

Horizon Depth (cm) Description

A1 0-10
Dark reddish brown (5YR3/2);moist; moderate medium sub angularblocky; friable;few
coarse and many medium and  fine roots; no coarse fragement; clear wavy boundary to

A2 10-20
Dull reddish brown (5YR3/3); moist; moderate medium sub angular blocky; very friable;
common medium and common fine roots; no coarse fragement; clear wavy boundary to

BA 20-40
Dull reddish brown (2.5YR3/6); moist; moderate medium sub angular blocky; friable;
common fine roots; no coarse fragement; gradual wavy boundary to

Bt1 40-60
Dark reddish brown (2.5YR3/6);moist; moderate mediumsub angularblocky; friable;very
few faint clay cutan; common fine roots; no coarse fragement; gradual wavy boundary to

Bt2 60-85+
Reddish brown (2.5YR4/8);moist; moderate mediumsub angularblocky; friable;very few
faint clay cutan; common fine roots; no coarse fragement

Site: S5 in Fig.3.3.1     Location: N 04º32’ 22.45” E 13º15’ 52.71” Altitude: 685 m      Vegetation: Savanna

Fig. 8.2 Forest and savanna vegetation and each soil profile with description (Sugihara et al.

2014)
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for total exchangeable bases. Cation-exchange capacity and (cation-exchange capac-

ity)/clay values for both vegetation types were also small, consistent with the

established characteristics of oxisols (Soil Survey Staff 2006; Yemefack et al.

2005), and there was no clear difference between the vegetation types.

Our results show that most soil physicochemical properties are not affected by

vegetation type. Bayon et al. (2012) indicated that soil erosion occurred when

Central African forest was replaced by savanna approximately 3000–2200 years

ago, resulting in a decrease in clay content, and the consequent soil degradation

limited forest recovery after that. I also found lower surface-layer clay content in

savanna soil compared with forest soil, possibly indicating a lower water-holding

capacity in savanna than in forest, although the clay content in savanna

(45.8–46.1 %) was sufficiently high to mitigate the effects of severe droughts,

which prevent the reforestation of savanna. In addition, most soil physicochemical

properties, as well as the rainfall distribution, were the same, and soil fertility and

climate may not prevent the reforestation of savanna; wild/controlled fire could

therefore be a factor that maintains the savanna vegetation in this region (Sakurai

et al. 1998; Staver et al. 2011). Future study is needed to evaluate this possibility.

Because I collected samples from only five sites for each vegetation type in this

study, it will be necessary to analyze more samples to fully determine whether the

relatively low surface-layer clay content, on the one hand, or wild/controlled fire,

on the other, can inhibit forest recovery in this region.

8.4 Effect of Vegetation on the Soil Stock of C, N, P,
and Other Minerals

To evaluate the stock of C, N, P, and other minerals in the soil profile, I used the

same soil samples as in the previous section and analyzed the total (T) amounts

of C, N, P, Na, K, Ca, and Mg in the soil. In case of P, I also analyzed the inorganic

P (Pi) and organic P (Po) separately.

Table 8.1 presents the data on soil C, N, and P through the soil profile. TC in each

soil layer was similar for both vegetation types, but TN was relatively large through

the forest soil profile compared with savanna; this was especially the case for

surface soil (0–5 cm; P < 0.05). Thus, there was clearly a lower soil carbon to

nitrogen (C:N) ratio in forest (11.0–12.0) than in savanna (13.0–15.7) in the upper

soil (<40 cm depth; P< 0.05, RM-ANOVA). TP and TPo were higher in forest than

in savanna, especially in the deeper soil (>40 cm depth). To determine the

availability of soil P for plants, I calculated the ratios TC:TPo and TN:TPo, which

are widely used to estimate the mineralization potential of organic P. Both TC:TPo
and TN:TPo were apparently larger in the savanna soil, but the differences were not

statistically significant. The C, N, and P values in the forest soil profile (80 cm soil

depth) were 87.9 � 5.5 (standard error, N ¼ 5), 7.7 � 0.3, and 3.7 � 0.4 Mg ha�1,
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respectively, and those in savanna were 98.6 � 7.1, 7.1 � 0.5, and 3.1 � 0.2 Mg

ha�1, respectively. Thus, based on the soil profile (0–80 cm depth), vegetation type

did not significantly affect soil C, N, and P.

A lower C:N ratio in forest soil than that in savanna soil has been reported in

tropical humid and subhumid regions of Southeast Asia and South America

(Lilienfein et al. 2001; Yonekura et al. 2010). Guillet et al. (2001) also observed

that the C:N ratio at 0–20 cm soil depth was clearly lower in forest compared with

savanna at a study site in eastern Cameroon that is ca. 40 km away from our study

site. In our survey region, the main forest species is Albizia zygia, which can fix N

effectively (Baggie et al. 2000), while the main savanna species cannot fix N. The

fixed N therefore contributes to the low C:N ratio in forest soil. In support of this, I

found substantial nitrate leaching below 30 cm soil depth in the forest, although

little nitrate leaching was observed at the same depth in savanna soil (Shibata et al.

2012). Lilienfein et al. (2001) also observed much nitrate leaching and high N

concentrations in soil under planted forest, but they found little N leaching in

Cerrado in Brazil. As a result, they recorded a lower C:N ratio in soil in young

planted forest (20 years) than in Cerrado in deeper soil (1.2–2.0 m). In our present

study, N that leached from the surface to deeper soils in the old forest (>50 years)

contributed to the observed low soil C:N ratio throughout the soil profile

(Table 8.1). Based on the vertical distribution of the soil C:N ratio in savanna, the

grass roots of the savanna seem to be mainly distributed from 0 to 40 cm, resulting

in a higher soil C:N ratio. Therefore, in terms of vegetational succession or forest

recovery, the high C:N ratio of savanna soil may indicate an N-limited condition,

which is the first step in succession from savanna to young forest, and the low C:N

ratio of forest soil may indicate an N-saturated (and possibly P-limited) condition,

which is the next step in succession to mature forest (Kitayama et al. 2000, 2004;

Vitousek 1984). The C:N ratio, C:P ratio, and N:P ratios of leaf litter in the forest

were 16.2 � 0.2 (standard error, N ¼ 22), 475.3 � 18.3, and 29.3 � 1.2, respec-

tively, whereas, in the savanna, the values were 21.7� 0.1 (standard error, N¼ 10),

284.4 � 22.8, and 13.1 � 1.1, respectively (unpublished data). These data are also

consistent with our idea of an N-limited condition in savanna and an N-saturated

(and possibly P-limited) condition in forest (McGroddy et al. 2004; Ratnam et al.

2008).

A low C:N ratio in surface soil indicates an immediate supply of mineralized N

for crop growth after land clearing, e.g., by slash and burn, whereas a high C:N ratio

in surface soil would supply mineralized N gradually to crops during cultivation

(Bengtsson et al. 2003; Janssen 1996). Therefore, in terms of land management for

farmers, N-mineralizable forest vegetation would be suitable for cropland com-

pared with N-unmineralizable savanna vegetation. On the other hand, savanna in

this region seems to be useful for raising livestock, although controlled fire is

necessary for efficient grazing, and this possibly prevents the forest from invading

savanna areas.

With respect to C sequestration in tropical ecosystems, many studies have

assessed the effect of deforestation and/or afforestation on soil C content. Gener-

ally, afforestation in the relatively humid tropics decreases soil C, although
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afforestation in the relatively dry tropics increases soil C (Berthrong et al. 2012;

Jackson et al. 2002). In the present study, accumulated soil C values were

9.3 Mgha�1 (80 cm soil depth) greater in savanna than in forest, although this

difference wasnot statistically significant. This is because the greater bulk density

in savanna contributes to greater accumulation of soil C (Maquere et al. 2008).

However, when the aboveground biomass C of forest in this region is included (e.g.,

ca. 100–130 Mg ha�1 of C in the present forest; Shibata et al. 2012), reforestation

and forest conservation must contribute more to C sequestration than savanna in

this ecosystem.

Table 8.2 presents the values for Nat, Kt, Cat, and Mgt content in soils from each

layer of both vegetation types. Nat, Kt, Cat, and Mgt were 2.1–3.3, 1.7–1.8, 1.7–3.8,

and 4.2–5.2 cmolc kg
�1, respectively, in forest soil, and 1.8–2.8, 2.5–2.6, 1.5–2.4,

and 4.5–5.4 cmolc kg
�1 in savanna. TRB was quite low: 9.7–13.3 cmolc kg

�1 in

forest soil and 10.7–12.5 cmolc kg
�1 in savanna soil. There was no clear difference

between the soils of the two vegetation types, with the exception of Kt. In surface

soil (0–20 cm depth), Kt serves as an important nutrient pool (Bond 2010; Johnson

et al. 2001); Kt in forest soil was ca. 1590 kg ha�1 (20 cm depth), which was

ca. 930 kg ha�1 (20 cm depth) lower than in savanna soil (ca. 2520 kg ha�1 at

20 cm). Johnson et al. (2001) found that the aboveground biomass of Brazilian

tropical forest accumulates ca. 75–150 kg ha�1 of K in secondary forest and

ca. 350 kg ha�1 of K in mature forest. Therefore, plant uptake of soil K must

contribute to a smaller Kt in forest than in savanna, although the amounts seem to be

relatively small to explain our observed difference in total Kt between forest and

savanna (930 kg ha�1 of K at 20 cm soil depth). Because K+ is particularly prone to

leaching in forest ecosystems (Markewitz et al. 2004; Tripler et al. 2006), and I

previously observed considerable nitrate leaching in the Cameroon forest (Shibata

et al. 2012), leaching of K+ with nitrate would also contribute to a smaller Kt in

forest. The levels of other minerals, i.e., Na, Ca, and Mg, were 1290, 980, and

1260 kg ha�1, respectively, in forest soil (20 cm depth) and 1440, 1020, and

1450 kg ha�1 in savanna soil (20 cm depth); the differences in values between

vegetation types were not significant. Bond (2010) indicated that the nutrients in

relatively short supply were Ca and K but not P, based on the nutrient stock of a

tropical forest with nutrient-poor soil. Based on my soil mineral analysis, the K

supply in soils throughout the Cameroon region may limit future forest maturity and

forest recovery after deforestation.

8.5 Effect of Vegetation on Soil C, N, and P Flow
in Relation to Soil Microbes

Soil microbes play an important role in the biogeochemical cycle as decomposers

and “nutrient sink-sources” (Singh et al. 1989; Wardle 1992; Wardle et al. 2004),

and they are very sensitive to environmental conditions, such as quality and
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quantity of the soil substrate (Liu et al. 2006; Wang et al. 2003), temperature and

moisture (Fang and Moncrief 2001; Hamel et al. 2006), and soil chemistry (Baath

and Anderson 2003; Morenom et al. 1999). As a result, many researchers have used

soil microbial characteristics as indicators of soil fertility in various ecosystems or

under various land use regimes (Joergensen and Emmerling 2006; Bastida et al.

2008), or as indicators of limiting nutrients and other environmental factors (Cleve-

land and Liptzin 2007; Gnankambary et al. 2008). Because the size of microbial

biomass (MB) is mainly controlled by the amount of substrate, MB carbon (MBC)

has been used as a good indicator of soil fertility (Joergensen and Emmerling 2006).

Using the MB C:N, C:P, and N:P ratios, it is possible to predict the nutrient that

limits soil microbial dynamics and so limits the ecosystem as a whole (Aponte et al.

2010; Galicia and Garcia-Oliva 2004). Chen et al. (2003) compared the seasonal

fluctuation of MBC and MB phosphorus (MBP) in forest and grassland in

New Zealand and found a faster MBP turnover rate in forest than in savanna,

indicating the importance of MBP as a P pool in P-limited forest ecosystems.

Therefore, I compared the nutrient flow in forest (FOR) and savanna (SAV) in

this area by time-course measurement of the MBC, MBN, and MBP values in both

vegetation types.

In FOR, MBC varied from 342.7 to 536.8 mg C kg�1 soil (CV 13.9 %), MBN

varied from 39.3 to 63.5 mg N kg�1 soil (CV 16.4 %), and MBP varied from 24.8 to

45.6 mg P kg�1 soil (CV 17.5 %) during the experimental period (Fig. 8.3). In SAV,

MBC varied from 335.2 to 414.4 mg C kg�1 soil (CV 7.0 %), MBN varied from

43.6 to 76.1 mg N kg�1 soil (CV 17.0 %), and MBP varied from 26.9 to 41.6 mg P

kg�1 soil (CV 12.9 %) (Fig. 8.3). MBC and MBN fluctuated during the experimen-

tal period in both FOR and SAV, but MBP did not fluctuate in either FOR or SAV

(Table 8.3). According to a repeated measures ANOVA, the MBC in FOR was

greater than in SAV, whereas MBN in FOR was less than in SAV. There was no

significant difference in MBP between FOR and SAV.

The MB C:N, C:P, and N:P ratios in FOR fluctuated from 6.7 to 11.0

(CV 17.3 %), from 8.4 to 17.5 (CV 23.4 %), and from 1.1 to 1.8 (CV 16.0 %),

respectively (Fig. 8.4). In SAV, the MB C:N, C:P, and N:P ratios fluctuated from

5.1 to 8.6 (CV 18.0 %), from 9.3 to 14.4 (CV 14.8 %), and from 1.2 to 2.6

(CV 24.1 %), respectively (Fig. 8.4). All ratios in FOR and SAV fluctuated

substantially during the experimental period. This was especially true for the MB

C:N and C:P ratios, which clearly increased in the dry period in FOR, as sampled on

28 Jan 2012 and 20 Mar 2012, but not in SAV. The MB C:N ratio was significantly

higher in FOR than in SAV, whereas the MB N:P ratio was significantly lower in

FOR than in SAV (Table 8.3). The MB C:P ratios in FOR and SAV were not

significantly different (P < 0.05).

Table 8.4 shows the results of a Pearson correlation analysis of the soil microbial

values and soil environmental conditions such as soil moisture, air and soil tem-

perature, substrate, and soil pH. In FOR, soil moisture was positively correlated

with MBP and negatively correlated with the MB C:P ratio (P < 0.05). Ext-N was

also negatively correlated with MBN (P < 0.05). In addition, I observed a weak

negative correlation between soil moisture and the MB C:N ratio (r ¼ �0.64,
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P ¼ 0.06) and weak positive correlations between air temperature and MBC

(r ¼ 0.56, P ¼ 0.12), between soil pH and MBN (r ¼ 0.64, P ¼ 0.06), and between

soil temperature and MBP (r ¼ 0.58, P ¼ 0.10). On the other hand, in SAV, only

Ext-N was significantly correlated with soil MB values (P < 0.05), including a

positive correlation with MBP and a negative correlation with the MB C:P ratio.

Moreover, I observed a weak negative correlation between soil moisture and the

MB C:N ratio (r ¼ �0.57, P ¼ 0.11) and a weak positive correlation between soil

temperature and MBP (r ¼ 0.55, P ¼ 0.13).

In the present study, I found that the maintained MBC was larger in FOR than in

SAV. Because the Ext-C, which is a substrate for soil microbes, was consistently

greater in FOR than in SAV (Fig. 8.3), it contributed to the larger MBC in FOR
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(Zaman et al. 1999). However, MBN was smaller in FOR than in SAV, even though

the Ext-N was substantially larger in FOR than in SAV. As a result, the MB C:N

ratio was significantly higher in FOR than in SAV, indicating a lower microbial N

content in FOR than in SAV. This result is quite interesting because of its apparent

contradiction: a low MBN level and high MB C:N ratio in FOR, which nevertheless

has rich soil N. This could be explained by the existence of different microbial

communities in soils of different chemical compositions in FOR and SAV. Many

studies have found that fungi dominate in forest ecosystems and bacteria dominate

in savanna ecosystems because of the different soil pH levels (Aciego and Brookes

2008; Rousk et al. 2010). Generally, fungi have higher MB C:N ratios than bacteria

(Anderson and Domsch 1980); fungi are therefore the dominant species in FOR,
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Fig. 8.4 Seasonal fluctuation of soil microbial biomass (MB) carbon to nitrogen (C:N) ratio (a), C
to phosphorus (P) ratio (b), and N:P ratio (c) in the forest and savanna during the experimental

period (July 2011–2012) in eastern Cameroon (Sugihara et al. 2015). Bars indicate the standard

error (N ¼ 3)
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where the MB C:N ratio is high, whereas bacteria are the dominant species in SAV,

where the MB C:N ratio is low. Baath and Anderson (2003) found that soil pH

affects soil microbial communities and concluded that the fungi-to-bacteria ratio

increases as the soil pH decreases. In the current study, I found a significantly lower

soil pH level in FOR than in SAV (Table 8.1), and a positive correlation between

the soil pH level and MBN occurred only in FOR (Table 8.4), indicating that there

is a soil pH-limited MBN value in FOR. However, the substrate quality should also

be considered, although I did not evaluate it in the current study (Bossuyt et al.

2001; Six et al. 2006). Lauber et al. (2008) found that in the southeastern United

States, the fungi-to-bacteria ratio was higher in forest than in grassland soil because

of their different substrate qualities, including high C:N content in forest and low C:

N content in grassland. Our results indicated that soil pH (and possibly litter

quality) could be the primary factor affecting both soil microbial composition

(including the fungi-to-bacteria ratio) and the MBN dynamics between the different

vegetation types, as opposed to the amount of available N substrate, such as Ext-N

(Rousk et al. 2010). Because I did not evaluate the soil microbial community or the

litter quality in either vegetation type, further studies are necessary to assess the

effects of soil pH and litter quality on the soil microbial community.

The MBP dynamics in FOR and SAV were similar and, unlike MBC and MBN,

did not fluctuate significantly throughout the experimental period (Table 8.3). This

Table 8.4 Correlation coefficient between soil microbial factors and the environmental and soil

nutrient factors for each vegetation during the experimental period (July 2011–2012) in eastern

Cameroon (N ¼ 9 for each vegetation, Sugihara et al. 2015)

Forest MBC MBN MBP MB C:N ratio MB C:P ratio MB N:P ratio

Soil moisture NSa NS 0.68* �0.64# �0.74* NS

Air temperature 0.56# NS NS NS NS NS

Soil temperature NS NS 0.58# NS NS NS

Ext-C NS NS NS NS NS NS

Ext-N NS �0.67* NS NS NS NS

Ext-P NS NS NS NS NS NS

Soil pH NS 0.64# NS NS NS NS

Savanna MBC MBN MBP MB C:N ratio MB C:P ratio MB N:P ratio

Soil moisture NS NS NS �0.57# NS NS

Air temperature NS NS NS NS NS NS

Soil temperature NS NS 0.55# NS NS NS

Ext-C NS NS NS NS NS NS

Ext-N NS NS 0.75* NS �0.78* NS

Ext-P NS NS NS NS NS NS

Soil pH NS NS NS NS NS NS

*Indicates P < 0.05

#Indicates P < 0.15
aNS means not significant
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indicates that soil microbes play an important role as a stable P nutrient pool in

oxisols under both vegetation types (Oberson et al. 2001). Kaspari et al. (2008)

revealed that the tropical rain forest P uptake is 6.4 kg ha�1 annually in Panama, and

P uptake was estimated at 6.6 kg ha�1 annually in the present FOR (unpublished

data). Tondoh et al. (2013) also reported that Chromolaena odorata, which is the

same plant species present in our SAV, takes up 3.6 kg P ha�1 annually in Ivory

Coast, and P uptake was estimated at 2.1 kg ha�1 annually in SAV in the present

study (unpublished data). Ext-P (2.3 and 4.0 kg P ha�1 at 0–10 cm in FOR and

SAV, respectively) was similar to, or rather less than, the annual P uptake in each

vegetation type, whereas MBP (35.4 and 47.4 kg P ha�1 at 0–10 cm in FOR and

SAV, respectively) was greater than the annual P uptake in each vegetation type.

This indicates the significance of soil microbes as a stable nutrient pool for

vegetational P uptake in this region. Interestingly, there are different limiting

factors for MBP in FOR and SAV (Table 8.4). Because I observed a positive

correlation between Ext-N and MBP only in SAV, the amount of N substrate

must limit MBP in SAV, indicating that N limits soil P dynamics. However, only

soil moisture positively correlated with MBP in FOR, possibly indicating (1) no

substrate limitations for MBP and (2) the importance of soil organic matter (SOM)

decomposition for MBP in FOR. Because Ext-P in FOR did not correlate with MBP

(Table 8.4), it appears that the amount of P substrate did not limit the MBP

variations in FOR. However, the amount of Ext-P (1.3–7.0 mg P kg�1 soil) seems

to be too small to explain the MBP variations (24.7–45.6 mg P kg�1 soil). This

suggests that the current analytical method of determining Ext-P (the resin method)

is not sufficient to evaluate MBP dynamics, at least in this region and/or soil. Khan

and Joergensen (2012) found that NaHCO3-extractable organic P was closely

related to MBP, based on laboratory analyses using various soil samples. Because

of soil moisture, which controls the SOM decomposition rate and which was

positively correlated with MBP in FOR, the decomposed organic P should be an

important P source for soil microbes in FOR, indicating a P substrate limitation in

FOR. Our present results suggest that, in terms of soil microbial dynamics, forests

are N-saturated, P-limited ecosystems, and savannas are N-limited ecosystems in

this region.

I found greater soil N availability and lower soil pH in FOR than in SAV, and I

found positive relationships between soil moisture and MBP in FOR and between

Ext-N and MBP in SAV, indicating a P-limited FOR ecosystem and a N-limited

SAV ecosystem. In addition, contrary to the rich soil N substrate conditions in FOR,

I found a lower MBN value and higher MB C:N ratio in FOR than in SAV. This

indicates that substrate conditions should not be the primary controlling factor for

MBN dynamics in this area. Other soil environmental values indicate that soil pH is

the primary controlling factor affecting microbial communities (the fungi:bacteria

ratio) in each vegetation type. Further studies are necessary to assess the effects of

soil pH and other factors, such as litter quality, on soil microbial communities in

forest and savanna in this region.
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8.6 Conclusions and Remarks

In this chapter, I explained the effect of vegetation on soil nutrient stock and flow in

oxisols in Central African forest and savanna. Soil C stock was mostly the same in

the two vegetation types, but soil N availability was substantially greater in forest

than in savanna due to the N-fixing trees in forest. Low soil pH in forest led to

smaller soil K stocks and a higher microbial C:N ratio in forest than in savanna,

indicating the significant role of soil pH on the flow and stocks of soil nutrients.

Based on a series of studies, I conclude that the forest ecosystem in this region is N

rich and P limited, while the savanna ecosystem is N limited. This basic information

should serve as an incentive for local farmers to select forest vegetation as a fallow

vegetation after slash-burn agriculture and for the afforestation of savanna areas.
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Chapter 9

Ecosystem Processes of Ferralsols
and Acrisols in Forest-Soil Systems
of Cameroon

Makoto Shibata

Abstract Tropical African forests are dominated by Ferralsols and leguminous

species, while Southeast Asian forests are dominated by Acrisols/Alisols and

Dipterocarpaceae. Hence, their ecological processes can differ, depending on soil

acidity and nitrogen (N) availability. To provide an overview of the carbon (C) and

N dynamics, as well as soil acidification processes on Ferralsols and Acrisols, in

tropical African forests, we quantified soil respiration and element fluxes through

different flow paths (as precipitation, throughfall, litterfall, litter leachate, and soil

solutions) and analyzed proton budgets in two secondary forested sites in Camer-

oon. Our results demonstrate that at Mvam Village (MV; Acrisols), N was mostly

taken up within the O horizon, which has a dense root mat, while half of the input N

leached down to the mineral horizon at the Andom Village (AD; Ferralsols) site.

Nitrification was the main proton-generating process in the canopy and the O

horizon of AD, and it caused a large amount of cation leaching, which resulted in

the accumulation of basic cations because of the high proton consumption rates in

the A horizon. In contrast, because of the dense root mat at MV, the excess cation

uptake by plants in the O horizon made the largest contribution to proton genera-

tion, which resulted in intensive acidification of the surface soil. Our results suggest

that ecosystem processes differ depending on soil type (i.e., soil acidity). Thus,

legumes growing on Ferralsols in tropical African forests have unique plant-soil

interactions via active nitrification in the O horizon.
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9.1 Introduction

The environmental conditions in the tropical forests of Central Africa differ from

those of other tropical regions with respect to soil type and vegetation. The most

widely distributed soils in the Congo basin are clayey Ferralsols (Jones et al. 2013),

which have low nutrient availability (van Wambeke 1992). This contrasts with the

tropical forests of Asia, where Acrisols and Alisols dominate. Acrisols and Alisols,

which are strongly acidic, are accompanied by undulating topography and granitic

materials (Jones et al. 2013). In terms of vegetation, the leguminous family

(Fabaceae) dominates the lowland tropical rainforests of Africa and the Neotropics

(but not those of Asia, which are dominated by the Dipterocarpaceae) (Crews 1999;

Doyle and Luckow 2003). In particular, in terms of biomass, the proportion of

woody legumes is much higher in Africa than in the Neotropics, although species

richness is slightly higher in the Neotropics (Yahara et al. 2013). Because of their

N2-fixing symbioses with rhizobia, many native leguminous species could play an

important role in ecosystem processes in relation to carbon (C) and nitrogen

(N) dynamics (Diabate et al. 2005; Knops et al. 2002), as well as soil acidification

processes via N transformation. The presence of legumes, combined with symbiotic

N2 fixation, often has a positive effect on ecosystem N pools, which can signifi-

cantly increase aboveground biomass (Pons et al. 2007; Spehn et al. 2002). Con-

sidering that previous studies showed that the N concentration pattern in foliage is

mainly controlled by phylogeny, not geologic or edaphic source variation, in

Amazonian, Bornean, and Australian tropical forests (Asner et al. 2009, 2012,

2014), legumes, with their N-demanding lifestyle and high foliar N content (Fyllas

et al. 2009), can be expected to be widely distributed in African tropical forests,

which may result in high N availability in African soils. Therefore, in the tropical

forests of Africa that are dominated by the Fabaceae, ecological processes, which

are closely tied to the water flow that links vegetation and soil (McDowell 1998),

could differ from those in other tropical forests that have fewer legumes.

One of the well-known mechanisms by which plants recycle N and other

nutrients is the development of a superficial root mat. The importance of a root

mat, which efficiently (>99 %) captures dissolved nutrients before they leach down

to the mineral soil, was first proposed for Ferralsols and Podzols in the Amazon by

Stark and Jordan (1978). This mechanism retains N in these ecosystems, which

limits N losses through plant uptake. In contrast, root growth is retarded in acidic

soil that has high Al3+ and H+ concentrations (De Graaf et al. 1997; Murach and

Ulrich 1988). In addition, nitrification, which is a key process that leads to ecosys-

tem N losses via NO3
� leaching underground or denitrification into the atmosphere,

is often inhibited at low pH (Jordan et al. 1979). Thus, soil acidity (pH), in

combination with root mat formation, may affect N transformation processes.

In this chapter, we provide an overview of N fluxes through different flow paths

(as precipitation, throughfall, litterfall, litter leachate, and soil solutions), as well as

the soil C cycle and soil acidification processes, of two secondary forested sites that

are situated on clay-rich Ferralsols and Acrisols in Cameroon, Central Africa.
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9.2 Description of the Study Sites

This study was conducted from March 2010 to May 2012 in secondary forested

sites in eastern (Andom Village (AD)) and southern (Mvam Village (MV)) parts of

the Republic of Cameroon, which is located to the northwest of Congolian lowland

forests (Fig. 9.1), where a semi-deciduous forest forms the climax vegetation. Site

descriptions are shown in Table 9.1. Both sites lie between tropical monsoon

(Am) and tropical savanna (Aw) climates in the K€oppen system, and they support

tropical moist forests in the Holdridge life zone. Approximately 400 km apart, the

sites are located on the South Cameroon Plateau, which is the dominant geograph-

ical feature of Cameroon, with an average elevation of approximately

650–700 m asl. The soils and geology differ at the two sites. The soil at AD is

reddish brown (2.5YR 4/6) in the subsurface horizon, and it is classified as Typic

Kandiudox (Soil Survey Staff 2014) or Acric Ferralsols (Vetic) (IUSS 2014) that

have developed on Neoproterozoic (Pan-African) granitoids. The soil at MV is

yellowish brown (10YR 5/6–8) in the subsurface horizon, and it is classified as

Typic Paleudults (Soil Survey Staff 2014) or Haplic Acrisols (Vetic) (IUSS 2014)

that developed on Archean Congo Craton (Oliveira et al. 2006; Toteu et al. 2006).

Although the distribution of rainfall is similarly bimodal for both sites, their floristic

composition differs slightly: at AD, the canopy is dominated by Albizia zygia
(Fabaceae) and species belonging to the Urticaceae and Moraceae, whereas at

MV, the canopy is dominated by Piptadeniastrum africanum (Fabaceae) and

species belonging to the Malvaceae, Burseraceae, and Euphorbiaceae, and it has

Fig. 9.1 Google Earth image of the study sites in Cameroon (AD and MV) located on the

northwestern edge of Congolian lowland forests
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more evergreen taxa. The dominant vegetation at both sites consists of N2-fixing

species.

9.3 General Physicochemical Properties of the Soils
and Environmental Factors

The mineral soils at MV were strongly acidic, with pH (H2O) values of 3.5–4.0,

whereas those at AD were moderately acidic with pH (H2O) values of 4.2–4.9,

which is consistent with the lower base saturation and higher Al saturation at MV

(Table 9.2). Exchangeable Al3+ in the mineral soil (0–30-cm depth) was 126 kmolc
ha�1 at MV and 59.8 kmolc ha

�1 at AD. The pH values of the O horizon were a few

units higher than those of the mineral horizons at each site. A dense fine-root mat,

which could be peeled back from the soil like a carpet, was observed only at MV

(Fig. 9.2). Fine-root biomass in the O horizon was 1.5 Mg ha�1 (54 % of the mineral

horizon, 0–30-cm depth) at MV and 0.3 Mg ha�1 (12 % of the mineral horizon,

0–30-cm depth) at AD (Fig. 9.3); the large fine-root biomass may account for the

higher organic matter content in the surface horizon at MV. Clay contents in the

soils were consistently high at MV (47–67 %) and AD (54–73 %) and increased

with increasing soil depth. Silt contents in the soils were consistently low, ranging

from 3 to 8 % through the horizons at both sites, which were the result of a long

period of weathering. C/N ratios in the mineral horizon were equally and consis-

tently low throughout the soil profiles at both sites, whereas the C/N ratio in the O

horizon was lower at AD than at MV (N was more abundant in the O horizon at AD)

(Table 9.2). Kaolin minerals were dominant at both sites, whereas 1.4-nm minerals,

which might contribute to a slightly higher CEC, were recognized only at MV (data

not shown).

Table. 9.1 Site description

Site AD MV

Coordinates N 4� 320 E 13� 150 N 2� 520 E 11� 090

Annual air temp, (�C) 22.9 23.8

Annual soil temp, (�C) 22.7 23.2

Annual rainfall (mm) 1531 1650

Elevation (m) 677 607

Soil type Typic Kandiudoxa Typic Paleudultsa

Lixic Ferralsols (Vetic)b Haplic Acrisols (Vetic)b

Geological substrate Neoproterozoic (Pan-African)

granitoids

Archean Congo Craton

Vegetation Albizia zygia Piptadeniastrum
africanum

Myrianthus arboreus Ceiba pentandra
aClassified according to soil taxonomy (Soil Survey Staff 2014)
bClassified according to WRB soil classification system (IUSS 2014)
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Fig. 9.2 Soil profile and O horizon. Ferralsols in AD and Acrisols in MV

Fine root biomass
(Mg ha–1)

O horizon

0 cm

10 cm

20 cm
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100 cm
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Fig. 9.3 Depth distribution

of fine-root biomass in the

tropical forest soils. Bars

indicate standard errors

(n ¼ 5)
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Figures 9.4 and 9.5 show the daily precipitation and half-hourly soil tempera-

tures at 5-cm depth, seasonal fluctuations of volumetric water content (VWC), and

daily water fluxes at 0-, 15-, and 30-cm soil depths for each site. The total rainfall

amount during the experimental period (April 2010 to May 2012) was 3029 mm at

AD and 3329 mm at MV. There are four distinct seasons at both sites: a minor wet

season from mid-March to mid-July, a minor dry season until the end of August, a

major wet season that starts in September and lasts until the middle of November,

and a major dry season that lasts until the next short rainy season. Soil VWC

seasonally fluctuated and were lowest in the dry season, although the degree was

moderate at MV. Mean soil temperature (5-cm depth) during the experimental

period was 22.6 �C at AD and 23.2 �C at MV. Little seasonal fluctuation of soil

temperature was observed, although it sometimes dropped to approximately 17 �C
during the dry season at AD possibly because of the adjacent forest-savanna

ecotone to the north (Fig. 9.1).

9.4 Carbon Cycles

As shown in Table 9.3, C was stored as aboveground biomass (AD, 122 Mg C ha�1;

MV, 152 Mg C ha�1), which is comparable to that of other tropical forests

(55–218 Mg C ha�1) (Alves et al. 2010; Gaston et al. 1998). The fine-root biomass

C at AD (0.13 Mg C ha�1) was significantly (t-test, p < 0.0001) lower (17 %) than

that at MV (0.72 Mg C ha�1) because of the existence of the dense root mat at the

latter site. The C stocks in the O horizon were low at both sites (2.0 Mg C ha�1 at

each site), which is in agreement with those of tropical forests in Cameroon (Peh

et al. 2012; 3.5 Mg dry mass ha�1). The higher aboveground biomasses (AD,

122 Mg C ha�1; MV, 152 Mg C ha�1) and lower organic matter stocks in the O

horizon and mineral soil (AD, 47 Mg C ha�1; MV, 53 Mg C ha�1), compared with

temperate forests, are consistent with previous reports (Fujii et al. 2008, 2011a).

Major soil C dynamics were similar at both sites. Most of the C inputs to the O

horizon of each site, as litterfall, root litter, and throughfall, were mostly mineral-

ized to CO2 because the input was balanced by the organic matter decomposition

rate, and only a portion of the input C leached into the mineral horizon as dissolved

organic C (DOC) (AD, 7 % of the input; MV, 5 % of the input; Tables 9.3 and 9.4),

as reported by Fujii et al. (2009a). DOC in the forest floor is considered to be

released mainly by microorganisms as they decompose litter via solubilization and

mineralization (Guggenberger and Zech 1994). Considering the lower DOC fluxes

from throughfall, the O horizon, not the canopy, was the main source of DOC, NO3-

N, and dissolved organic N (DON) at both sites, as has generally been reported,

except for a wet Costa Rican tropical forest (Schwendenmann and Veldkamp 2005)

where the annual precipitation is much higher (4200 mm). The DOC fluxes from the

O horizon and root litter are important C sources for mineral soils (Neff and Asner

2001). This was also the case in this study because of the small fluxes from the

30-cm depth (AD, 18 kg C ha�1 year�1; MV, 29 kg C ha�1 year�1; Table 9.4),
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although the proportion of DOC fluxes from the O horizon to a depth of 30 cm was

higher in MV (AD, 5.3 % of that at the 0-cm depth; MV, 13 % of that at the 0-cm

depth; Table 9.4). Although, in mineral soil horizons, the concentrations and fluxes

of DOC in the soil solution decrease generally via mineralization and adsorption

onto mineral surfaces (Kaiser and Zech 2000; Kalbitz et al. 2000), adsorption is the

dominant factor (Qualls and Haines 1992), especially in clay-rich Acrisols and

Ferralsols where the amounts of clay minerals or Al and Fe (hydr)oxide adsorbents

are high, compared with sandy materials (Fujii et al. 2011b). Therefore, the low

DOC fluxes from the 30-cm depth in our study are attributed to highly weathered,

clayey Ferralsols and Acrisols, where adsorption is the dominant process that

controls the DOC fluxes in the soil profile. The slightly higher flux from, as well

as the higher proportion of DOC at, the 30-cm depth in MV might contribute to the

development of the deep BA horizon at this site. Our results show that the mineral

soil appeared to be the major sink for DOC and DON at each site.

9.5 Nitrogen Cycles

The N stock in the mineral soil was 3.8 Mg N ha�1 at AD and 4.7 Mg N ha�1 at MV;

the N stocks in the organic horizonwere low (AD, 120 kg N ha�1; MV, 91 kgN ha�1),

which are comparable to those of other tropical forests (Markewitz et al. 2004).

The fine-root N biomasses at AD and MV were 7.8 kg and 38 kg N ha�1,

respectively.

As expected, the large amounts of N input from leaf litterfall at both sites (AD,

237 kg N ha�1 year�1; MV, 209 kg N ha�1 year�1) indicate that both forest

ecosystems are N-rich, although the leaf C/N ratio at AD (17) was slightly, but

significantly, lower than that at MV (20) (Table 9.5). Total dissolved N (TDN)

fluxes beneath the forest floor differed substantially between the two sites (Fig. 9.6).

At AD, the TDN flux increased by nearly 90 kg N ha�1 year�1 from throughfall to

the 0-cm soil depth, and approximately 80 % of it was NO3-N, which is susceptible

to leaching. The TDN fluxes beneath the forest floor accounted for almost half of

the annual N input. At the 30-cm soil depth, the TDN fluxes decreased to 13 % of

that at the 0-cm depth (5 % of the input), and NO3-N still dominated the TDN. Thus,

the results indicate that almost half of the input N leaches down to the mineral soil

and is taken up as NO3-N by plants in the mineral horizon, as well as in the O

horizon at AD, which has moderately acidic, clayey Ferralsols. Such a high N

availability and a leaky, open N cycle at AD are not caused by anthropogenic N

deposition, but can be explained by the dominance of leguminous species that are

capable of symbiotic N2 fixation, which suggests that NO3-N is not only dominant

⁄�

Fig. 9.4 (continued) soil depths (d); and monthly fluctuation of litterfall fluxes (e) at AD (wet,

minor wet season; dry, minor dry season; WET, major wet season; and DRY, major dry season).

Bars indicate standard errors

9 Ecosystem Processes of Ferralsols and Acrisols in Forest-Soil Systems of. . . 195



15

25

35

450

20

40

60

80

V
ol

um
et

ric
 W

at
er

 C
on

te
nt

(L
 L

-1
)

D
ai

ly
 w

at
er

 fl
ux

es
(m

m
 d

ay
-1

)

D
ai

ly
 p

re
ci

pi
ta

tio
n

(m
m

 d
ay

-1
)

MV

H
al

f-h
ou

rly
 

so
il 

te
m

pe
ra

tu
re

 (
)

(a)

0

20

40

60

80

Apr-10 Aug-10 Dec-10 Apr-11 Aug-11 Dec-11 Apr-12

M
on

th
ly

 li
tte

rfa
ll

flu
xe

s
(k

g 
ha

-1
da

y-1
)

Date

(e)

wet dry WET DRY wet dry WET DRY

(c) 15 cm

(d) 30 cm

(b) 0 cm
-80
-60
-40
-20
0
20
40
600

0.1

0.2

0.3

0.4

0.5

-80
-60
-40
-20
0
20
40
600

0.1

0.2

0.3

0.4

0.5

-80
-60
-40
-20
0
20
40
600

0.1

0.2

0.3

0.4

0.5 60

60

80

VWC
Water flux

15

Fig. 9.5 Daily precipitation and half-hourly soil temperature at a 5-cm soil depth (a); seasonal
fluctuations of VWC and daily water fluxes calculated by HYDRUS at 0- (b), 15- (c), and 30-cm soil

depths (d); and monthly fluctuation of litterfall fluxes (e) at MV (wet, minor wet season; dry, minor

dry season; WET, major wet season; and DRY, major dry season). Bars indicate standard errors



in forest ecosystems that receive large anthropogenic N inputs. Such a high

dissolved inorganic N (DIN) flux beneath the forest floor is exceptional among

other tropical forests, except for wet tropical forests in Costa Rica

(Schwendenmann and Veldkamp 2005) and the Amazon (Markewitz et al. 2004)

that consist of Ferralsols and are dominated by leguminous species. In contrast, at

MV, the TDN flux of throughfall was almost the same as that of the litter leachate,

and it only accounted for 11 % of the input, indicating that 89 % of the mineralized

N within the O horizon was absorbed by plants and/or soil microbes. The TDN

fluxes at the 30-cm depth decreased to 2 % of the input, and N species were almost

evenly distributed because of the low amount of NO3-N, compared with that at

AD. NH4
+ leaching from the highly acidic O horizon was minor at MV, which

contrasts with the findings of KR3, BS, and BB from Southeast Asia in Chap. 7 that

have strongly acidic O horizon, where nitrification could be retarded by acidic

condition. Thus, at MV, which has strongly acidic, clayey Acrisol soils, the results

indicate that N is mostly taken up within the O horizon that contains a dense root

mat. Consequently, N is better conserved at MV. Taking account of the slightly

lower N concentration of leaf litter, which controls (i.e., slows down) net N release

rates (Parton et al. 2007), as well as the small flux of leachable NO3-N beneath the

forest floor, compared with AD, plants at MV might take up more N as NH4-N,

although this will need to be clarified by future studies.

The different N-acquiring strategies of each ecosystem could be attributed to the

dense root mat within the O horizon at MV. Dense root mats with associated

Table. 9.3 Annual flow and stock of carbon

AD MV

C stock (Mg C ha�1)

Aboveground biomass 122 (�) 152 (�)

Fine-root biomass

O horizon 0.1 (0.0) 0.7 (0.1)

Mineral horizon (0–30 cm) 1.0 (0.1) 1.3 (0.1)

Total 1.1 (0.1) 2.0 (0.2)

Soil organic matter

O horizon 2.0 (0.4) 2.0 (0.6)

Mineral soil (0–30 cm) 45 (�) 51 (�)

C flow (Mg C ha�1 year�1)

Litterfall (a) 4.5 (0.5) 4.5 (0.6)

Root littera (b) 0.2 (0.0) 0.4 (0.0)

C inputb (c) 4.7 (0.5) 4.9 (0.6)

Whole soil respiration 6.7 (0.9) 7.1 (0.8)

Organic matter decomposition (d) 4.1 (0.6) 4.8 (0.6)

C budget in soilc (e) 0.6 (0.8) 0.1 (0.9)
aThe annual rates of root litter were assumed to be 20 % of the fine-root biomass (Nakane 1980)
bC input was calculated as the sum of litterfall and root litter (c ¼ a + b)
cC budget in the soil was calculated as the difference between organic matter decomposition and

C input (e ¼ c � d)
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ectomycorrhizae are believed to remove NH4-N from the soil (Aber et al. 1985;

Chandler 1985), prevent an increase in pH and subsequent nitrification (Jordan et al.

1979), and take up nutrients directly from litter (Sayer et al. 2006). These highly

effective mechanisms for recycling nutrients may occur at MV because of a high

exchangeable Al concentration in the mineral soil (Dezzeo and Chacón 2006;

Kingsbury and Kellman 1997) or high water availability in the surface soil (Sayer

et al. 2006). Fine roots, which often produce a fibrous and well-drained litter layer

that may reduce the moisture content (Kingsbury and Kellman 1997), are reported

to be very sensitive to changes in moisture levels (Persson 1980). Additionally, a

Table. 9.5 Mean annual nutrient flux of litterfall in from April 2010 to May 2012. The figures in

parentheses represent standard errors

Dry mass C N C/N

Mg ha�1 year�1 kg ha�1 year�1 g g�1

AD Leaf 7.6 (0.8) 3.8 (0.4) 217 (20) 17

Total 9.0 (1.0) 4.5 (0.5) 237 (20) 19

MV Leaf 7.7 (0.9) 3.8 (0.5) 190 (27) 20

Total 9.1 (1.2) 4.5 (0.6) 209 (30) 21

AD MV 
Annual N flux 

(kg N ha−1 yr −1) 

TF 

O 

A 

B 

PP 
50 100   150    0 200    250    50 100   150    0 200    250    

Litterfall 

DON-N
NH4

+-N
N

 

NO3
--  

Litterfall 

Fig. 9.6 Fluxes of N in litterfall, throughfall, and soil solution of tropical forest ecosystems. Blank

arrows indicate litterfall N flux within ecosystems. PP, TF, O, A, and B represent precipitation,

throughfall, and the O, A, and B horizons
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strongly superficial root distribution may increase fine-root mortality during dry

spells (Joslin and Henderson 1987). As a result, the majority of fine roots in the litter

likely die during the dry season, as the production of new fine roots is costly. This

also might be the reason that a root mat was not observed at AD, which is subject to

a more intensive dry period. Overall, our data reveal a different picture of plant-soil

N dynamics in two Central African tropical forests that have Ferralsol and Acrisol

soils.

9.6 Dissolved Organic Matter Dynamics

The DOC and DON concentrations were positively and significantly associated for

each stratum at both sites (r ¼ 0.63–0.87, p < 0.001, n ¼ 79–109), which is

indicative of tight C and N cycling (Solinger et al. 2001). Since the volume-

weighted mean DOC/DON ratios of the soil solution beneath the forest floor

significantly differed and well reflected the litterfall C/N ratio for each site

(Tables 9.4 and 9.5), litter decomposition was the primary source of the DOC and

DON in the mineral soils (Homann and Grigal 1992; Kalbitz et al. 2000). This

likely affects the subsequent rate at which organic N is mineralized into bioavail-

able inorganic N (NH4-N and NO3-N), which is regarded as a key process for soil-

based N release (Davidson et al. 1992). Campbell et al. (2000) found a significantly

negative relationship between the annual DIN flux and the stream water DOC/DON

ratio, and they suggested that the DOC/DON ratio could be an effective predictor of

N leaching and N status. This fact supports the view that AD is a N-leaky ecosystem

with an extremely low DOC/DON ratio (12� 0.7) in the forest floor leachate, while

at MV, the net N mineralization rate in the forest floor is supposed to be slower

because of its higher DOC/DON ratio (23� 2.5), implying that it has a conservative

nutrient cycle.

Unlike the forest floor leachate, the DOC/DON ratios in the mineral soil were

similarly close to the C/N ratios of the soil organic matter at both sites. At AD,

the DOC/DON ratio of the forest floor leachate was constant in the mineral soil

because of the originally low ratios. This could be due to a weaker adsorption of

dissolved organic matter (DOM) with low DOC/DON ratios (Kalbitz et al.

2000). In contrast, at MV, the DOC/DON ratio of the forest floor leachate

decreased in the mineral soil. This could be due to the presence of older and

more decomposed organic matter in the deeper soil horizon, or because DON

was less reactive than DOC, resulting in a decreasing DOC/DON ratio with

increasing soil depth (Sleutel et al. 2009). This might also suggest that the

organic matter being translocated downward is enriched in N, as was reported

by Schoenau and Bettany (1987) and Qualls et al. (1991). The incorporation of

extra N in DOM occurs at MV and is characteristic of decomposition and

humification (Qualls and Haines 1992). Thus, it was quantitatively shown that

the role of DOM in C and N cycling varies depending on soil type or the litter

C/N ratio (Fujii et al. 2011a).
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9.7 Proton Generation and Consumption Processes

Based on the ion fluxes in each horizon (Fig. 9.7; the canopy and O, A, and B

horizons) and the excess cation uptake by vegetation, we calculated carbonic acid

dissociation and protonation (NPGCar); organic anion dissociation, mineralization,

and adsorption to soil (NPGOrg); N mineralization, nitrification, and N uptake by

plants (NPGNtr); plant excess cation uptake (NPGBio); and cation release and

accumulation (ΔANC) (Fig. 9.8), as described in Chap. 7. At both MV and AD,

in the entire ecosystems, including the forest canopy, NPGBio andΔANC accounted

for almost all of the proton generation and consumption, respectively. This is

consistent with the fact that complete C and N cycles are balanced by net proton

fluxes of 0 in forest ecosystems (Binkley 1987). However, horizontal heterogeneity

of proton generation and consumption was observed in both ecosystems, and AD

was more dynamic in this regard.

In the canopy and the O horizon in AD, NPGNtr and NPGOrg were the largest

proton-generating processes. In terms of proton cycling, the canopy and O horizon

had qualitatively similar functions, although the canopy contribution was approx-

imately one-third of that of the O horizon. Therefore, the canopy at AD can be

regarded as an incipient O horizon in the sky. Then, in the A horizon, protons

generated in the canopy and O horizon were almost completely consumed by plant

nitrate uptake and the mineralization and/or adsorption of organic anions, as well by

NPGCar, which resulted in a positive ΔANC. This indicates that a net accumulation

of cations leached from the upper horizon and that C may have accumulated

because of the adsorption of organic anions in the clay-rich soils of AD. Finally,

in the B horizon in AD, 98 % of protons were generated by plant cation uptake, and

95 % of proton consumption resulted from the release of basic cations from the

mineral soil. This indicates that the proton cycles related to C and N cycles were

almost complete from the canopy to the A horizon in AD, which resulted in minor
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contributions of NPGCar, NPGOrg, and NPGNtr in the B horizon. Judging from the

relatively higher leaching fluxes of nitrate and basic cations from the 30-cm soil

depth, as well as the positive contribution of NPGNtr to the total ecosystem in AD,

plants should also take up bases and nitrate from the deeper horizons of Ferralsols,

as has been reported previously (Freycon et al. 2015; Nepstad et al. 1994). Accord-

ingly, the results we observed in AD, which has Ferralsol soils, imply that plants

“mine” and pump soil-derived nutrients up from the deeper B horizon, “retake” the

O horizon-derived nutrients mainly from the A horizon, and then accumulate them

in the canopy and O horizon. Our results also suggest that the acid load derived

from nitrification and the dissociation of organic anions contribute to basic cations

leaching from the canopy and the O horizon to the A horizon; then, proton

generation by plant cation uptake in the A horizon is not sufficient to balance the

net proton consumption, which contributes to the accumulation of base cations, and

possibly C, in the “developing” A horizon. This is consistent with the deeper A

horizon in AD compared with that of tropical forests in Southeast Asia (Fujii et al.

2009a, b).

In MV, because of the thick fine-root mat in the O horizon, 86 % of the proton

generation resulted from plant excess cation uptake, while the remainder was due to

NPGOrg. This is contrast with the minor contribution (11 %) of NPGBio in the O

horizon of AD, where nitrification and organic acid dissociation were the major

proton-generating processes, although the function of the MV canopy was similar

to that of AD. Judging from the similar tree family compositions of AD and MV,

soil acidity could be the factor that controls proton budgets and fine-root distribu-

tion, as we discussed in the previous section and in Chap. 7. The low NPGNtr in the

O horizon of MV indicated that N that was produced by mineralization and
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nitrification seemed to be immediately taken up by plants within the O horizon. In

the A and B horizons, protons generated by plant cation uptake were consumed by

NPGOrg and NPGNtr in combination with basic cation release from the soil. In MV,

which has Acrisol soils, the major proton-generating contribution of excess cation

uptake by plants was due to the concentrated, thick root mat in the O horizon, which

resulted in intensive acidification of the surface soil and, to some degree, the

subsequent proton efflux to the subsoil, as shown in BS and BB in Chap. 7.

9.8 Conclusions

Our study suggests that N input can be very high in tropical forests of Central Africa

because of the dominance of leguminous species. Nevertheless, the horizon in which

plants take up N, as well as in which N transformation processes occur, differs

depending on soil type, although the C balance is similar. In a tropical forest that

has moderately acidic Ferralsols, plants take up N both in the O and mineral horizons,

which is indicative of open N cycling. The high acid load is distributed in the O

horizon via nitrification and organic anion dissociation, which subsequently results in

nutrient leaching to the A horizon, where plants mainly absorb nutrients. In contrast,

in a tropical forest that has strongly acidic Acrisols, almost all of the N uptake by

plants occurs in the O horizon because of the presence of a dense root mat, which is

indicative of tight N cycling. The high acid load is concentrated in the O and A

horizons by plant cation uptake, which results in less nutrient leaching. Soil acidity

might control the fine-root distribution, which causes heterogeneous soil acidification

throughout the soil profile. Thus, the ecosystem processes and strategies used by

plants to acquire nutrients differ depending on soil type (i.e., soil acidity).
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Part III

Human Adaptation of Agricultural
Practices in Upland Soils Under Different
Bio-climatic Conditions in Tropical Asia

and Sub-Saharan Africa



Chapter 10

Changes in Elemental Dynamics After
Reclamation of Forest and Savanna
in Cameroon and Comparison with the Case
in Southeast Asia

Makoto Shibata

Abstract To understand the effects of original vegetation (forest or savanna) on

changes of solute leaching and proton budgets after reclamation of Oxisols in

Cameroon, we quantified the soil nutrient fluxes in forest, adjacent savanna, and

each adjacent maize cropland and compared with the case in Southeast Asia. In

forest plot, excess cation accumulation in wood has contributed to soil acidification

in the entire soil profile, while soil acidification rates were much lower in savanna

plot because of limited plant uptake. As a result of cultivation, NO3
� fluxes were

substantially increased and nitrification was the main process of soil acidification in

both croplands. Reflecting the nutrient flux pattern of original vegetation, protons

generated by nitrification in forest cropland plot (9.4–10.1 kmolc ha
�1 year�1) were

significantly higher than that in savanna cropland (3.4–4.5 kmolc ha
�1 year�1). The

rate in savanna cropland was comparable to that in Thailand Ultisol (5.0 kmolc ha
�1

year�1) with moderate soil pH and higher than that in Indonesian Ultisol (1.5 kmolc
ha�1 year�1) with low pH. Despite low pH of bulk Oxisols of Cameroon, they

would provide favorable habitat for nitrifiers with physically well-structured

microaggregates, allowing active nitrification in the plots of Cameroon. High rate

of nitrification suggests the risk of nutrient deficiency in cropland is more serious in

nutrient-poor Oxisols. The effects of reclamation on soil acidification processes

would depend on the original vegetation and also on soil pH and physical structure,

which affect the nitrification activity. Since the ratio of K+ concentrations to sum of

Mg2+ and Ca2+ concentrations increased with decreasing soil solution pH, the lower

solution pH, which could stem from cultivation, might promote K leaching from

cropland.
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10.1 Introduction

In West and Central Africa, the transitory ecotone between Congo basin forest and

Guinea savanna, called as “forest-savanna mosaic” is widely distributed to the north

and south of the forest belt (Mitchard et al. 2011). In this region, there is sufficient

rainfall (ca. 1500 mm year�1 with udic moisture regime) to support forest growth,

and the savanna vegetation is maintained by anthropogenic disturbance such as fire

(Sankaran et al. 2005; Staver et al. 2011). The area of forest-savanna mosaic on the

continent of Africa reaches approximately 1.28 million km2, comparable to 2.36

million km2 dense forest (Mayaux et al. 2004), as was mentioned in Chap. 8.

Because of the rapid population growth in sub-Saharan Africa—the populations

will double over next two decades, being nearly equal to the China region (Lutz

et al. 2001)—and large dependence on natural resources due to the low capita GNP

(Khasa et al. 1995), agricultural pressure on a local nature (i.e., forest and savanna)

is likely to increase (Gaston et al. 1998). The sustainable way of food production to

keep up with rising population pressure is a major concern in the agricultural

development of West Africa (Smith et al. 1994) where farmers cultivate both in

forest and savanna.

Cultivation accelerates soil acidification: biological activity produces various

acids, such as carbonic acid, nitric acid, and organic acid or acid (proton) generated

by cation uptake in excess of anion uptake by plants, all of which could enhance

mineral weathering, resulting in the release of basic cations into soil solution—the

source of essential nutrients for plants. The effects of cultivation on the individual

acid-generating processes are various (Fujii et al. 2009), and therefore, they are to

be quantified to understand soil acidification processes owing to cultivation.

Besides, these processes are driving forces of nutrient leaching from cropland.

Fujii et al. (2009) concluded that the influence of cultivation on proton budget is

different depending on soil pH and texture in Southeast Asia, where Ultisols

(Alisols/Acrisols) are distributed. However, it is still unclear about the case of

Oxisols (Ferralsols) in Africa, which are characterized by low available mineral

nutrients and low retention capacity of nutrients owing to extreme weathering (van

Wambeke 1992; Jones et al. 2013). Oxisols have the great macroporosity and

hydraulic conductivity with physically well-structured microaggregates, which

contributes to a high rate of solute downward movement (Anamosa et al. 1990;

Melgar et al. 1992). Due to the combination of such high soil permeability with flat

topography of the continent, leaching becomes the primary cause of soil nutrient

losses from croplands in equatorial Africa; this is in contrast with Southeast Asia

where erosion and runoff are the major risk with hilly topography with less

permeable soils (Juo and Manu 1996). Hence, how farming activity will disturb

the nutrient cycles, which possibly results in substantial soil nutrient loss by

leaching, should be quantified on Oxisols in relation to soil acidification processes

as a driving force of basic cation leaching. Besides, it is urgently indispensable for

the establishment of sustainable land use management to clarify the effects of

original vegetation (forest vs savanna) on nutrient leaching from croplands in
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forest-savanna transition zone, where soil nutrient stocks and microbial nutrient

status are different according to the vegetation as was introduced in Chap. 8.

In this chapter, firstly, we quantified the soil nutrient fluxes, as well as C flow, in

forest and adjacent savanna through in situ soil solution study for grasping the

original situation. Secondly, we compared the nutrient leaching fluxes for 2 years in

each adjacent maize cropland with original vegetation to reveal the effect of

cultivation on soil nutrient losses both from forest and savanna. We then compared

the case of Oxisols in Africa to that of Ultisols in Southeast Asia.

10.2 Description of Study Sites

This study was carried out in the farmer’s field of village of Andom, East Region,

Cameroon, where we named AD in Chap. 9 (Fig. 9.1). It was located in forest-

savanna transition area. The field experiments were conducted from April 2010 to

March 2012 for 2 years. Among the years in which the field experiments were

carried out, the mean annual precipitation and mean annual air temperature at our

monitoring site were recorded as 1512 mm and 23.1 �C, respectively, as usual year.
The rainy season is bimodal, i.e., the minor rainy season (from March to July) and

the major rainy season (from September to November). Experimental plots

consisted of forested plot (ADf) and savanna plot (ADs), and each adjacent

cropland plot (<50 m from each original vegetation plot) cleared in March 2010

(ADfc and ADsc, respectively). The results of the first year (April 2010–March

2011) and the second year (April 2011–March 2012) of croplands were shown

separately. The ADf and ADs, ~5 km apart, were located on near-level topography

and within the same soil color and texture. Most of forest soils were classified as

Typic Kandiudox (Soil Survey Staff 2014) or Acric Ferralsols (Vetic) (IUSS 2014);

while most of savanna soils were classified as Kandiudalfic Eutrudox (Soil Survey

Staff 2014) or Lixic Ferralsols (Vetic) (IUSS 2014). The dominant vegetation in

ADf was Albizia zygia (Fabaceae; N2-fixing species), while that in ADs was

Chromolaena odorata (Asteraceae). Maize (Zea mays) was cultivated in both

croplands for each rainy season (twice a year) both in 2010 and in 2011, as practiced

by the local farmers.

10.3 General Physicochemical Properties of the Soils
and Environmental Factors

The surface A1 horizons at ADf and ADfc were more acidic, having pH (H2O)

values of 4.0–4.2, than those at ADs and ADsc with pH (H2O) values of 5.0–5.5,

consistent with lower base saturation and higher Al saturation at ADf and ADfc

(Table 10.1). Clay contents in the soils were consistently high at all plots (49–74 %)
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and increased with soil depth. Silt contents in the soils were consistently low

ranging 3–8 % through the horizons at all plots, resulting from a long period of

weathering. C/N ratios in the surface A horizon (0–15 cm) were lower at ADf

(12) and ADfc (13) than at ADs (16) and ADsc (15) (N availability in ADf and

ADfc was higher), whereas this ratio in the subsurface horizon were equally low

consistently at all plots. Bulk density in ADf and ADfc was lower than in ADs and

ADsc, respectively. All of these characteristics of soil physicochemical properties

for each vegetation were in accordance with the previous report (Sugihara et al.

2014). Kaolin minerals were dominant and weak diffraction peak of mica was

detected at all plots according to XRD analysis (data not shown).

Figure 9.4 in Chap. 9 shows daily precipitation and half-hourly soil temperature

at 5 cm (a) and seasonal fluctuations of volumetric water content (VWC) and daily

water fluxes at 0 cm (b), at 15 cm (c), and at 30 cm (d) for ADf. Calculated

evapotranspiration (the differences between the water fluxes of precipitation and

soil water percolated from 100 cm) in ADf (2390 mm for 2 years) was in accor-

dance with the previous reports of equatorial Africa near the sites (Riou 1984; van

der Ent et al. 2010). Evapotranspiration in ADs (1872 mm for 2 years) was 22 %

smaller than that in ADf because ADf vegetation extracts more water of soil profile

due to higher demand for transpiration (Table 10.2). This is comparable with the

previous study by Jipp et al. (1998), which compared water balance of forest and

adjacent pasture in Amazonia and reported that pasture evapotranspiration was

14–18 % lower than forest with annual rainfall of 1485–1755 mm. Land conversion

to cropland resulted in a considerable increase of drainage owing to limited plant

water uptake (evapotranspiration in ADfc: 1478 mm for 2 years; in ADsc: 1637 mm

for 2 years). This is also in agreement with the repot of Williams and Melack (1997)

in a mixture of crops and bush fallow converted from forest in Amazonia, who

estimated evapotranspiration was 667 mm with annual rainfall of 2754 mm.

10.4 Carbon Stock and Flow

Stock and annual flow of carbon are shown in Table 10.3. Aboveground biomass in

ADf (122.4 Mg C ha�1) was 20 times higher than that in ADs (6.1 Mg C ha�1),

although soil organic matter in ADs (61.7 Mg C ha�1) was slightly higher than that

in ADf (44.6 Mg C ha�1) due to the higher bulk density and C concentration of

surface horizon in ADs. In cropland plots, soil organic matter was comparable (53.2

and 56.1 Mg C ha�1 in ADfc and ADsc, respectively). Aboveground biomass in

ADfc (3.9 and 2.9 Mg C ha�1 in 1st year and 2nd year, respectively) was higher

than that in ADsc (1.9 and 1.7 Mg C ha�1 in 1st year and 2nd year, respectively)

since more nutrients were available in soil solution of ADfc, as will be discussed in

the next section.

Seasonal fluctuations of the rates of organic matter decomposition are presented in

Fig. 10.1. The annual rates of organic matter decomposition were calculated using the

average rates of CO2 efflux measured. In the natural vegetation plots, the annual rates

10 Changes in Elemental Dynamics After Reclamation of Forest and Savanna in. . . 213

http://dx.doi.org/10.1007/978-4-431-56484-3_9


of organic matter decomposition were 4.1 and 3.5 Mg C ha�1 year�1 in ADf and

ADs, respectively. Assuming that root litter turnover was 0.20 year�1 in ADf

(Nakane, 1980), organic matter decomposition rates were comparable with C inputs

(4.7 Mg C ha�1 year�1 in ADf). Likewise in ADs, assuming that root litter

turnover was 0.73 year�1 (Chen et al. 2004) and that the aboveground turnover

was 0.29 year�1 (Scholes and Hall 1996), organic matter decomposition rates were

also comparable with C inputs (3.9 Mg C ha�1 year�1 in ADs). In the cropland

plots, surprisingly, the annual rates of organic matter decomposition did not

increase as compared to each original vegetation, but still they were higher than

C inputs due to smaller biomass of maize in each cropland plot. This resulted in the

loss of soil organic matter in both cropland plots (1.7–2.8 and 2.2–2.6 Mg C ha�1

year�1 in ADfc and ADsc, respectively). These values are smaller than the previous

reports by Funakawa et al. (2006) in which tropical forests were just cultivated in

Thailand (5.0 Mg C ha�1 year�1). Such low rates of decomposition in our plots can

be explained by higher clay contents and sesquioxides of Oxisols in this region,

which would contribute to the strong bonding with soil organic matter.

10.5 Soil Solution Composition and Soil Acidification
Processes in Forest and Savanna

We found that a driving force of basic cation leaching was clearly different between

vegetation: NO3
� in ADf and Orgn– in ADs (Table 10.4; Fig.10.2). In ADf, NO3

�

dominated anions (0.16–0.19 mmolc L�1, 60–61 % of the anionic charge of soil

solution), meanwhile in ADs organic anion was the majority (0.10–0.15 mmolc L
�1,

52–62 %) and NO3
� was double-digit lower (2.7–3.4 μmolc L�1, 1–2 %). Many

previous studies reported that NO3
� seldom accounts for a large proportion of the

anionic composition of forest soil solutions neither in the temperate zone (Johnson

and Cole 1980; Fujii et al. 2008; Perakis and Sinkhorn 2011) nor the tropical zone

(Jordan et al. 1979; Wickle and Lilienfein 2005; Vernimmen et al. 2007; Fujii et al.

2011), although only some cases were found with a high contribution of NO3
� in

tropical forest (Markewitz et al. 2004; Schwendenmann and Veldkamp 2005), where

leguminous trees are dominant on Oxisols. Therefore, NO3
� dominance in soil

solution in ADf could result from low C/N ratio of litterfall (high N concentration)

owing to the N2-fixing species (Table 9.5). Soil solution in ADf was approximately

Table 10.2 Estimated water

fluxes during 2 years (PP
precipitation, TF throughfall,

ET evapotranspiration)

ADf ADfc ADs ADsc

(mm for 2 years)

PP 3024 3024 3024 3024

15 cm 1401 1930 1807 1693

30 cm 1027 1643 1575 1416

100 cm 634 1546 1152 1387

ET 2390 1478 1872 1637
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one unit more acidic (Fig. 10.3; median value: 15 cm, 4.9; 30 cm, 5.5) than that in

ADs (median value: 15 cm, 6.3; 30 cm, 6.4). Lower soil solution pH in ADf

compared to ADs, owing to cation excess uptake by trees in ADf, is consistent

with the previous reports in forest-savanna transition zone (Dezzeo et al. 2004).

Based on the ion fluxes in each horizon (Fig. 10.2; precipitation, A and B

horizons) and the excess cation uptake by vegetation, we calculated carbonic acid

dissociation and protonation (NPGCar); organic anion dissociation, mineralization,

and adsorption to soil (NPGOrg); N mineralization, nitrification, and N uptake by

plants (NPGNtr); plant excess cation uptake (NPGBio); and cation release and

accumulation (ΔANC) (Fig. 10.4), as described in Chap. 7. In ADf, NPGBio
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Fig. 10.1 Seasonal fluctuations of the rates of organic matter decomposition in each plot. Bars

indicate standard errors (n ¼ 5)
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contributed to net proton generation in the entire soil profile, which is in accordance

with the previous reports in the tropical forests of Southeast Asia (Fujii et al. 2009,

2011). In ADs, on the other hand, soil acidification rates were much lower than in

ADf because of limited plant uptake. Focusing on the process in detail, NPGBio and

NPGOrg contributed comparably in the entire soil profile in ADs because of

relatively higher production of Orgn–. As such, soil acidification processes proceed

much more rapidly under forest vegetation due to the growing large biomass of

forest. Therefore, current or the history of forest vegetation is likely to play an

essential role in development of highly weathered soils, such as Oxisols. In other

words, savanna vegetation alone tends not to be enough for Oxisols development as

was shown by almost neutral pH of soil solution of ADs (Fig. 10.3).
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Fig. 10.2 Fluxes of solutes at each stratum at studied plots. PP, precipitation; TF, throughfall;

15 cm, soil solution at 15 cm; 30 cm, soil solution at 30 cm
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10.6 Effect of Cultivation on Soil Solution Composition
and Soil Acidification Processes

As a result of cultivation, NO3
� concentrations in soil solution and leaching fluxes

were substantially increased both in ADfc and ADsc, as compared to each original

vegetation, and it caused much loss of basic cations beyond the crop-rooting zone

(>30 cm depth) (Figs. 10.2 and 10.4). In the 2nd year of ADfc and ADsc, total ionic

concentrations of 30 cm solution were significantly smaller than that of the 1st year

of ADfc and ADsc, respectively (t-test; p < 0.01), indicating that the impact of

cultivation was reduced in the 2nd year after reclamation. Total ionic
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Fig. 10.3 Box-and-whisker plots of solution pH leached from each stratum at studied plots. PP,

precipitation; TF, throughfall; 15 cm, soil solution at 15 cm; 30 cm, soil solution at 30 cm; the

inner bar, the median; the inner dotted bar, the mean. The box boundaries indicate the upper and

lower quartiles, the whisker caps indicate 90th and 10th percentiles, and the circles indicate the

outliers. The boxes are preceded by letters which, if different, indicate that the values between

strata are significantly different, p < 0.05, Dunn’s post-hoc tests
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concentrations in ADfc were significantly higher than those in ADsc for both years

(t-test; p < 0.01). In both 1st and 2nd year of ADfc, the pH values of soil solution

were significantly lower than that in ADf for 15 and 30 cm, respectively (Dunn’s
test). In ADsc, on the other hand, the pH values of soil solution were significantly

lower than that in ADs only for 15 cm of the 1st year. Those results suggest that the

impact of cultivation on soil nutrient cycles was larger in ADfc than in ADsc during

2 years after reclamation. Reflecting the nutrient flux pattern of original vegetation,

NO3
� leaching flux in ADfc was significantly higher than that in ADsc, showing
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Fig. 10.4 Net proton generation and consumption and soil acidification in the soil profiles at

studied plots. O, A1, A2, Ap1, Ap2, and Bt1 represent soil horizons
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nitrification was more active in ADfc. This means bulk soil acidity did not suppress

nitrification (Sierra 2006), since we observed soil and solution pH in ADfc was

lower than in ADsc.

Calculating the proton budgets, contribution of NPGNtr was more than 90 % of

proton generation in Ap horizon for both ADfc and ADsc, showing that nitrification

was the main process of soil acidification in cropland. Product removal contributed

very little to acidification because of limited plant (maize) biomass. Most of protons

produced by nitrification were neutralized by basic cations, resulting in intensive

basic cation leaching from Ap horizon (Fig. 10.2). Although NPGNtr was enhanced

by cultivation, its degree depends on the original vegetation before reclamation.

NPGNtr in Ap horizon of ADfc was high (Fig. 10.2; 9.4–10.1 kmolc ha
�1 year�1),

and those values even ranged higher end of the reported ones in the fertilized

croplands (up to 13.5 kmolc ha
�1 year�1) (Poss et al. 1995; Lesturgez et al. 2006;

Noble et al. 2008; Meng et al. 2013). Considering that the loss rates of soil organic

matter following cultivation was relatively low in ADfc, as compared to other

croplands converted from tropical forests, labile organic matter with low C/N ratio

in the litter layer of this legume-dominated forests would be the source of NO3
� and

the reason of such a high value of NPGNtr. In B horizon, NO3
� produced in Ap

horizon was partly taken up by plants in both cropland plots. Although NPGNtr in

Ap horizon showed similar value both in 1st and 2nd year for both ADfc and ADsc,

the contribution of plant uptake in B horizon was larger in the 2nd year possibly due

to enhanced weed and/or secondary vegetation. As a result, soil acidification rates

in the entire soil profiles, which was mainly caused by nitrification, decreased in the

2nd year after reclamation for both ADfc and ADsc. In the 1st year of reclamation

of ADsc, the contribution of NPGOrg in the entire soil profiles was relatively high

with approximately 25 % of net proton generation, which reflected on the nature of

original vegetation. Overall, soil acidification in cropland was enhanced mainly by

nitrification at the expense of the loss of SOM but not by product removal in both

plots. The effects of reclamation on soil acidification processes would depend on

the original vegetation (forest vs savanna), possibly due to the different quality

(e.g., C/N ratio) of organic matter supplied from each vegetation as a substrate for

soil microbes in croplands.

10.7 Comparison of Soil Acidification Processes
in Cameroon with the Case in Indonesia and Thailand

We will compare the cultivation-induced soil acidification in Cameroon (ADf,

ADfc, ADs, and ADsc) to the case in tropical forests of Indonesia (BSf and BSc)

and Thailand (RPf and RPc), where proton budget of forest plots was evaluated in

Chap. 7 and the influence of cultivation on it was quantified by Fujii et al. (2009)

(Figs. 10.5 and 10.6).

In all forested plots, NPGBio (vegetation uptake) was the dominant proton source

in the entire profile, although NPGOrg (dissociation of organic acid) also accounted
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for the soil acidification in ADs because of small vegetation increment in savanna

vegetation. On the other hand, in all cropland plots, generally saying, it was

nitrification that caused soil acidification in the Ap horizon. The degree of NPGNtr

(nitrification) in Ap horizon was, however, various: in descending order, ADfc

(9.4–10.1 kmolc ha�1 year�1) > RPc (5.0 kmolc ha�1 year�1) ’ ADsc

(3.4–4.5 kmolc ha
�1 year�1) > BSc (1.1 kmolc ha

�1 year�1). Dividing these values

by the loss amount of SOC, as organic matter decomposition exceeded the

inputs of C in cropland plots, the rates of NPGNtr were in descending order,

ADfc (43–66 mmolc mol�1 C) > ADsc (16–25 mmolc mol�1 C) ’ RPc

(15 mmolc mol�1 C) > BSc (6 mmolc mol�1 C). As such, in terms of proton

generation process in Ap horizon of cropland, ADfc, ADsc, and RPc could be

categorized into nitrification-dominated type, while dissociation of organic acid, as

well as nitrification, contributed significantly to proton generation in BSc. Fujii

et al. (2009) pointed out that higher nitrification activity in RPc would be allowed

by moderately acidic soils. Although the bulk soils of ADfc and ADsc were more

acidic and even close to the low pH level of BSc, clayey Oxisols of ADfc and ADsc,

which have physically well-structured microaggregates, would provide favorable

habitat for microbes in micropores where pH was not as low as the bulk soil. This

can be the reason for active nitrification in the plots of Cameroon. Such a high

nitrification rate might be the characteristics of Oxisols, which might accommodate

the nitrifiers with suitable environment. In the case of entire soil profile, protons

generated by nitrification still highly contributed to the soil acidification for ADfc,
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Fig. 10.5 Fluxes of solutes at each stratum in Thailand and Indonesia. PP, precipitation; TF,

throughfall; 5 cm, soil solution at 5 cm; 7 cm, soil solution at 7 cm; 20 cm, soil solution at 20 cm;

30 cm, soil solution at 30 cm; 45 cm, soil solution at 45 cm (Data was modified from Fujii et al.

2009)
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ADsc, and RPc. On the other hand in BSc, cation excess accumulation in products

(grains) and nitrification comparably contributed to the proton generation due to the

almost balanced proton budget in the whole profile. Accordingly, the effects of

cultivation on soil acidification processes would depend on soil pH and physical

structure, which affect the nitrification activity.

10.8 Cation Leaching Pattern Can Depend on pH of Soil
Solution

The protons, or the Al cations, may displace exchangeable bases, such as K+, Mg2+,

and Ca2+, into the soil solution, which could cause basic cation leaching (Cahn et al.

1993). We have discussed NO3
� and, to some degree, Orgn– can be the driving

force of cation leaching in the previous sections.

How about the behavior of those basic cations? In nine natural vegetation soils and

four cropland soils from Cameroon, Indonesia, and Thailand, the molar charge ratio

Fig. 10.6 Net proton generation and consumption and soil acidification in the soil profiles in

Thailand and Indonesia. O, A, Ap, Ap1, Ap2, BA, B1, and Bt represent soil horizons (Data was

modified from Fujii et al. 2009)
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of K+ concentrations to sum of Mg2+ and Ca2+ concentrations (K+/(Mg2++Ca2+))

increased with decreasing soil solution pH in the mineral horizon (Fig. 10.7). This

indicates that the low pH of soil solutions could enhance the dissolution of K-bearing

minerals of highly weathered tropical soils. Hence, the lower solution pH, which

could stem from cultivation, might promote K leaching following K-bearing mineral

dissolution. RPf was unlikely to follow this pattern possibly because of higher content

of K-bearing minerals (K2O content in RP was 3.4–3.9 %, as compared to 0.1–0.7 %

in the remaining plots). Soils that are originally high in K-bearing minerals generally

have greater K availability than those with low K content. The values of MV were

also odd partly because the pH of gravitational soil solution was much higher (almost

2 unit) than that of the bulk soil. Even though Oxisols are highly weathered soils that

rarely have K-bearing minerals (Buol 2006), such an intensive soil acidification is

possibly the reason for large K+ leaching in ADfc and lower soil K stock in ADf as

compared in ADs in spite of same climatic and geologic condition, as Melo et al.

(2004) suggested the potential of K-bearing minerals to supply K to the plants from

Oxisols. Our results indicate that soil acidification, which may be caused by contin-

uous cultivation (Fujii et al. 2009), could have the potential to accelerate K+ leaching

through mineral weathering especially under udic moisture regime with intense

leaching condition. Nutrient leaching fluxes from Oxisols of Cameroon were com-

parable or even higher than the case of Ultisols in Thailand and Indonesia, which

generally stocks more basic cations than Oxisols (Funakawa et al. 2006; Fujii et al.

pH

Molar charge ratio of K+concentrations to 
sum of Mg2+ and Ca2+ concentrations 
(K+/ (Ca2+ + Mg2+))

0.0

0.2
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RPc
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Indonesia

Thailand

Thailand
Indonesia

Cameroon

Forest
(ADs: Savanna)

Cropland

Fig. 10.7 Relationship between solution pH and the molar charge ratio of K+ concentrations to

sum of Mg2+ and Ca2+ concentrations. Data sources include five plots in Cameroon from the

present study and Chap. 9, six plots in Indonesia from Fujii et al. (2011) and Chap. 7, and two plots

in Thailand from Fujii et al. (2009) and Chap. 7
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2011). This suggests the risk of nutrient deficiency in cropland is more serious in

Oxisols.

10.9 Conclusions

Our study revealed that NO3
� flux was high and contributes to the cation movement

through the soil profile in forest, while in savanna, NO3
� was almost negligible in

soil solution and organic anion was the driving force of cation leaching. Cation

excess uptake by vegetation was the main process for soil acidification in forest,

while dissociation of organic acid also contributed to net proton generation in

savanna due to the limited growing biomass. Soil acidification in cropland was

enhanced by nitrification in both forest cropland and savanna cropland, although

cultivation in forest caused higher rates of NO3
� leaching than that in savanna,

which was influenced by the pattern of nutrient dynamics in original vegetation.

Hence, the effects of reclamation on soil acidification processes would depend on

the original vegetation (forest vs savanna) under Oxisols in Cameroon. High rates

of nitrification in our plots in spite of low bulk soil pH could be the characteristics of

well-structured Oxisols, which provide the favorable habitat for the nitrifiers. This

indicates the importance of soil physical structure, as well as soil pH, for the effects

of cultivation on soil acidification processes in relation to nitrification. Our results

also indicate that soil acidification could have the potential to accelerate K+

leaching from cropland. Since nutrient leaching fluxes from Oxisols of Cameroon

were comparable or even higher than the case of Ultisols of Thailand and Indonesia,

which generally stocks more basic cations, the risk of nutrient deficiency from

cropland is more serious in Oxisols.
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Van Ranst E, Yemefack M, Zougmoré R (2013) Soil Atlas of Africa. European Commission,

Publications Office of the European Union, Luxembourg City

Jordan CF, Todd RL, Escalante G (1979) Nitrogen conservation in a tropical rain forest. Oecologia

39:123–128

Juo ASR, Manu A (1996) Chemical dynamics in slash-and-burn agriculture. Agric Ecosyst

Environ 58:49–60

Khasa PD, Valle G, Belanger J, Bousquet J (1995) Utilization and management of forest resources

in Zaire. For Chron 71:479–488

Lesturgez G, Poss R, Noble A, Grünberger O, Chintachao W, Tessier D (2006) Soil acidification

without pH drop under intensive cropping systems in Northeast Thailand. Agric Ecosyst

Environ 114:239–248

Lutz W, Sanderson W, Scherbov S (2001) The end of world population growth. Nature 412:

543–545

Markewitz D, Davidson E, Moutinho P, Nepsad D (2004) Nutrient loss and redistribution after

forest clearing on a highly weathered soil in Amazonia. Ecol Appl 14:177–199

Mayaux P, Bartholomé E, Fritz S, Belward A (2004) A new land-cover map of Africa for the year

2000. J Biogeogr 31:861–877

Melgar RJ, Smyth TJ, Sanchez PA, Cravo MS (1992) Fertilizer nitrogen movement in a Central

Amazon Oxisol and Entisol cropped to corn. Fert Res 31:241–252

Melo GW, Meurer EJ, Pinto LFS (2004) Potassium-bearing minerals in two oxisols of Rio Grande

do Sul state, Brazil. R Bras Ci Solo 28:597–603

Meng HQ, Xu MG, Lü JL, He ZH, Li JW, Shi XJ, Peng C, Wang BR, Zhang HM (2013) Soil pH

Dynamics and Nitrogen transformations under long-term chemical fertilization in four typical

Chinese croplands. J Integr Agric 12(11):2092–2102

Mitchard ETA, Saatchi SS, Lewis SL, Feldpausch TR, Woodhouse IH, Sonke B, Rowland C, Meir

P (2011) Measuring biomass changes due to woody encroachment and deforestation /degra-

dation in a forest–savanna boundary region of central Africa using multi-temporal L-band

radar backscatter. Remote Sens Environ 115:2861–2873

Nakane K (1980) Comparative studies of cycling of soil organic carbon in three primeval moist

forests. Jap J Ecol 30:155–172

10 Changes in Elemental Dynamics After Reclamation of Forest and Savanna in. . . 227

http://dx.doi.org/10.3759/tropics.15.1


Noble AD, Suzuki S, Soda A, Ruaysoongnern S, Berthelsen S (2008) Soil acidification and carbon

storage in fertilized pastures of Northeast Thailand. Geoderma 144:248–255

Perakis SS, Sinkhorn ER (2011) Biogeochemistry of a temperate forest nitrogen gradient. Ecology

92(7):1481–1491

Poss R, Smith CJ, Dunin FX, Angus JF (1995) Rate of soil acidification under wheat in a semi-arid

environment. Plant Soil 177:85–100

Riou C (1984) Experimental study of potential evapotranspiration (PET) in Central Africa. J

Hydrol 72:275–288

Sankaran M, Hanan NP, Scholes RJ, Ratnam J, Augustine DJ, Cade BS et al (2005) Determinants

of woody cover in African savannas. Nature 438:846–849

Scholes RJ, Hall DO (1996) The carbon budget of tropical savannas, woodlands and grasslands. In:

Breymeyer AI, Hall DO, Melillo JM, Ågren GI (eds) Global change: effects on coniferous

forests and grassland. Wiley, New York, pp 69–100

Schwendenmann L, Veldkamp E (2005) The role of dissolved organic carbon, dissolved organic

nitrogen, and dissolved inorganic nitrogen in a tropical wet forest ecosystem. Ecosystems

8:339–351

Sierra J (2006) A hot-spot approach applied to nitrification in tropical acid soils. Soil Biol Biochem

38:644–652

Smith J, Barau AD, Goldman A, Mareck JH (1994) The role of technology in agricultural

intensification: the evolution of maize production in the northern Guinea savanna of Nigeria.

Econ Dev Cult Chang 42:537–554

Soil Survey Staff (2014) Keys to soil taxonomy, 12th edn. United States Department of Agricul-

ture Natural Resources Conservation Service, Washington, DC

Staver AC, Archibald S, Levin S (2011) Tree cover in sub-Saharan Africa: rainfall and fire

constrain forest and savanna as alternative stable states. Ecology 92(5):1063–1072

Sugihara S, Shibata M, Mvondo Ze AD, Araki S, Funakawa S (2014) Effect of vegetation on

soil C, N, P and other minerals in oxisols at the forest–savanna transition zone of Central

Africa. Soil Sci Plant Nutr 60:45–59

van der Ent RJ, Savenije HHG, Schaefli B, Steele-Dunne SC (2010) Origin and fate of atmospheric

moisture over continents. Water Resour Res 46:W09525. doi:10.1029/2010WR009127

van Wambeke A (1992) Soils of the tropics—properties and appraisal. McGraw-Hill, New York,

pp 139–161.

Vernimmen RRE, Verhoef HA, Verstraten JM, Bruijnzeel LA, Klomp NS, Zoomer HR,

Wartenbergh PE (2007) Nitrogen mineralization, nitrification and denitrification potential in

contrasting lowland rain forest types in Central Kalimantan, Indonesia. Soil Biol Biochem

39:2992–3003

Wilcke W, Lilienfein J (2005) Nutrient leaching in Oxisols under native and managed vegetation

in Brazil. Soil Sci Soc Am J 69:1152–1161

Williams MR, Melack JM (1997) Solute export from forested and partially deforested catchments

in the central Amazon. Biogeochemsitry 38(1):67–102

228 M. Shibata

http://dx.doi.org/10.1029/2010WR009127


Chapter 11

Shifting Cultivation in Northern Thailand
with Special Reference to the Function
of the Fallow Phase

Shinya Funakawa

Abstract To clarify the various functions of the fallow phase in the shifting

cultivation system in northern Thailand, the fluctuation of fertility-related proper-

ties of soils throughout land-use stages was analyzed and the soil organic matter

(SOM) budget was quantitatively evaluated, with special reference to soil microbial

activities. The factors that have ensured the long-term sustainability of the shifting

cultivation system can be summarized as follows: (1) Some soil properties relating

to soil acidity improve when SOM increases in the late stages of fallow. The litter

input may be supplying bases that are obtained via tree roots from further down the

soil profile to the surface soil. This simultaneous increase in SOM and bases in the

surface soil through forest-litter deposition in the late stages of fallow has an

increasing effect on nutritional elements. (2) The decline in soil organic C during

the cropping phase may be compensated by litter input during 6–7 years of fallow.

With regard to the overall budget, the organic matter input through incorporation of

initial herbaceous biomass into the soil system after establishment of tree vegeta-

tion (approximately in the fourth year) was indispensable for maintaining the SOM

level. (3) The succession of the soil microbial community from rapid consumers of

resources to stable and slow utilizers, along with the establishment of secondary

forest, retards further leaching loss of nitrogen (N) and enhances N accumulation in

the forestlike ecosystems. The functions of the fallow phase listed above can be

considered essential to the maintenance of this forest-fallow system. Agricultural

production can therefore be maintained with a fallow period of around 10 years,

which is somewhat shorter than widely believed. Traditional shifting cultivation in

the study village is shown to be well adapted to its soil-ecological condition.

Keywords Function of fallow • Karen people • Shifting cultivation • Soil organic

matter budget • Thailand
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11.1 Introduction

Traditional shifting cultivation systems consist of two distinct phases: a cropping

phase that occurs after the slash and burn of the forest and the fallow phase. The

main effects of burning on crop production are considered to be the supply of bases

and phosphorus via ash input (Alegre et al. 1988; Ewel et al. 1981; Nye and

Greenland 1960; Raison et al. 1985; Tanaka et al. 1997). In addition, N supply

will be increased by enhanced mineralization after burning (Knoepp and Swank

1993; Marion et al. 1991; Nye and Greenland 1960; Sakamoto et al. 1991; Tanaka

et al. 2001). On the other hand, the function of the fallow phase is said to guarantee

enough accumulation of nutritional elements into the forest vegetation (Richter

et al. 2000) and SOM via litter input (Ruark 1993) for the next cropping phase to be

successful. The effects of burning and subsequent ash input during shifting culti-

vation systems have been intensively studied (e.g., Leonard et al. 1998). Although

quantitative analysis of the fallow phase is still limited, this information is thought

to be imperative for a comprehensive understanding of shifting cultivation in

relation to its historical sustainability.

When considering possible functions of the fallow phase, we could ask the

question: How many years of fallow period are needed to maintain the productivity

of the shifting cultivation in northern Thailand? In order to answer this question,

several field experiments were conducted. In the present chapter, in situ SOM

budget under shifting cultivation in northern Thailand is analyzed with special

reference to functions of soil microbial community.

11.2 Description of Study Sites

The study was carried out in a farmer’s field in the village of Ban Du La Poe,

located in the Mae La Noi District, Mae Hong Son Province, northern Thailand

(DP village). The village is inhabited by Karen people. The cropping fields of the

villagers are mostly on steep slopes (usually exceeding 20�) of hilly landscape, with
an elevation of 1100–1300 m above sea level. There is a distinct dry season in the

area, which is under the influence of a monsoon climate, and precipitation is

concentrated in the rainy season from April to October. In the year in which the

field experiments were carried out (2001), the annual precipitation and mean annual

air temperature at our monitoring site were recorded as 1222 mm and 20.2 �C,
respectively. Parent materials of the soils are derived from partly metamorphosed

fine-textured sedimentary rocks and granite. Most of the soils studied were classi-

fied into Ustic Haplohumults or Humic/Typic Dystrustepts in the USDA classifi-

cation system (Soil Survey Staff 2014). The shifting cultivation system of the

village was similar to a traditional land rotation system, in which cropping for

upland rice is limited to only 1 year, followed by at least 7 years of fallow.

According to our field observation, this fallow period seems to be the longest one
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in this area. In fact, at many of the nearby villages, the fallow period has recently

been shortened to around 4 years. Only a limited area is used for the cultivation of

cash crops, such as cabbage.

11.3 Dynamics of Soil Fertility Status Throughout a Land
Rotation System of Shifting Cultivation in Northern
Thailand

Table 11.1 shows the average values of general physicochemical properties of the

surface soils studied, with respect to the stage of land use. The soils studied were

moderately acidic, having pH(H2O) values of 4.79–6.41. Total C content ranged

from 31 to 79 g kg�1. Most of the soils showed medium to heavy textures, with clay

contents ranging between 23 and 42 %. Although data are not presented here, the

dominant clay minerals were mica and kaolin minerals. These soils showed rela-

tively high fertility that had been formed in highland areas under a monsoon

climate. In Table 11.1, the amounts of readily mineralizable C (C0) and N (N0),

which were determined by the long-term incubation experiment, were also

provided. The C0 and N0 values ranged from 2090 to 14070 and from 100 to

436 mg kg�1, respectively, which is equivalent to 3.9–19.5 % and 3.5–10.1 % of

total C and N, respectively.

To summarize several soil parameters relating to soil fertility and to assess their

fluctuation throughout a land rotation system, principal component analysis was

conducted. Variables used included pH(H2O); pH(KCl); exchangeable K+, Mg2+,

Ca2+, and Al3+; available phosphate; total C and N; C/N ratio; and contents of sand,

silt, and clay fractions. Table 11.2 shows the factor pattern for the first four

principal components after varimax rotation, which accounted for 82 % of the

total variance.

High coefficients, positive or negative, were given for pH(H2O), pH(KCl), and

exchangeable K+, Mg2+, Ca2+, and Al3+ for the first component. These variables

corresponded to the properties derived from soil acidity and, hence, the first

component was referred to as the “acidity” factor. The second component exhibited

high positive coefficients of total C and N, indicating that a close relationship exists

between these and SOM accumulation and that this relationship could be referred to

as the “SOM” factor. The third component showed high positive coefficients with

available P, NC ratio, and sand content and was considered to be a “P and NC ratio”

factor. The forth was correlated with silt and clay contents and was characterized by

a “texture” factor.

Figure 11.1 shows the dynamics of the first, second, and third factors throughout

different land-use stages of shifting cultivation. In the initial stage of fallow, the

scores in the “acidity” factor were kept low, presumably reflecting the ash input at

the beginning of cultivation (Fig. 11.1a). It then sharply increased in the middle

stage of fallow (3–6 years) and then decreased again in the late stage of fallow. As a

similar, but more prolonged, acidification was reported for subsoils under fallow in
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the area (Tanaka et al. 1997), soil acidification may commonly occur as a result of

cation uptake by fallow vegetation.

The values of factor 2 scores, the “SOM” factor, were low throughout the cropping

year and the initial stage of fallow (0–6 years) and then slightly increased along with

the establishment of secondary forest and an increasing supply of forest litter

(7–8 years) (Fig. 11.1b). A similar trend observed for the amounts of readily

decomposable fractions of organic C and N (C0 and N0, respectively) supported an

accumulation of organic materials through litter incorporation into the surface soils

(Fig. 11.2). As the “acidity” factor showed a decreasing trend at the same time in the

late stage (Fig. 11.1a), this litter may be supplying bases (obtained by tree roots from

further down the soil profile) to the surface soil. This simultaneous change in factors

1 and 2 in the surface soil through forest-litter deposition in a late stage of fallow has

an increasing effect on nutritional elements and can be considered essential to the

maintenance of this forest-fallow system. However, since in the long fallow the factor

1 scores were often high, cumulative cation uptake by forest vegetation may occa-

sionally cause soil acidification. It is necessary to investigate in more detail whether

prolonged fallow can accumulate bases in surface soil layers. In the long fallow, the

values of factor 2 scores were usually high due to cumulative litter input.

The “P and NC ratio” factor did not exhibit any clear trend throughout the land-use

stages, including long fallow (Fig. 11.1c). The fallow practice does not seem to

improve the soil properties relating to this factor. The slash-and-burn practice was,

therefore, considered to be indispensable for improving the soil properties relating to

this factor for the next cropping. This is in contrast to the acidity and/or SOM-related

properties of the soils, which already showed improvements in the late stage of

fallow.

Table 11.2 Factor pattern for the first four principal components determined for the surface soil

samples from northern Thailand (n ¼ 27)

Variable PC1 PC2 PC3 PC4

pH(H2O) �0.78 ** �0.48 0.17 �0.08

pH(KCl) �0.90 ** �0.27 0.20 0.15

Exch. K �0.68 ** 0.25 0.38 �0.07

Exch. Mg �0.91 ** 0.22 0.03 �0.14

Exch. Ca �0.94 ** 0.07 0.02 0.10

Exch. Al 0.83 ** 0.38 0.12 0.04

Avail. P �0.18 �0.05 0.80 ** �0.01

Total C 0.14 0.94 ** �0.13 �0.10

Total N 0.04 0.98 ** 0.07 �0.09

NC ratio �0.32 0.41 0.70 * 0.02

Sand 0.26 �0.37 0.70 * �0.08

Silt �0.16 �0.13 0.13 0.82 **

Clay 0.18 0.01 �0.19 0.82 **

Proportion (%) 35 21 15 11

Acidity SOM P and NC ratio Texture

Significant correlation coefficients at **p < 0.01 and *p < 0.05
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11.4 Field Measurements of SOM Budget in Different
Stages of Land Use Under Shifting Cultivation

The field experiments were conducted from April 2001 to April 2002. To compare

SOM dynamics under different stages of land use (cropped field after burning,

fallow forest, and natural forest), six plots were set up as follows: cropland in 2001

(CR01); first, second, fourth, and sixth years of fallow forest (F1, F2, F4, and F6,
respectively); and unburned seminatural forest stand of about 30 years old (NF) for
comparison.
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Fig. 11.2 Distribution of C0 and N0 in relation to land-use stages of shifting cultivation in

northern Thailand
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To estimate the amount of C input into the soils, we measured litter input in

CR01, F1, F2, F4, F6, and NF from 19 April 2001 to 19 April 2002, as follows.

First, litter input in cropland is assumed to be equal to the amount of rice residues

after harvest, which were collected for 1-m2 plots in triplicate just after harvest.

Second, in the early stage of fallow (first to third year), fallowed fields are occupied

by perennial herbaceous species, among which Eupatorium odoratum is dominant.

Tree species gradually increase, but their biomass and litter supply are still limited

at this stage. As it was difficult to collect litter fall in these fields, we postulate that

in the first and second year, the amount of litter input is equivalent to the amount of

leaves at the end of the rainy season, and in the third year, all the herbaceous

biomass and half of the litter input of the establishing tree vegetation are returned to

the soils. The biomass of herbaceous species was measured in F1 and F2 at the end
of the rainy season (in 1-m2 plots in triplicate). Third, in the later stage of fallow

(fourth to seventh year), secondary forest is successively established and litter fall

from tree vegetation comprises a major part of litter input. The amount of litter fall

was collected every month in F4, F6, and NF (in approximately 0.4-m2 plots in five

replications). In addition, the amounts of litter stock were measured for 1-m2 plots

in triplicate in F4, F6, and NF on 16 May 2001 and 19 April 2002. The results on

litter input are given in Table 11.3. Annual litter fall was calculated to be 6.87, 5.37,

and 9.00 Mg ha�1 year�1 in F4, F6, and NF, respectively. These values can be

converted to carbon: 3.19, 2.61, and 4.48 Mg C ha�1 year�1, respectively. For these

forest stands, as it is difficult to measure the amount of annual supply of dead root

litter, we used the ratio of root litter to litter fall of 0.32, according to the simulation

of Nakane (1980), which was proposed for matured forests under different climates.

In F1 and F2, the total biomass of herbaceous species was 12.0 and 14.3 Mg ha�1

year�1, respectively, of which approximately 47 % consisted of leaves. In CR01,
only 1.31 Mg C ha�1 year�1 of rice residues remained on the soil after harvest. As a

result, total litter input is calculated to be 4.3–9.0 Mg ha�1 year�1 in the fallowed

plots, which equals to 2.0–4.2 Mg C ha�1 year�1. It is noteworthy that especially

high concentrations of N or P could be returned to the soils via the forest litter

compared with via the herbaceous litter (Table 11.3).

On the other hand, the soil C output was estimated by measuring the in situ field

soil respiration rate using a closed chamber method for several times during the

experimental period. At the same time, soil temperature at a depth of 5 cm and

volumetric moisture content of the soil at depths of 0–15 cm were measured

at all sites and also monitored continuously using data loggers at two sites (CR01
and NF). Figure 11.3 shows the seasonal fluctuations of soil temperature

(5 cm), volumetric water content of the soils (0–15 cm), and soil respiration rate

(mol C ha�1 h�1) with or without root respiration (Cem+R and Cem–R) measured at

the plots. Soil temperature at CR01 was the highest, within the range of 23–32 �C,
whereas that at NF was the lowest, within the range of 18–21 �C. In the fallowed

plots, soil temperature was between CR01 and NF. Volumetric water content of the

CR01 soil was lowest among all the plots throughout the year. The temperature and

moisture data monitored by the data loggers also exhibited the same trend. The values

of Cem–R were usually lower than Cem+R, indicating that whole-soil respiration is also
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contributed by plant root respiration. Both the Cem+R and Cem–R at all the plots

exhibited the highest values in the late rainy season (September to October). The

Cem+R and Cem–R values were low throughout the dry season (December to March).

In order to estimate total soil respiration throughout the year, we first established

an equation that represented a relationship of the in situ hourly soil respiration rate

and environmental factors (such as soil temperature and moisture) by multiple

regression analysis. We then calculated hourly soil respiration rate by substituting

each parameter of the equation using monitored data and summed up hourly soil

respiration rates for a given period. In the first step, we assume the Arrhenius-type

relationship between soil temperature and respiration rate, as follows:

Cem ¼ a θbexp �E=RTð Þexp cDð Þ ð11:1Þ

where Cem is an hourly soil respiration rate with or without root respiration

(mol C ha�1 year.�1), θ is a volumetric soil moisture content (L L�1), E is the
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activation energy (J mol�1), R is the gas constant (8.31 J mol�1 K�1), T is an

absolute soil temperature (K), D is days after the rainy season started on 14 May

(until 13 November, on which θ was falling below 0.3), and a, b, and c are

coefficients. As soil respiration rate and microbial biomass N showed an increasing

trend in some of the plots during the rainy season, a parameter D was introduced.

For the samples in the dry season (after 13 November, θ < 0.3), the value of D was

set to 0. The equation was then rewritten in the logarithm form:

lnCem ¼ lnaþ blnθ � E=RT þ cD ð11:2Þ

Following this, a series of coefficients (a, b, c, and E) are calculated by stepwise
multiple regression analysis ( p < 0.15) using the measured data, Cem, θ, T, and
D (SPSS Inc. 1998).

The results of regression analysis are summarized in Table 11.4. The coefficient

relating to soil temperature (E) was often rejected ( p < 0.15). For example, this

occurred in F1 and F4 for Cem–R and in CR01 for Cem+R, indicating that under the

subtropical conditions in this study, the effects of seasonal fluctuation of temper-

ature on soil respiration rate were limited. In contrast, coefficient b usually caused a
fluctuation of the soil respiration rate due to the presence of a distinct dry season. In

CR01, the influence of both soil temperature and moisture was uncertain, and only

the date factor, c, was strongly related to fluctuations of soil respiration. A drastic

change in microbial community after slash and burn may cause such a unique

behavior of soil respiration, which continuously increased throughout the rainy

season. Using these regression equations, and monitoring soil temperature and

moisture data in CR01 and NF, cumulative soil respiration during the year was

calculated. As the monitored data was available for only two of the six plots,

fluctuations in soil temperature and moisture for the remaining four plots were

assumed based on the relationship between the actual data and either monitored

data of CR01 or of NF with a higher correlation. We used monitoring data of CR01
for simulation in CR01, F1, and F2 and that of NF for simulation in NF, F4, and F6.
The results of these calculations are also given in Table 11.4. Annual soil respira-

tion without root respiration was highest in CR01, followed by NF and then F2, F1,
F4 and F6, ranging from 2.15 to 6.34 Mg C ha�1 year�1. The contribution of root

respiration on whole-soil respiration was calculated to be 23, 48, 29, 57, 69, and

38 % in CR01, F1, F2, F4, F6, and NF, respectively (an average of 55 % in forest

plots F4, F6, and NF), which was similar to the estimation (50 %) by

Nakane (1980).

Table 11.5 summarizes the amounts of SOM stock (up to 15-cm depth) and C

budget in the study plots. Total SOM stock, including litter layer, in the soil profiles

ranges from 37.3 to 66.7 Mg C ha�1. Compared with the total stock, annual output

of soil C under the fallow forest is small (2.15–3.35 Mg C ha�1 year�1), as is that of

cropland (6.34 Mg C ha�1 year�1); this is equivalent to only 4.5–10.3 % of total

SOM. This may be one of the reasons why soil degradation did not become

pronounced after 1 year of cropping in this area. Considering the fact that, even

in NF, the SOM budget is still positive, the SOM level after the forest ecosystem
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reaches its equilibrium would possibly be higher. In turn, the SOM level under the

current shifting cultivation practice can be said to be a secondary one, in which

SOM stock had already been decreasing during repeating cultivation, compared

with natural forest. Figure 11.4 summarizes annual input and output of organic

matter in the soils with a cumulative budget based on the data in Table 11.5. For the

fifth year, the average value of F4 and F6 was used for the calculation, and for the

third year, the average value of F1 and F2 and half of the litter input of F4 were

assumed to consist of litter input. During the cropping phase and the initial stage of

fallow, the annual C budget was negative. It became positive when the initial

herbaceous vegetation was succeeded by tree vegetation (after the third or fourth

year of fallow), and a cumulative budget became positive after the sixth year of

fallow. As the litter fall supplied may require another 6 months to 1 year to be

completely incorporated into the soils after initial decomposition (based on the C

stock in litter layer and the annual C input from litter fall (see Table 11.5)),

approximately 6–7 years of fallow is needed to balance the SOM budget under

the current fallow/cropping practice. A possible error can derive, in this study, from

uncertainty regarding the estimation of dead plant roots in the burning stage or

during the later stage of fallow. Even so, the minimum fallow period required

would not fall below 4 years, judging from the fact that the SOM budget in the

system strongly depends on incorporation of initial herbaceous biomass into the soil

system after establishment of tree vegetation (in approximately the fourth year).

It was possible to establish a multiple regression equation between the annual

soil respiration and soil parameters for the five noncultivated plots (excluding

CR01), as follows:

Annual soil respiration Mg C ha�1year�1
� � ¼ 1:291þ 0:483� C0 g kg�1

� �

þ0:643� pH H2Oð Þ � 0:116� clay content %ð Þ; r2 ¼ 0:93; p < 0:25; n ¼ 5ð Þ
ð11:3Þ

These parameters were chosen from variables that correlated with the different

principal components determined previously. Although the reason for the negative

Table 11.5 Stock and budget of soil organic carbon from 19 April 2001 to 19 April 2002

Site

C stock in

litter layer

C stock in

0–15-cm

depth

Total litter input

estimated (a)
Annual C output

by decomposition (b)

Annual

budget of

SOM (a-b)

(Mg C ha�1) (Mg C ha�1)

(from Table 11.4)

(Mg C ha�1 year�1)

(from Table 11.5)

(Mg C ha�1 year�1)

(Mg C ha�1

year�1)

CROl 61.9 1.31 6.34 �5.03

FI 64.4 2.59 3.02 �0.43

F2 61.8 1.99 3.35 �1.36

F4 2.7 64.0 4.19 2.99 1.20

F6 1.5 35.8 3.44 2.15 1.29

NF 3.6 50.8 5.89 4.14 1.75
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contribution of soil acidity is uncertain, it seemed to be worthwhile to be further

investigated. Using this equation, the annual soil respiration was estimated for all

27 soils analyzed in Table 11.1 (excluding those in the cropping year) and plotted in

Fig. 11.5. In most cases, the annual soil respiration in the fallowed plots ranged
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from 2 to 4 Mg C ha�1 year�1 and were almost consistent with the measured values.

Therefore, it is possible to conclude that the annual soil respiration or the annual

decay of SOM in the studied village falls in this range and that amounts of organic

material should be incorporated into soils annually to keep the present level of

SOM.

11.5 In Situ Soil Solution Composition Under Shifting
Cultivation

As decomposed products of SOM, such as NO3
�, were expected to be present in the

soil solution, we collected the soil solution by a porous-cup method (Funakawa

et al. 1992) to analyze the process of N translocation in soil profiles.

Figure 11.6 shows that the NO3
� concentration in the soil solution was high in

May and sharply decreased in early June at all the plots, except for CR01, in which
the NO3

� concentration remained as high as 0.5 mg N L�1 at a depth of 45 cm even

on June 22, suggesting that a higher amount of NO3
� could have been leached out

from the top 45 cm of the soil layer in CR01 along with rainfall events. In contrast, a
low concentration of NO3

� was detected in the soil solution at a depth of 45 cm in

NF throughout the rainy season, indicating that almost no N leaching from the

forested ecosystem occurred. Figures for fallow forest were between that of CR01
and NF, in that the high concentrations of NO3

� were observed only at the initial

stage of the rainy season (May), and they soon dropped to a low level.

11.6 Fluctuation of Microbial Biomass and the Substrate-
Induced Microbial Activities (Respiration and N
Assimilation/Nitrification)

To estimate the dynamics of microbial biomass and its activity in relation to the

dynamics of C and N, the amounts of microbial biomass C and N were determined

for several times during the experimental period by the chloroform fumigation-

extraction method (Brookes et al. 1985; Vance et al. 1987). The metabolic quotient,

qCO2, was calculated from the soil respiration rate divided by microbial biomass C.

Figure 11.7a shows that microbial biomass C in NF was the highest, ranging

from 530 to 1849 mg kg�1, whereas that in CR01 was usually the lowest throughout
the year (85–614 mg kg�1). Salt extractable C in CR01 increased remarkably up to

600 mg kg�1 in the dry season (Fig. 11.7b), in which microbial biomass C dropped.

Such an inverse fluctuation of biomass C and salt extractable C indicates an

increase of microbial debris during the dry season due to exposure to a strongly

fluctuating environment (such as in the soil temperature), with a limited vegetation

cover. According to Fig. 11.7c, microbial biomass N was the lowest in CR01,

11 Shifting Cultivation in Northern Thailand with Special Reference to the. . . 243



whereas the highest was seen in NF. Microbial biomass N exhibited an increasing

trend throughout the rainy season, probably due to continuous assimilation of

N. Similarly, the value of qCO2 was the highest in the late rainy season

(Fig. 11.7d) and then sharply dropped at the start of the dry season. Soil respiration

also decreased, whereas the microbial biomass C level remained high, except for in

CR01 (Fig. 11.7a). It is considered that a large proportion of the soil microbes could

have survived in the forested soils without a drastic decrease of biomass during the

dry season, presumably by suppressing their activity.
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To analyze the behavior of the microbial community as a controlling factor of N

dynamics in shifting cultivation in more detail, short-term responses of soil

microbes after the addition of C and N substrates were comparatively investigated

for forest and cropland soils from the study village using fresh soil samples

collected in March 2003 (late dry season), early June and July 2003 (rainy season),

from a field that was used for rice cropping in 2003 (CR03), a field in its second year

of fallow (CR0103), a field in its sixth year of fallow (F403), and a seminatural forest

stand (NF03). The latter three are the same plots as those used for the field

experiments in 2001. Then substrate-induced microbial activities were traced

using a fresh soil after addition of glucose (equivalent to 4000 mg C kg�1 soil)

with or without 0.0168 g of NH4NO3 (equivalent to approximately 400 mg N kg�1

soil). In the treatment with NH4
+, enough N was added to eliminate the microbial

activity limitations that occur as a result of N shortage. Then the mineralized C was

measured continuously up to 94 h at 25 �C. Similarly short-term N transformation

after addition of NH4
+–N as an N source was traced up to 168 h at 25 �C under

aerobic conditions.
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Figure 11.8a compares cumulative CO2 emissions after adjustment of glucose

levels with or without N in the cropland soil (CR03) and the forest soil (NF03).

Irrespective of N addition, glucose-induced respiration in NF03 was significantly

delayed compared with that in CR03. In the case of CR03, N addition resulted in

further acceleration of respiration, suggesting that the soils of CR03 originally did

not contain enough N for the microbial community to demonstrate its maximum

potential or the microbial community could utilize additional N efficiently for

multiplication of the community. Such a trend was, however, scarcely observed

for the forest soil, NF03. A higher and efficient utilization of additional C and N

resources is obvious in CR03 compared with NF03. It was notable that such a

response of the microbial community was observed only in CR03 during the rainy

season (after burning and moistening) (Fig. 11.8b). The soils from the second and

sixth years of fallow forests (CR0103 and F403) showed a similar trend as NF03.

Even in CR03, the soil collected before the burning event (but after forest clear-

cutting) did not exhibit active respiration after glucose addition with N. Therefore,

the unique property of the microbial community in CR03 was probably introduced

after slash and burn of fallow forest.
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At the end of the incubation period (42 h), 2170 mg kg�1 of soil C was

mineralized in CR03 (in the +C+N treatment), which amounted to 54 % of added

C (Fig. 11.8a). Coody et al. (1986) reported that, using a 14C-labeling technique,

27–44 % of added glucose was mineralized and most of the remaining glucose was

already assimilated by soil microbes within 96 h at 25 �C. It is highly probable in

this experiment that the added glucose was almost completely consumed, either

through respiration or via assimilation by soil microbes — even considering that

our results may involve some degree of priming effect and, therefore, an

overestimation of substrate decomposition. On the contrary, the soils from fallowed

(CR0103 and F403) or matured (NF03) forests exhibited slow decomposition rates

compared with CR03, and the amounts of mineralized C at 42 h were only 8, 21, and

13 % of added glucose, respectively. Since in this experiment the possibility of a

deficiency in N was practically eliminated, such a slow utilization of the added C

could be attributed to a specific property of the microbial community in these forest

plots.

Figure 11.9 demonstrates the fluctuation of levels of inorganic nitrogen (NH4
+

and NO3
�) after addition of NH4

+ in the incubation experiment. The nitrifying
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activity was detected only in the CR03 samples collected in the rainy season (June

and July). In the soils from fallowed (CR0103 and F403) or matured forest (NF03),

minimal nitrifying activity was traced, if any. As the concentration of NH4
+

increased within the period of incubation (168 h), gross mineralization of organic

N was superior to gross immobilization of NH4
+. So, in the forested plots, including

in the initial stage of fallow (CR0103 in the second year), both the nitrifying activity
and the NH4

+ assimilation are noticeably low. In contrast, judging from the fact that

the sum of the remaining NH4
+–N and NO3

�–N was decreasing during the exper-

iment, N immobilization also occurred at the same time as active nitrification in

cropland (CR03). These results were generally consistent with the fact that, in most

cropped ecosystems, NH4
+ is mineralized and then readily nitrified to form NO3

� if

it is not immobilized again rapidly. In contrast, in forest soils, such an active

nitrification is sometimes retarded due to low activity of nitrifying bacteria (Rob-

ertson 1982).

11.7 Discussion on the Dynamics of Microbial Activities
During Different Stages of Shifting Cultivation
with Special Reference to the Function of the Fallow
Phase

Figure 11.7d shows that the values of qCO2 in CR01were much higher than those in

the other plots, indicating a higher activity of soil microbes per unit weight of

biomass despite apparent lower biomass there (Fig. 11.7a). This is partly because

the method used in this study (the chloroform fumigation-extraction method) could

evaluate the whole biomass including inactive biomass that may be dominant in the

forest soils. Two explanations are possible for this apparent high microbial activity

in CR01. First, there may be a possible effect of disturbance, as well as slash and

burn, in CR01. Mamilov and Dilly (2002) reported that stress, such as drying and

re-wetting, makes microbial activity high, which is expected to be more pro-

nounced in the field just after forest reclamation (as in CR01). According to Wardle

and Ghani (1995), who described how qCO2 could be used as a bioindicator of

disturbance, the cropland ecosystem in the present study (CR01) is considered to be
a more disturbed one than the forested ecosystems. Second, the soil microbial

community in CR01 drastically changes after slash and burn of the forest due to a

sharp increase in soil pH along with ash addition. As was observed in Table 11.1

and Fig. 11.1, a few years after a burning event, it generally produces higher pH

values in soils than in fallow or matured forest in the same area. In any case, the

distinct difference in the values of qCO2 between the cropland (CR01) and the

others suggests some essential difference in composition and/or function of soil

microbial communities.

On the other hand, soil solution composition revealed that, in the cropland

(CR01) soil, a fairly high concentration of NO3
� was released into the soil solution,
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unlike in forest soil (NF) (Fig. 11.6). The values for fallow forests were between

them. A small stand of upland rice with possibly poor nutrient-uptake ability in

CR01 during the early rainy season may further increase the chance of NO3
�

leaching. Ellingson et al. (2000) and Neill et al. (1999) also reported that defores-

tation and burning increased the concentration of NO3
� in the soils in Mexican

tropical dry forests and Amazonian forests, respectively. There are two explana-

tions in which a higher amount of NO3
� could be released into the solution in CR01

in the present study: either there was higher nitrification activity of soil microbes in

CR01 or a higher N immobilization (assimilation) activity of soil microbes in NF.

As shown in Fig. 11.8, the laboratory incubation experiment for analyzing the

substrate-induced respiration clearly showed that the soil microbes in the cropland

(CR03) soil responded very quickly to addition of glucose, unlike fallowed or

matured forest soils (CR0103, F403, and NF03). In the same way, soil microbes

rapidly nitrified NH4
+ added to NO3

� in CR03while partially assimilating the NH4
+

at the same time (Fig. 11.9). In the remaining plots, neither accelerated glucose

consumption nor active NH4
+ utilization was observed. Therefore, all the microbial

activities that were tested in CR03 were induced quite rapidly after the addition of

the substrates. These properties of the microbial community in CR03 were probably
introduced after slash and burn of fallow forest. This, together with the fact that a

higher qCO2 was observed despite an apparent lower microbial biomass in CR01
(Fig. 11.7), indicates that the microbial community in the cropped soils consists of a

smaller number of, but more active, microbes compared with that in the fallowed or

matured forests, in which a larger number of soil microbes coexisted with a low

activity. The main reason for suppressing NO3
� release into the soil solution is

therefore a lower nitrifying activity of the microbial community in the forest soils

than in the cropped soils. Such a high nitrifying activity in cropped soils under

shifting cultivation is also reported by Tulaphitak et al. (1985a) and Tanaka et al.

(2001). On the other hand, the contribution of re-immobilization of NH4
+ once

mineralized is secondary to suppressing NO3
� release in the forest soil, as in NF03

and the fallowed plots (CR0103 and F403), where the microbial response for

immobilization of added NH4
+ was slow in the incubation experiment.

Conversely, the seasonal fluctuation of microbial biomass C and salt extractable

C suggests that the microbial community in CR01 was easily destroyed after sharp

drought conditions during the dry season. With a succession of secondary vegeta-

tion, such a community seemed to be replaced by a more stable one, which did not

show a clear decrease of microbial biomass C, even in the dry season. At the same

time, it does not increase, or multiply, rapidly even under favorable conditions, such

as the addition of substrates, as demonstrated in the short-term incubation experi-

ment. The increasing trend of microbial biomass N that is observed during the rainy

season (Fig. 11.7c) is considered to be a result of slow utilization of N by the

microbial community and may contribute to accumulation of N into the SOM pool.
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11.8 Conclusion: The Main Functions of the Fallow Phase
in Shifting Cultivation by Karen People in Northern
Thailand

Based on the results obtained in this study, the functions of the fallow phase in

shifting cultivation that have ensured the long-term sustainability of the system can

be summarized as follows: First, some soil properties relating to soil acidity

improve at the same time as the SOM-related properties increase in the late stage

of fallow. The litter input may be supplying bases (obtained by tree roots from

further down the soil profile) to the surface soil. This simultaneous increase in SOM

and bases in the surface soil, through forest-litter deposition in the late stage of

fallow, has an increasing effect on nutritional elements. Second, the decline in soil

organic C during the cropping phase could be compensated by litter input during

6–7 years of fallow. With regard to the overall budget, the organic matter input

through incorporation of initial herbaceous biomass into the soil system after

establishment of tree vegetation (approximately in the fourth year) was indispens-

able for maintaining the SOM level. Third, the succession of the soil microbial

community from rapid consumers of resources to stable and slow utilizers, along

with establishment of secondary forest, retards further N loss through leaching and

enhances N accumulation into the forestlike ecosystems. It is noteworthy that,

during the fallow period, nitrifying activity of soil microbes, which was once

activated in the cropping phase, is apparently suppressed. As a result, NO3
� effluent

from soil layers was remarkably low, even in the initial stage of fallow.

The functions of the fallow phase listed above can be considered essential to the

maintenance of this forest-fallow system. Agricultural production can therefore be

maintained with a relatively short fallow period of around 10 years. Traditional

shifting cultivation in the study village can be seen to be well adapted to the

respective soil-ecological conditions. Socioeconomic conditions are, however,

drastically changing, making it difficult to sustain this system. Under such condi-

tions, we should search for alternative technical tools that could maintain the SOM

level, suppress the nitrifying activity of soil microbes, and avoid depletion of bases

while mitigating soil acidification. This is imperative if the subsistence agriculture

seen in this village is intended to continue in the near future.
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Chapter 12

Slash-and-Burn Agriculture in Zambia

Kaori Ando and Hitoshi Shinjo

Abstract Soil organic matter (SOM) is important to sustain crop productivity for

famers in semiarid tropics of Africa who use little fertilizer and rely on the nutrient

released from SOM. It is, therefore, important to elucidate the effect of the

conversion to cropland and shortened fallow period on SOM for evaluation and

improvement of soil fertility. The results of our field study indicated the following:

(1) More than 10-year cropping exhausted SOM and woody biomass; SOM and

woody biomass were not restored during short fallow. (2) At spots burned with

emergent and bush trees, SOM decreased only by burning and could be restored

during short cropping, although N contents of SOM and woody biomass were not

restored even during fallow. (3) Without burning, 2-year fallow after 3-year

cropping is relatively useful management in terms of maintenance of POM,

SOM, and grain yield, although woody biomass decreased compared to 2-year

fallow after 1-year cropping. The C and N stock could not be fully recovered,

especially burned spots. Thus, under rainfed agriculture without fertilizer in semi-

arid region, this type of slash and burn was relatively suitable to maintain grain

yield and SOM contents although the yield and the SOM were low level compared

to other regions where slash and burn is practiced. In other regions such as Central

Africa, Southeast Asia, and South America, soil C and N stock decreased rapidly

even during short cropping, while grain yield was higher than this semiarid region.

However, in the semiarid region, the decrease in soil C and N stock during cropping

was small with return of plant residue because long dry season constrains loss of

SOM through leaching and decomposition and N2 fixation by free-living N2

fixation. Therefore, SOM will not decrease drastically under short cropping and

short fallow rotation because recent decrease in emergent trees and increase in bush

trees brought small loss of SOM during burning.
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12.1 Introduction

Soil organic matter (SOM) is important to sustain crop productivity for famers in

semiarid tropics of Africa who use little fertilizer and rely on the nutrient released

from SOM. The SOM which decreases during clearing and cropping has been

restored during fallow in slash-and-burn agriculture in the Africa (Nandwa 2001).

However, conversion of woodland to cropland followed by shortening fallow length

has been increasing due to high land use pressure, which may cause the decrease in

SOM (Nandwa 2001; Chirwa et al. 2004). Therefore, the effect of the conversion to

cropland and shortened fallow period on SOM is needed to be elucidated for

evaluation and improvement of soil fertility (Nandwa 2001).

When woodland is cleared for cropland, various slash-and-burn practices are

used, based on the aboveground biomass present in an area, resulting in varied

responses. In tropical humid regions such as Southeast Asia, South America, and

Central Africa, with aboveground biomass of about 150–350 Mg ha�1 (Hertel et al.

2009), slashed trees cover an entire cleared area to be burned (Rasul and Thapa

2003). In contrast, the aboveground biomass in the semiarid tropics covered by

miombo woodland composed of emergent tree and bush trees was only 69 Mg ha�1

(Chidumayo 1997). In Northern Province, Zambia, not only trees slashed in a

cleared field but also branches collected from surrounding woodland are burned

to compensate for the low levels of biomass. Then they are piled to cover the entire

cleared field to be burned (Strømgaard 1984). In Eastern Province, trees are cut only

within the field being opened, and the cut trees are collected and piled only in part of

the field because of the low levels of biomass. Therefore, only the spots with the

tree piles are burned, and the remaining cleared spots without piles are not burned.

Traditionally, most of the piles were composed of the emergent trees. However,

shorter fallow periods caused decrease in emergent tree biomass recently, and the

tree piles composed of bush trees in turn have increased. Therefore, two kinds of

tree piles, such as emergent and bush tree piles, could be present simultaneously

within the cleared field. This recent practice may increase the spatial variability of

the extents of burning with these mosaic spots of unburned and burned with two

levels of biomass. The extents of burning or fire intensity, which were determined

by the maximum temperature and the duration of burning (Hatten and Zabowski

2009), affects the extent of SOM degradation and nutrient release (Tanaka et al.,

2004). Therefore, it is essential to reveal the spatial variability of SOM and nutrient

release immediately after burning.

The decline of SOM during cropping after clearing and burning has been

attributed to various factors: the increase in mineralization of SOM via high

microbial activity (Jobbagy and Jackson 2000), incorporation of plant materials

and breakdown of soil aggregation by plowing (Six et al. 2002), and decrease in the

amount of input returned to soil (Norton et al. 2012). Particularly, the amount of

input may decrease with increase in cropping period, but the rate of the decrease

may be different among the spots with different fire intensities. Additionally, the

composition of input may also change in response to the decrease in tree coppicing
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ability with increase in cropping period and/or fire intensity (Luoga et al. 2004),

which may affect decomposition rate. Therefore, the decrease process of SOM

during cropping may be different among the spots unburned and burned with

emergent and bush tree piles.

It should be concerned that those different extents of decrease in SOM during

cropping with different fire intensity could be restored during the recent shortened

fallow after cropping. Restoration of SOM during fallow is attributed to increase in

litter returned to soil (Funakawa et al. 2006) and decrease in decomposition of SOM

with leaving plant litter on soil surface (Ouattara et al. 2006). Several studies have

claimed that the short fallow was not enough to recover the decrease in SOM by

cropping or burning (Hauser et al. 2006). However, it depends on the extent of

decrease in SOM and vegetation during cropping before fallow (Mobbs and Cannell

2006; Hauser et al. 2006). Hence, evaluation of restoration of SOM during fallow is

needed to consider not only fallow period but also the cropping period and fire

intensity before fallow. However, little has been reported on the evaluation of

changes in SOM stock during different cropping period followed by short fallow

under the slash-and-burn agriculture, with the changes in composition and amount

of input.

The C and N budgets are a time-consuming method but could detect even small

changes of C and N which could not be found by direct measurement of soil stock of

C and N because of heterogeneity in soil itself. Therefore, the validation of changes

in C and N contents of SOM by input to soil and output from soil is useful for the

establishment of well-balanced cropping and short fallow rotation.

The objectives of this study were (1) to evaluate the effects of fire intensity on

SOM and nutrient release immediately after burning, (2) to evaluate the changes of

C and N contents in COM and POM under different cropping period followed by

short fallow with reference to the changes of the composition and the amount of

input, and (3) to estimate C and N budget during cropping and short fallow rotation

from input and output flow.

12.2 Materials and Methods

12.2.1 Site Description

The study site is located in a village in Eastern Province of Zambia in southern

Africa (Fig. 12.1: 14�080S, 31�430E; 890 m above sea level). The climate has a

unimodal distribution of annual rainfall with a rainy season from November to

April and a dry season in the remaining months. During the experimental period,

the mean annual air temperature was 24 �C from 2008 to 2012, and annual rainfall

in the rainy season was 762 mm in 2008/2009, 986 mm in 2009/2010, 1019 mm in

2010/2011, and 806 mm in 2011/2012. In the study site covered by miombo

woodland composed of emergent trees and bush trees, aboveground biomass was
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38.3 Mg ha�1, much lower than that reported by Chidumayo (1997). This suggests

that emergent trees have been lost under serious land use pressure in the region. The

vegetation type of this woodland is classified as the eastern dry miombo

(Chidumayo 1997), dominated by Brachystegia manga, Julbernardia globiflora,
and Diplorhynchus condylocarpon. The soil was classified as Typic Plinthustalfs

(Soil Survey Staff 2006). The soil at the depth of 0–15 cm in long fallow had a pH

of 6.8 with water to soil ratio of 5; soil texture of sandy loam containing 66.5 %

sand, 19.6 % silt, and 13.6 % clay; total C of 1.30 %; and total N of 0.082 %.

Villagers in Eastern Province, Zambia, clear and prepare land for cropping

conventionally as follows. Trees are cut only within the field being opened, and

the cut trees are collected and piled only in a part of the field because of the low

biomass. Therefore, only the spots with the tree piles are burned; the remaining

cleared spots without piles are not burned. The piles are left to dry during the dry

season and burned at the end of dry season. The burned spots are not plowed during

the first year following traditional local farming practices, while cleared spots

without piles are plowed prior to burning to prevent them from burning.

12.2.2 Experimental Design

The woodland site (100 � 230 m) was selected in a flat and uniform place in terms

of C and N contents of SOM and vegetation. Land clearing and preparation for the

Fig. 12.1 Location of study

site
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experiment was carried out according to the conventional practice as already

described. A part of the experiment site was opened by slash-and-burn practice

every year from October 2007 to October 2010 (Fig. 12.2). After land clearing,

three seeds of maize (Zea mays) were planted in each hole with plant density

of 1 � 1 m grid at the beginning of December. Weeds were removed about 3 and

6 weeks after planting. Then some of the plots were returned to fallow after

cropping for 1–3 years as shown in Fig. 12.2. Each plot with three replication had

spots unburned and burned with emergent and bush tree piles.

After trees were cut within each field being opened, bush trees and emergent

trees were piled separately in different parts of the experimental field. Trees with a

diameter at breast height (DBH) smaller than 27 cm are referred to as “small trees”

or bush trees and trees with a DBH larger than 27 cm as “large trees” or emergent

trees, hereinafter. The remaining spots without piles were plowed prior to burning.

Then, the plots were divided into three treatment areas.

1. Unburned: consisting of unburned spots after clearing (85.6 % of total field area)

2. Bur S: spots burned with piles of small trees (7.5 % of total field area)

3. Bur L: spots burned with piles of large trees (6.9 % of total field area)
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LF LF LF LF LF

1C1F
2C 2C 2C 2C

1C 1C 1C 1C

1C2F
2C1F

3C 3C 3C
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2C2F
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1C2F
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2C3F
3C2F
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31
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LF LF LF
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LF LF LF LF

LF LF LF

LF LFLF LFLF LF

LF LF LF

Short cropping

Cropping
plot

Clearing and 
burning

Long fallow
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Fig. 12.2 Schematic diagram on history of experimental treatments (LF represents long fallow,

C represents cropping, and F represents fallow. Values followed by C or F show the period of

cropping or fallow, respectively. For example, 1C1F represents 1-year cropping followed by

1-year fallow. In the experimental site, the plots with these treatments were arranged with three

replicates)
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To establish plots of cropping and short fallow rotation for the experiment, the

site opened by the slash-and-burn practice was divided into plots (12 � 31 m) with

three replicates. After the 1-year cropping, some of the plots continued cropping,

and the others returned to fallow every year according to Fig. 12.2. The treatments of

1C, 2C, 3C, 4C, and 5C represent cropping for 1, 2, 3, 4, and 5 years after clearing

long fallow (LF) to cropland (C). The treatments of 1C1F, 1C2F, 1C3F, and 1C4F

mean short fallow (F) for 1, 2, 3, and 4 years after 1-year cropping, respectively. The

treatments of 2C1F, 2C2F, and 2C3F represent fallow for 1, 2, and 3 years, respec-

tively, after 2-year cropping. The plots of 3C1F and 3C2F represent fallow for 1 and

2 years, respectively, after 3-year cropping. In 2011/2012, no plot was returned to

fallow. A 20 � 30 m LF plot was also marked inside the experimental site.

12.2.3 Analytical Methods

Soil bulk density was determined by oven-drying undisturbed soils for 24 h. The

dry weight of ash was measured after oven-drying for 24 h. Soil pH (H2O) was

measured with a soil to water ratio of 1:5. The total C and total N content of the soil

and ash were analyzed by the dry combustion method with a NC analyzer (Vario

Max CHN; Elementar, Germany). Available P was extracted by the Bray-1 method

(Bray and Kurtz, 1945). Exchangeable Ca, Mg, K, and Na were extracted with

1 mol L�1 ammonium acetate at pH 7. Total P, Mg, Ca, K, and Na in ash were

determined by wet digestion with nitric and sulfuric acid.

Carbon mineralization from the soil was determined by the aerobic incubation

method (Kendawang et al. 2004). The samples were incubated at 30 �C for 56 days.

The CO2 collected by the alkali trap was sampled after 3, 7, 14, 28, 42, and 56 days

of incubation and measured by an automatic titrimetric analyzer (COM-1600,

Hiranuma Sangyo Co., Ltd., Japan). Nitrogen mineralization from the soil was

determined by the aerobic incubation method (Funakawa et al. 2006). After incu-

bation at 30 �C for 3, 7, 14, 28, 42, and 56 days, the samples were extracted with

2 mol L�1 KCl to determine the amount of NH4–N and NO3–N.

Maize stover and grain were collected at three hills for each treatment at the time

of harvest. At weeding and harvesting times, aboveground parts of woody and

herbaceous weeds were collected separately from three 1 � 1 m quadrates for each

treatment. The samples were weighed after drying at 70 �C for 48 h.

12.3 Results and Discussion

12.3.1 Immediate Effects of Slash and Burn on Soil Organic
Matter and Vegetation

Fire intensity increased with an increase in burned biomass per unit of burned area

(Table 12.1 and Fig. 12.3). Soil was heated more deeply and for longer periods at
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higher temperatures in Bur L than in Bur S. Kendawang et al. (2004) also found that

the maximum soil temperature increased with an increase in burned biomass. The

maximum temperature with the same burned biomass in the above study in South-

east Asia, however, was lower than in this study, 100–150 �C burning with

200 Mg ha�1 and 40–50 �C burning with 100 Mg ha�1 at the depth of 5 cm.

High soil moisture content in Southeast Asia (around 20 %) may cause the lower

maximum soil temperature observed there. The increase in fire intensity led to a

further decrease in total C and N at a depth of 0–5 cm (Table 12.2). Some of the loss

of C caused by soil heating will be compensated in second cropping year because

ash will be incorporated with soil by plowing (Table 12.2).

Carbon mineralization during the first 3 days of incubation and NH4–N (In–N0)

at a depth of 0–15 cm increased with an increase in fire intensity (Figs. 12.4 and

12.5). Those increases might be derived from the mortality of microbes; microbe

mortality started when temperatures reached 80–120 �C (DeBano et al. 1998).

Therefore, C mineralization and NH4–N (In–N0) were higher in Bur L than in

Bur S because microbes were killed in deeper soil in Bur L than that in Bur S

because of the deeper heating in Bur L (Table 12.1, Fig. 12.3).

An increase in C mineralization caused by soil heating during the early stage of

incubation was also observed in Southeast Asia (Kendawang et al. 2004). Despite

the documented increase in C mineralization with an increase in fire intensity, C

Table 12.1 Maximum soil

temperature during burning

measured by Thermo Crayon

in 2008 (Ando et al. 2014b)

Depth (cm)

Maximum soil temperature (�C)
Bur L Bur S

0 460–600 460

5 460–300 100–50

10 200–100 50

15 50 50

Values show the temperature of Thermo Crayon melting point

(n ¼ 3)
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Fig. 12.3 Soil temperature during burning at depths of 1, 3, 5, 10, and 15 cm at Bur L and Bur S in

2010 (Ando et al. 2014b)
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mineralization at the end of incubation was higher only in Bur L compared with that

in the Unburned (Fig. 12.4). Presumably, soil heating in Bur S might produce not

only mineralizable organic material through volatilization of SOM or mortality of

microbial biomass but also recalcitrant forms of C such as char or black C by

imperfect combustion of SOM (González-Pérez et al. 2004).

An increased release of NH4–N caused by soil heating based on an increase in

fire intensity was also found in Southeast Asia (Tanaka et al. 2004). Although the

amount of inorganic N was highest in Bur L during the incubation at a depth of

0–15 cm, net N mineralization was apparently the lowest in Bur L among the three

treatments (Fig. 12.5). Although the rate of C mineralization and In–N0 were the

same between samples at a depth of 0–5 cm and 5–10 cm in Bur L, N was

significantly immobilized at a depth of 0–5 cm in Bur L during the first 3 days of

incubation. This might be related to the decrease in the N content of labile organic

matter at a depth of 0–5 cm, which was suggested by the significant decrease in total

N only at a depth of 0–5 cm.
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The amount of available P increased with fire intensity (Table 12.2). Heat-

induced microbial mortality may have been the primary factor leading to the

increase in available P (Giardina et al. 2000). In Bur L, available P and exchange-

able Ca and K increased because degradation of SOM was promoted by the high

maximum temperature and long duration of burning (Giardina et al. 2000). The

exchangeable bases and available P also seemed to increase depending on fire

intensity in Southeast Asia (Tanaka et al. 2004). Total P and bases in ash will

gradually be incorporated into the soil through the percolation of rain and by

plowing during the second cropping year.

Herbaceous weeds had a low resistance to soil heating (Table 12.3); weed seeds

were killed at about 90 �C resulting in low herbaceous biomass (Martin et al. 1975).

In addition, biomass of woody weeds decreased with strong fire intensity

(Table 12.3) because their large roots could survive only low-intensity fires.

In unburned spots, accounting for 85 % of the total field, maize yield was

0.7 Mg ha�1 because of the low available nutrient (Table 12.3). In Bur S and

Bur L, covering 7.5 % and 6.9 % of the total field, maize yield was 2.3 Mg ha�1 and

3.2 Mg ha�1, respectively (Table 12.3). Those increases in maize yield are due to

the increase in available nutrient by the degradation of SOM and leachate from ash

and the decrease in weeds. Those extents were more pronounced in Bur L than in

Bur S. However, the content of C and N in SOM decreased more in Bur L than in

Bur S (Table 12.2). Thus, the recent slash-and-burn practice, with the presence of

both emergent and bush tree piles, increased the spatial variability in SOM,

available nutrients, and weeds, which affected maize grain. Because more areas

are being burned with bush trees owing to the decrease in emergent trees, grain

yield may decrease, although the severe decrease in SOM may be alleviated.

Table 12.3 Aboveground biomass of weed and maize in burned and unburned spots

Maize stover

(Mg ha�1)

Maize grain

(Mg ha�1)

Herbaceous weed

(Mg ha�1)

Woody weed

(Mg ha�1)

2008/2009

Unburned 1.06 � 0.10 a 0.65 � 0.09 a 0.94 � 0.01 a 0.93 � 0.01 a

Bur S 4.75 � 0.42 b 2.27 � 0.26 b 0.19 � 0.01 b 0.34 � 0.02 a

Bur L 6.58 � 0.47 b 3.17 � 0.34 c 0.02 � 0.00 b 0.00 � 0.00 b

2009/2010

Unburned 3.37 � 0.23 a 1.18 � 0.19 a 0.26 � 0.04 a 0.39 � 0.17 a

Bur S 7.71 � 0.63 b 2.51 � 0.43 b 0.16 � 0.05 b 0.18 � 0.04 a

Bur L 8.25 � 0.72 b 3.85 � 0.38 c 0.10 � 0.05 b 0.00 � 0.00 b

Ando et al. (2014b)

Values are mean �standard error (n ¼ 3). Value followed by different letters vertically indicates

that the means are significantly different (P < 0.05) in each year
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12.3.2 Effects of Cropping and Short Fallow Rotation
on Stock and Budget of Soil Carbon and Nitrogen

The soil C and N stocks did not decrease at Unburned by cropping for 1–5 years

apparently (Fig. 12.6). The soil C stock decreased by burning was restored partly

during cropping, while soil N stock decreased by burning did not change. After

returned to fallow, the soil C and N stock did not change at Unburned and Bur L

significantly.

The annual C budget during short cropping was estimated by the input (plant

materials and rainfall) and output (decomposition of organic matter and leaching)

(Tables 12.4 and 12.5). The major flow of C loss was CO2 efflux as a result of

decomposition of SOM which was restricted by soil moisture (Fig. 12.7) and the

amount and composition of input. In the semiarid tropics of Zambia, long dry

season for 6 months constrained the rapid decomposition of SOM during cropping.

The changes of quantity of input were partly due to the different amount of

available nutrients by burning and cropping, while composition of input changed
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by cropping and burning. For instance, decrease in tree coppicing ability by

increase in cropping period and fire intensity brought decrease in the proportion

of woody weed or litter in input (Figs. 12.8 and 12.9).

Large amount of input in 1-year cropping at the unburned spots could compen-

sate the negative soil C budget during cropping for 2–4 years partly. In spots burned

with emergent trees and bush trees, soil C stock and labile fraction C decreased by

burning (Fig. 12.6) could be restored by the large amount of input of ash, hard stem

of maize to sustain large maize stover which was decomposed slowly.

After returned to fallow at Unburned, the decomposition of organic matter

became lower than in cropland due to decrease in the input (Table 12.6) and plant

materials left on surface. Therefore, soil C stock was not restored during short

fallow for 1–4 years because the input of plant materials could not exceed the

decomposition of organic matter, which was also reported during short fallow in

tropical dry region (Aweto 1981).

Soil N stock decreased during burning via volatilization of N, during cropping

via high leachate and high production in 1-year cropping at spots burned with

emergent trees, and during cropping for more than 10 years via continuous grain

harvesting (Fig. 12.6). The small N loss from soil during short cropping at unburned

and burned spots (except for 1-year cropping) (Tables 12.7, 12.8 and 12.9) was

attributed to low leachate and low grain yield with restricted mineralization of SOM
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to inorganic N during dry season. Then, the even small input N via rainfall could

largely affect the N balance. Therefore, soil N stock did not decrease during short

cropping at spots unburned with and burned with emergent and bush tree piles.

After return to fallow at Unburned, soil N stock did not change because of small

loss via leaching and woody increment (Table 12.9). The budget tended to be

negative with increase in fallow period because large amount of absorbed N by

woody plants was stored in stem than in litter (Fujii et al. 2013). With longer fallow

period, N budget could be positive with increase in litter fall (Hartemink et al.

2000). Those small decreases in soil N stock might be compensated by free-living

N2 fixation about 3–30 kg N ha�1 reported in tropical savanna (Reed et al. 2011).

Table 12.7 Annual N budget during short cropping in Bur L

2010/2011 2011/2012

1C 2C 3C 4C 2C 3C 4C 5C

Output (kg N ha�1 year�1)

Harvested grain 62 24 19 11 31 23 29 19

Maize stover and weed 34 29 26 23 26 23 21 18

Leachate 45 8 8 5 21 12 6 5

Sum 142 60 52 39 79 59 56 42

Input (kg N ha�1 year�1)

Ash or plant residue 9 34 29 26 34 26 23 21

Rainfall 12 12 12 12 10 10 10 10

Sum 21 46 41 38 44 37 34 31

Budget (input-output) (kgN ha�1 year�1) �121 �14 �12 �2 �34 �22 �22 �11

SN change* (kg N ha�1 year�1) �55 2 9 �8 �11 20 31 �23

Ando (2014)

*Annual SN (soil N stock) change was calculated by subtracting soil N stock in the previous year

from that in the respective year. For example, SN change in 1C was the difference between soil N

stock in long fallow and that in 1C

Table 12.8 Annual N budget during short cropping at Unburned

2010/2011 2011/2012

1C 2C 3C 4C 2C 3C 4C 5C

Output (kg N ha�1 year�1)

Harvested grain 12 10 12 13 14 13 11 14

Maize stover and weed 43 36 29 27 40 31 29 27

Leachate 7 3 9 11 12 6 6 7

Sum 62 48 50 50 65 50 46 48

Input (kg N ha�1 year�1)

Plant residue 81 40 32 29 43 36 29 27

Rainfall 12 12 12 12 10 10 10 10

Sum 93 52 44 41 54 46 39 37

Budget (input-output) (kg N ha�1 year�1) 30 4 �6 �9 �12 �4 �7 �11

SN change (kg N ha�1 year�1) 20 �29 3 39 �39 �4 �31 6

Ando (2014)
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12.4 Conclusion: Evaluation of Cropping and Short Fallow
Rotation Under Slash-and-Burn Agriculture
in a Semiarid Woodland

The results of cropping and short fallow rotation are schematically illustrated in

Fig. 12.10. More than 10-year cropping exhausted SOM and woody biomass, SOM

and woody biomass were not restored during short fallow. At spots burned with

emergent and bush trees, SOM decreased only by burning and could be restored

Bur L UnburnBur S Bur L UnburnBur S

Bur L UnburnBur S Bur L UnburnBur S

1-year
Cropping

3-year
Cropping

Bur L UnburnBur S Bur L UnburnBur S

1-year
Fallow

1-year
Fallow

1-year
Fallow

2-year
Fallow

2-year
Fallow

2-year
Fallow

10-year
Cropping

Unburn

Unburn

UnburnBur L UnburnBur S

Slash-and-Burn
Increase  in SOM 
degradation

Cropping

Fallowing

Fallow
Burned: no restoration of SOM
Unburn: restoration of SOM in fallow

after 3-year cropping

Cropping
Burned: SOM increased 
Unburn: SOM decreased 

Fig. 12.10 Changes of soil organic matter through vegetation during cropping and fallow duration
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during short cropping, although N contents of SOM and woody biomass were not

restored even during fallow. Without burning, 2-year fallow after 3-year cropping is

relatively useful management in terms of maintenance of POM, SOM, and grain

yield, although woody biomass decreased compared to 2-year fallow after 1-year

cropping. The C and N stock could not be fully recovered, especially burned spots.

Under rainfed agriculture without fertilizer in semiarid region, this type of slash

and burn was relatively suitable to maintain grain yield and SOM contents although

the yield and the SOM were low level compared to other regions where slash and

burn is practiced. In other regions such as Central Africa, Southeast Asia, and South

America, soil C and N stock decreased rapidly even during short cropping, while

grain yield was higher than this semiarid region (Kendawang et al. 2004; Tanaka

et al. 2004; Funakawa et al. 2006). However, in the semiarid region, the decrease in

soil C and N stock during cropping was small with return of plant residue because

long dry season constrains loss of SOM through leaching and decomposition and N2

fixation by free-living N2 fixation. Therefore, SOM will not decrease drastically

under short cropping and short fallow rotation because recent decrease in emergent

trees and increase in bush trees brought small loss of SOM during burning.
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González-Pérez JA, González-Vila FJ, Almendros G, Knicker H (2004) The effect of fire on soil

organic matter—a review. Environ Int 30:855–870

Hartemink AE, Buresh RJ, Van Bodegom PM, Braun AR, Jama B, Janssen BH (2000) Inorganic

nitrogen dynamics in fallows and maize on an Oxisol and Alfisol in the highlands of Kenya.

Geoderma 98:11–33

Hatten JA, Zabowski D (2009) Changes in soil organic matter pools and carbon mineralization as

influenced by fire intensity. Soil Sci Soc Am J 73:262–273

Hauser S, Nolte C, Carsky RJ (2006) What role can planted fallows play in the humid and

sub-humid zone of west and Central Africa? Nutr Cycl Agroecosyst 76:297–318

Hertel D, Moser G, Culmsee H, Erasmi S, Horna V, Schuldt B, Leuschnner C (2009) Below- and

above-ground biomass and net primary production in a paleotropical natural forest (Sulawesi,

Indonesia) as compared to neotropical forests. For Ecol Manag 258:1904–1912

Jobbagy EG, Jackson RB (2000) The vertical distribution of soil organic carbon and its relation to

climate and vegetation. Ecol Appl 10:423–436

Kendawang JJ, Tanaka S, Ishihara J, Shibata K, Sabang J, Ninomiya I, Ishizuka S, Sakurai K

(2004) Effects of shifting cultivation on soil ecosystems in Sarawak, Malaysia. I. Slash and

burning at Balai Ringin and Sabal experimental sites and effect on soil organic matter. Soil Sci

Plant Nutr 50:677–687

Luoga EJ, Witkowski ETF, Balkwill K (2004) Regeneration by coppicing (resprouting) of

miombo (African savanna) trees in relation to land use. For Ecol Manag 189:23–35

Martin RE, Miller RL, Cushwa CT (1975) Germination response of legume seeds subjected to

moist and dry heat. Ecology 56:1441–1445

Mobbs DC, Cannell MG (2006) Optimal tree fallow rotations: some principles revealed by

modeling. Agrofor Syst 29:113–132

Nandwa SM (2001) Soil organic carbon management for sustainable productivity of cropping and

agro-forestry systems in eastern and Southern Africa. Nutr Cycl Agroecosyst 61:143–158

Norton JB, Mukhwana EJ, Norton U (2012) Loss and recovery of soil organic carbon and nitrogen

in a semiarid agroecosystems. Soil Sci Soc Am J 76:505–514
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Chapter 13

Comparison of Nutrient Utilization Strategies
of Traditional Shifting Agriculture Under
Different Climatic and Soil Conditions
in Zambia, Thailand, Indonesia,
and Cameroon: Examples of Temporal
Redistribution of Ecosystem Resources

Shinya Funakawa

Abstract Based on the results of field studies in different regions of the tropics,

land management strategies using shifting cultivation under different bioclimatic

and soil conditions are comparatively discussed. Four regions are included in this

study: eastern Zambia, northern Thailand, East Kalimantan of Indonesia, and

eastern Cameroon. An increase in N mineralization and resulting increase in N

flux, after the original vegetation was removed for cropping, were the highest for

the eastern Cameroon forest, followed by northern Thailand, eastern Cameroon

savanna, East Kalimantan of Indonesia, and eastern Zambia. This trend, however,

was considered to coincide with mineral nutrient loss due to leaching. This loss

would be more detrimental for the strong-weathered soils, such as Oxisols in

Cameroon. The function of the fallow phase was the most clearly observed in

shifting cultivation in northern Thailand; the soil fertility was reinstated in the later

stage of the young fallow, around 8 years. A similar trend was also found for the

soils in eastern Cameroon, in which the soil fertility was the highest in the young

fallow forest. Such improvement in soil fertility during the fallow stage was not

observed for the plots in East Kalimantan, Indonesia, and eastern Zambia, presum-

ably due to the specific climatic conditions. Generally, the farmers’ practices and
land uses during shifting cultivation in Southeast Asia were well adapted to the

respective soil and climatic conditions. However, the present pattern of land use in

eastern Cameroon has not been controlled solely by natural conditions; human

factors, such as activities of neighboring agropastoralists, have a greater impact on

these dynamics. In the case of eastern Zambia, limited and fluctuating precipitation

may be the most important factor in agricultural production, and because primary
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production and soil organic matter decomposition rate are regulated by this, soil

fertility status would not change considerably under the present land use practices.

Therefore, the classical interpretation of slash-and-burn agriculture is not applica-

ble to the agricultural practices in the latter two African cases.

Keywords Cameroon • Indonesia • Shifting agriculture • Thailand • Zambia

13.1 Introduction

Shifting cultivation, often referred to as slash-and-burn or swidden agriculture, is a

rather extensive farming system that incorporates both cropping and fallow phases

in its land rotation (Kunstadter and Chapman 1978; Nye and Greenland 1960). Due

to the low fertility of Ultisols or Oxisols in the tropics (Driessen et al. 2001; Kyuma

1982), it was believed that, in traditional shifting cultivation, sustainable crop

production requires added nutrients via slash-and-burn after certain periods of

fallow. As reported in previous studies, burning is considered to add phosphorus

and basic compounds to the soil (Alegre et al. 1988; Ewel et al. 1981; Nye and

Greenland 1960; Raison et al. 1985; Tanaka et al. 1997). Additionally, N supply

will be increased by enhanced mineralization after burning (Knoepp and Swank

1993; Marion et al. 1991; Nye and Greenland 1960; Sakamoto et al. 1991; Tanaka

et al. 2001). On the other hand, the fallow phase functions in accumulating enough

nutritional elements into the forest vegetation (Richter et al. 2000) and SOM via

litter input (Ruark 1993) for the next cropping phase to be successful. Overall,

shifting agriculture is regarded as low-input agricultural land management with in

situ nutrient replenishing process by fallow vegetation, in other words, a temporal

redistribution of ecosystem resources, fitting the natural climatic and soil

conditions.

The climatic conditions, as well as soil fertility, may vary in different regions of

the tropics; therefore, land management practices in respective regions would also

vary. In this chapter, based on the results of field studies in different regions of the

tropics as presented in the preceding chapters, land management strategies in

shifting cultivation under different bioclimatic and soil conditions are compara-

tively discussed in terms of climatic conditions, soil properties, impact of slash-

and-burn practices, and fallow practices.

13.2 Description of Study Sites

Four regions were included in this study: eastern Zambia, northern Thailand, East

Kalimantan of Indonesia, and eastern Cameroon. The natural conditions and basic

soil properties at the study sites are presented in Tables 13.1 and 13.2, respectively.
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13.2.1 Study Site in Zambia

The study site in Zambia was located in the Eastern Province; the climate has a

unimodal distribution of annual rainfall, with a rainy season from November to

April and a dry season during the remaining months. The mean annual precipitation

is 860 mm, which varies throughout the year, and the annual temperature is 26 �C.
The woodland vegetation type is classified as eastern dry miombo (Chidumayo

1997), dominated by Brachystegia manga Dwild., Julbernardia globiflora Benth.,

and Diplorhynchus condylocarpon (Mull. Arg.) Pichon. The soil was classified as

Typic Plinthustalfs (Soil Survey Staff 2014) (Table 13.2). The soil at the long

fallow plot had a pH of 6.5–6.8, a texture of sandy loam (A horizon) to sandy clay

loam (Bt horizon), and total content of C (14 g kg�1) and N (0.9 g kg�1) at the

surface layers. The woodland biomass of the study site was 38.3 Mg ha�1, which is

much lower than that reported by Chidumayo (1997); this suggests that emergent

trees have already been lost due to higher demands in land use within the region.

In the Eastern Province of Zambia, maize is planted after a slash-and-burn

treatment. Trees are usually cut only within the field being cleared, and the cut

trees are collected and piled only in part of the field because of low levels of

available biomass. Therefore, only the spots with the tree piles can be burned; the

remaining cleared areas without piles are not burned. Traditionally, most of the

piles were composed of emergent trees because more emergent trees were present

in the past. Recently, because most emergent tree biomass has disappeared as a

result of shorter fallow periods, the trees piles are increasingly composed of bush

trees. Therefore, two kinds of tree piles, emergent and bush, could be present

simultaneously within the cleared field. These recent changes may increase the

spatial variability of soil fertility and crop production due to the fluctuations in

burned and unburned areas and type of biomass being burned (Fig. 13.1).

13.2.2 Study Sites in Thailand

Two study sites were examined in northern Thailand. One was Du La Poe

(DP) village in Mae Hong Son Province, introduced in detail in Chap. 11, and the

other was Rakphaendin (RP) village in Chiang Mai Province, which was selected

for examining the direct effect of burning on nutrient dynamics. The basic infor-

mation on the two villages is given in Tables 13.1 and 13.2. Both sites have a

K€oppen’s Aw climate type, with a distinct dry season, although the former village is

closer to the border with a Cw climate type due to its high elevation. The annual

precipitation and mean annual temperature are 1200 mm and 20 �C at DP and

2100 mm and 25 �C at RP, respectively. The dominant vegetation was Lithocarpus
sp. in both the villages. The parent materials of the soils were mainly sedimentary

rocks in both villages and granite in particular at DP. Most of the soils studied were
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Fig. 13.1 Landscape of study plots

13 Comparison of Nutrient Utilization Strategies of Traditional Shifting. . . 281



classified into Ustic Haplohumults, Lithic/Typic Haplustults, or Typic Dystrustepts

in the USDA classification system (Soil Survey Staff 2014).

The shifting cultivation system for the DP village was similar to a traditional land

rotation system in this region, in which cropping for upland rice is limited to only

1 year, followed by at least 7 years of fallow. According to our field observations, this

fallow period seems to be the longest one in this area. In fact, in many of the nearby

villages, the fallow stage has recently been shortened to around 4 years. During the

slash and burn, farmers only burn branches, and the remaining stems are typically

used for firewood. Therefore, the amount of materials actually burned was less than

10 Mg ha�1, implying that the ash input and/or soil burning effect was not expected

much in this system. Only a limited area is used for the cultivation of cash crops, such

as cabbage, in this village.

13.2.3 Study Site in Indonesia

In the East Kalimantan Province, Indonesia, the study was carried out in three

villages and a nearby experimental station, which was located along a small

tributary of R. Mahakam with an elevation of less than 100 m. The area has a

K€oppen’s Af climate type, with no distinct dry season and an udic soil moisture

regime. Mean annual temperature is above 27 �C and annual precipitation exceeds

2000 mm. Original vegetation in this region is a typical lowland dipterocarp forest,

Fig. 13.1 (continued)
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dominated by Shorea laevis, Dipterocarpus cornutus, and others. Parent materials

are mainly tertiary sandstone and/or mudstone, and soils distributed were mostly

Typic Paleudults. According to the World Reference Base for Soil Resources

(WRB) (IUSS Working Group WRB 2014), most of the soils studied are classified

as Alisols, typically characterized by high CEC values, with CEC/clay exceeding

24 cmolc kg
�1, with strong acidity (Funakawa et al. 2008).

In these regions, after clearing and burning the forest cover, farmers usually

plant upland rice for 1 year only, and then leave the land for more than 20 years as

fallow. On relatively fertile soils near the river, however, shorter period of fallow

(around 8 years) is implemented, but such soils were excluded in the present study.

According to the personal interviews, however, there was no clear evidence that

farmers preferred riverside soils. A detailed data analysis on the physicochemical

properties, as well as the mineralization process, of organic C and N in the soils

from East Kalimantan was given in our previous reports (Funakawa et al. 2007,

2009).

13.2.4 Study Sites in Cameroon

The study was carried out in the Andom village, East Province, Cameroon, where a

semi-deciduous forest comprises the main vegetation (Zapfack et al. 2002). It was

located in a transitional area between the “Northwestern Congolian lowland for-

ests” and “Northern Congolian forest-savanna mosaic,” according to the

“ecoregions” defined by the World Wildlife Fund for Nature (WWF), on the

north of the South Cameroon Plateau—a dominant geographical feature of Cam-

eroon. The elevation is approximately 650–700 m above sea level. The mean

annual air temperature and annual precipitation are 23 �C and 1500 mm, respec-

tively. Experimental sites were installed in both the forest and savanna, which were

located closely within the borders between the tropical monsoon (Am) and tropical

savanna (Aw) climates in the K€oppen system. The dominant vegetation in forest

was Albizia zygia, while that in the savanna was Chromolaena odorata. The soils

distributed here are usually reddish brown (2.5YR 4/6) below the surface and are

classified as Typic Kandiudox (Soil Survey Staff 2014), which were predominantly

distributed on Neoproterozoic (Pan-African) granitoids. The detailed analysis of the

soil properties in the forest and savanna for this region was given in Chap. 9 and

Sugihara et al. (2014).

In this “Northern Congolian forest-savanna mosaic” region, cassava is planted as

a dominant tuber crop for the cropland of the savanna territory, whereas various

crops such as banana (dominantly Plantain), cassava, maize, and cacao were

planted in the cropland prepared after forest reclamation. According to our field

observations and interviews of farmers, savanna-like vegetation seemed to be

maintained by frequent fires, often caused by the activity of neighboring

agropastoralists from the north. The deterioration of forest vegetation, due to
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agricultural activities by local farmers, could not be determined with considerable

certainty.

13.3 Effects of Reclamation of Original Vegetation
on Nutrient Dynamics

Figure 13.2 comparatively illustrates the stocks and annual fluxes of C and N in soil

ecosystems with original vegetation and reclaimed cropland.

Indonesia, 
forest

Indonesia, 
cropland

Thailand, 
forest

Thailand, 
cropland

Zambia,
forest

Zambia, 
cropland

Fig. 13.2 Alteration of C and N dynamics after reclamation of forest at each of study sites
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In the left figures of Fig. 13.2, C andNfluxes under natural vegetation are described,

together with the total quantity of soil organic C. It was often observed that for natural

vegetation the amount of litter produced and the microbial decomposition of SOM

were almost balanced. Among the study sites, the C fluxes, which measure the litter

input and organic matter decomposition/soil respiration, were as low as 2.3 Mg ha�1

year�1 and 2.2Mg C ha�1 year�1, respectively, for the miombo forest in Zambia. This

was presumably due to a low precipitation and consequently lower net primary

production. In all the study sites, except for the forest plot of Cameroon, N leaching

deeper than 30 cm in the forest-soil ecosystems was noticeably low, as less than

4 kg N ha�1 year�1. Only in the Cameroonian forest, N leaching totaled 15 kg N ha�1

year�1, presumably due to the N-rich environment (CN ratio of around 11) through the

dominant activities of leguminous trees (Albizia zygia,Myrianthus arboreus, etc.).
The reclamation of original forests, often accompanied by slash-and-burn prac-

tices, resulted in drastic changes in nutrient dynamics. The right figures of Fig. 13.2

indicate a decreasing input of plant litter to soil (except for Zambia); an accelerated

decomposition of SOM would rapidly decrease SOM. During the course of SOM

decomposition in the cropped field, mineralized N was released into the soil solution

and then partially absorbed by crops, but comparable amounts in the remaining

portion were lost through leaching. It should be noted that leached N was mostly in

Cameroon, 
savanna

Cameroon, 
cropland after 
savanna

Cameroon, 
forest

Cameroon,
Cropland 
after forest

Fig. 13.2 (continued)
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the form of nitrate (NO3
�), and equivalent amounts of cations such as K, Mg, and Ca

were lost together with NO3
�. Such concomitant loss of essential mineral nutrients

would be especially serious in strongly weathered soils, such as Oxisols in Cameroon,

because the nutrient replenishment from these soils is slow and limited.

13.4 Recovery of Soil Fertility Status During the Fallow
Phases

Figure 13.3 compares the fluctuations of organic C content and pH on the surface

soils in the respective study sites in eastern Zambia, northern Thailand, East

Kalimantan of Indonesia, and eastern Cameroon, with respect to the fallow and

consecutive cropping periods, if any. These parameters were chosen as representa-

tive indicators of soil fertility status.

It is widely believed that fallow practices may contribute toward renewing soil

fertility, which was once exhausted during the cropping phase. Such a trend was
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observed most clearly for ustic Ultisols (Ustults) in northern Thailand. In the study site

of Zambia, where Alfisols dominate, neither the depletion of fertility during the

cropping phase nor fertility improvement during the fallow phase was observed. This

could be due to low decomposition rates of SOM and litter input under prolonged dry

climates with low precipitation. The SOM level was consistently low, and soil pH was

high, regardless of the phase of shifted agriculture for the dry climatic conditions in

Zambia. On the contrary, the Udults of tropical rain forests in East Kalimantan,

typically characterized by high temperatures and humidity, were considered to be

quite favorable for soil microbial activities. Under such conditions, SOM did not

seem to accumulate, even after a long period of fallow. Soil pH was consistently

low, except for some soils affected by parent materials of limestone and/or topography

at the riverside.

The Cameroonian soils exhibited unique characteristics concerning soil fertility

fluctuations during different stages of land use, i.e., both the levels of SOM and soil

pH were highest at the young fallow stage (around 5 years), and they decreased

during the period of prolonged fallow. Figure 13.4 also indicates several parameters

relating soil fertility status on an acreage basis (within the first 30 cm of soil) for

Cameroonian soils. The amount of soil organic matter, level of exchangeable bases,

and soil acidity were often remarkably high in the soils of the young fallow forest

compared with that of the other land use stages, presumably due to an active supply

of forest litter to the surface soil as well as the pump-up effect of deep-soil nutrients
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by root systems of forest vegetation, which was also observed for the soils in

northern Thailand, as was discussed in detail in Chap. 11.

Since the Oxisol soils in eastern Cameroon (composed of kaolin minerals and

sesquioxides) and Ultisols in northern Thailand (composed of mica and kaolin

minerals) were not rich in surface negative charges of soil colloids that could retain

exchangeable bases or Al and hence were poor in their acid-buffering capacity,

their acidity-related properties such as soil pH could easily be changed through the

process of soil acidification (net addition of protons) or soil alkalization (net

addition of bases). The improving trend in terms of soil pH during young fallow

stages (up to 10 years) may therefore be detectable only in these soils. The values

for SOM and soil pH may subsequently change during the establishment of a

mature forest based on the climatic conditions of respective regions; that is, soil

pH would reach from 4.5 to 5.5 and 5.0 to 6.0 in eastern Cameroon and northern

Thailand, respectively, and SOM levels at the top 5 cm of soils increase from 20 to

30 g kg�1 and 60 to 80 g kg�1 in eastern Cameroon and northern Thailand,

respectively. In this sense, the climax values of soil pH and the SOM level at

East Kalimantan were considered to be, with exception of limestone-derived soils

and riverside soils, 4 to 4.5 and 20 to 40 g kg�1, respectively.

13.5 Farmer’s Strategies for Replenishing Nutrient
Resources in Slash-and-Burn Agriculture Under
Different Climatic and Soil Conditions

The positive function of the fallow phase was most clearly observed for shifting

cultivation in northern Thailand, i.e., soil fertility status was reinstated during the

later stage of the young fallow phase, around 8 years. Shifting farmers usually

started to open the fallow forest again at this stage. According to the analysis in
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Chap. 11, soil fertility in terms of the “P and NC ratio” did not exhibit any clear

trend throughout the land use stages, including long fallow. The slash-and-burn

practice, therefore, was considered to be indispensable to maintain the soil proper-

ties for the next crop phase of the shifting cultivation strategy practiced by the

Karen people. The acceleration of N flux after forest reclamation and slash-and-

burn practice was most drastically observed in northern Thailand, also indicating

the effectiveness of this particular land use. According to our field observations, the

farmers have strictly maintained only 1 year of cropping for their land rotation

system. Since the cropping field in the study area was generally situated on a steep

slope, soil erosion control may be a primary concern (Lal 1986). Short cropping

may promise a good recovery of the next fallow vegetation and seems to decrease

the soil erosion risk. The shifting cultivation method implemented by Karen

farmers in northern Thailand, in which only 1 year’s rice cropping is practiced on

sloped lands with a relatively short fallow period, is a reasonable one for utilizing

relatively fertile soils developed under monsoon subtropics, while mitigating the

soil erosion risk.

In contrast with the agricultural practices of northern Thailand, the upland rice

cropping in East Kalimantan is planted after reclaiming a relatively old fallow

forest, usually more than 20 years old after the previous cultivation. The plant

biomass supplied for burning amounted to 100–300 Mg ha�1 (Funakawa et al.

unpublished data). Soils in this region were typically strongly acidic, and soil

fertility status, including the N-supplying potential of the soils, was considered to

be low compared to the soils of northern Thailand (Funakawa et al. 2008, 2009).

The agricultural practices in this region, which utilize higher amounts of plant

biomass for burning after a longer period of fallow, were therefore adapted to this

particular soil condition (Udults with strongly acidic nature) and tropical rain forest

climate.

The climatic pattern of eastern Cameroon (MAT: 23 �C; AP: 1450 mm) is

somewhat intermediate between that of East Kalimantan (MAT: 26 �C; AP:

2500 mm) and northern Thailand (MAT: 20 �C; AP: 1200 mm) in terms of severity

of dry season and annual temperatures. The fluctuation of SOM levels and soil pH

during different stages of land use in this region was similar to the cases in northern

Thailand, i.e., the soil fertility status was relatively high at the stage of young fallow

forest (5–10 years). However, the major crops and dominant soils, as well as human

activities including neighboring agropastoralists, are very much different from the

Asian countries. The activity of agropastoralists often included burning every year,

which would contribute toward maintaining savanna vegetation for long period of

time regardless of the high precipitation in this region. The land use patterns of the

neighboring farmers in this study seem to be strongly influenced by the presence of

this human-induced savanna vegetation; that is, cassava is planted as a dominant

tuber crop in cropland of the savanna territory, whereas various crops such as

banana (dominantly Plantain), cassava, maize, and cacao were planted in cropland

prepared after forest reclamation. Thus, the present land use systems in this region

have not been controlled by natural conditions only, but more by human factors.

Even so, the agricultural production should be supported by reasonable resource-

replenishing processes, such as chemical fertilizers and/or manures, or through
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utilizing natural ecosystem processes, which was observed for the shifting cultiva-

tion in Southeast Asia. In the latter case, further positive utilization of the function

of young fallow forest could be incorporated into the land rotation. Especially in

this region, it is possible that a savanna-based cassava planting system could be

converted into a forest-based multi-cropping system if the nutrient-replenishing

function of young fallow vegetation could be incorporated into the present savanna-

based system.

In the case of eastern Zambia, limited and fluctuating precipitation may be an

important factor and a serious threat at the same time, for the agricultural produc-

tion, unlike the other regions in this comparative study. As far as primary produc-

tion and the SOM decomposition rates are regulated by this specific climatic

condition, it could be said that soil fertility status would not change considerably

by the present land use practices. In turn, the SOM levels and soil acidity, including

base status, have been maintained under these conditions. Therefore, the classical

interpretation of slash-and-burn agriculture is not applicable for the agricultural

practices of this region. The hasty application of modernized agriculture, such as

chemical fertilizers, irrigation, the introduction of improved varieties, etc., may

bring other problems such as the rapid decline of SOM, soil acidification, soil

fertility decline, and more. We should be cautious of these disadvantages, even as

modern agricultural practices continue to be introduced.

13.6 Conclusion

Based on the results of field studies in different regions of tropics, as presented in

the preceding chapters, shifting cultivation strategies under different bioclimatic

and soil conditions were compared. Four regions were included in this study:

eastern Zambia, northern Thailand, East Kalimantan of Indonesia, and eastern

Cameroon. The natural conditions and basic soil properties at the study sites are

different from each other. Then the effects of reclamation of the original vegetation

on nutrient dynamics and the recovery of soil fertility during the fallow phases were

comparatively analyzed. Finally, farmer’s strategies for replenishing nutrient

resources in slash-and-burn agriculture under different climatic and soil conditions

were discussed.

The stimulation of N mineralization, and resulting N flux after reclamation of

original vegetation, from the greatest to least was clearly observed in the order of

forest in eastern Cameroon and northern Thailand and savanna in eastern Camer-

oon, East Indonesian Kalimantan, and eastern Zambia. This trend, however, coin-

cided with the risk of mineral nutrient loss due to leaching. Such risk would be more

detrimental in the strongly weathered soils, such as the Oxisols in Cameroon.

Additionally, the benefits of the fallow phase were the most clearly observed for

the shifting cultivation in northern Thailand, i.e., soil fertility status was reinstated

in the later stage of the young fallow, around 8 years. A similar trend was also

traced for the soils in eastern Cameroon, in which the soil fertility status was the

290 S. Funakawa



highest during the young fallow forest. Such improvement in soil fertility status

was, however, not clearly observed for the East Kalimantan, Indonesia, and eastern

Zambia, presumably due to the prolonged humid and hot climate in the former and

seriously dry climate in the latter.

Next, the farmers’ practices in the respective regions were analyzed. The shifting
cultivation practice by Karen farmers in northern Thailand, in which only 1 year’s
rice cropping is planted on sloped lands with a relatively short fallow period, is a

reasonable one for utilizing relatively fertile soils developed under monsoon sub-

tropics, while mitigating soil erosion. However, the upland rice cropping in East

Kalimantan is practiced after reclaiming a relatively old fallow forest, usually more

than 20 years old after previous cultivation. Since the soils were typically strongly

acidic, and soil fertility status was low, the agricultural practice in this region, in

which higher amounts of plant biomass were supplied for burning after longer

period of fallow, was considered to be adapted toward this particular soil and

tropical rain forest climate condition.

Compared to these examples in Southeast Asia, the present pattern of land use in

eastern Cameroon has not been controlled by natural conditions only, but more by

human factors, in that the yearly burning practice of neighboring agropastoralists

has contributed toward maintaining savanna vegetation for a long period, and the

land use patterns of farmers seem to be strongly influenced by the presence of this

human-induced savanna vegetation. Cassava is planted as a dominant tuber crop in

cropland of the savanna territory, whereas various crops such as banana (domi-

nantly Plantain), cassava, maize, and cacao were planted in cropland prepared after

forest reclamation. In the case of eastern Zambia, limited and fluctuating precipi-

tation may be an important factor for agricultural production. As far as the primary

production and the SOM decomposition rate are regulated by this specific climatic

condition, soil fertility would not change considerably under the present land use

practices. In turn, the SOM level and soil acidity, including base status, could be

maintained under this condition. Therefore, the classical interpretation of slash-

and-burn agriculture is not applicable for the agricultural practice in eastern

Zambia.
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Chapter 14

Interactions Between Agricultural
and Pastoral Activities in the Sahel
with Emphasis on Management of Livestock
Excreta: A Case Study in Southwestern Niger

Hitoshi Shinjo

Abstract An investigation conducted in southwestern Niger, Africa, revealed

livestock management practices based on the relationship between farmers and

sedentary pastoralists to promote efficient use of livestock excreta through corral-

ling in the Sahel region. Transhumance was found to be essential for households

residing in an area with a high rate of cropping because they had to remove their

herds from cropped fields to a drier region in the rainy season. Corralling, parking

herds in harvested fields at night, by the sedentary pastoralists was carried out

mainly in fields rented from farmers. Another type of corralling was performed on a

contract basis in farmers’ fields, on the condition that the farmers provide food for

the pastoralists staying for corralling. About half of the sedentary pastoralists were

not engaged in the practice of contract corralling or contracted livestock, suggesting

the existence of a loose relationship between the farmers and sedentary pastoralists

in terms of corralling and livestock grazing. In half of the households with contract

corralling, the practice changed in two consecutive seasons. This implies that

contract corralling is a flexible practice to compensate for the shortage of millet

production and forage resources. Considering the amount of livestock excreta

applied and the percentage of the area corralled, two-thirds of the households had

the potential to promote contract corralling for more efficient use of livestock

excreta.
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14.1 Introduction

The Sahel region, in the southern periphery of the Sahara Desert, is marginal for

cropping due to the limited and erratic amount of rainfall, ranging from 150 to

500 mm per annum. Thus, in this region, livestock husbandry has long been the

major subsistence activity besides cropping. Traditionally, pastoralists in this

region have been nomads, moving from place to place where forage resources are

available. They may stay in crop farmers’ fields in the dry season to enable

livestock to graze stubbles and stalks of crop residues in harvested fields and also

travel to fallow land within a day’s distance (hereafter, crop farmer is referred to

simply as “farmer”). During their stay, livestock excreta, i.e., feces and urine, are

spread on the fields. This practice is referred to as corralling, which is beneficial for

both pastoralists and farmers. The pastoralists can utilize crop residues as forage

and the farmers can apply the livestock excreta as organic fertilizer. Since the use of

chemical fertilizers in this region is still limited (Mokwunye and Hammond 1992),

the application of livestock excreta through corralling is one of the major soil

fertility maintenance/improvement practices and was found to be effective by

Schlecht et al. (2004). Their trials of livestock excreta application to pearl millet

ranging from 200 to 1400 g m�2 revealed the beneficial effects on grain and stalk

yields which increased proportionally to the rate of livestock excreta applied in the

first year. The residual effect of livestock excreta was found to be significant and

showed a linear relation with the amount applied for up to 4 years after the

application in the first year.

However, these specialized forms of crop and livestock production by different

ethnic groups of pastoralists and farmers are undergoing a transition (Powell and

Williams 1995). Increase of human population combined with long-term weather

changes is transforming the specialized systems to more intensively managed

systems. As livestock husbandry assumes a more settled pattern than the nomadic

one, it increasingly incorporates crop production into the management system. This

incorporation intensifies livestock husbandry by supplying forage crops and crop

residues as feed. In this process, many traditional exchange relationships between

pastoralists and farmers are disappearing.

This transformation seems to be taking place in the Fakara region, southwestern

Niger, a part of the Sahel region (Fig. 14.1). During the last several decades, it was

observed that Fulani pastoralists became sedentary in the area where farmers had

already settled (hereafter this group of pastoralists who became sedentary is

referred to as the “sedentary Fulani”). The sedentary Fulani started cropping on

land rented from the farmers in addition to their original activity of livestock

husbandry. Because they became sedentary for the purpose of growing their own

crops in the rainy season (Fig. 14.2a), their seasonal grazing patterns have changed.

Only one shepherd was engaged in the transhumance practice consisting of taking

the herd to a drier region during the rainy season (Fig. 14.2b), while the remaining

household members stayed in the villages to manage cropping and take care of the

milking cows and calves that were not taken for transhumance. Hence, the
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sedentary pattern of the pastoralists near farmers may change their relationship in

terms of land use, corralling, and livestock management. The review paper by

Powell and Williams (1995) characterized this change as one of the steps in the

evolution of mixed farming systems from specialized to integrated systems. Nev-

ertheless, because each household has different settings, not all the households may

transform their production systems following this evolutionary course. Thus, when

realistic options for sustainable resource management are proposed, they should be

based on the actual relationship between farmers and pastoralists and their control-

ling settings. This paper focuses on the livestock management practices of the

sedentary Fulani, especially corralling, to promote efficient use of livestock excreta

through corralling.

Niger

Nigeria

Mali

Fakara
Niamey

Dantiandou

BZ village
TT village

KD village

E 2 45'

N 13 30'

+

Fig. 14.1 Location of the study area (Fakara) in Niger, West Africa (bottom), and households of

sedentary Fulani in Fakara (top). Open (○) and closed (●) circles indicate the location of the

households not studied and studied, respectively. Curved lines in the study area show roads and

lanes (Shinjo et al. 2008)
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14.2 Materials and Methods

14.2.1 Study Area

The study area, Fakara, was located about 60 km east from Niamey, the capital of

Niger (Fig. 14.1), and about 200 km south from the border between Niger and Mali.

As reported by Matsunaga et al. (2006), who conducted studies in the same area, the

climate is typical of southern Sahel with 416 mm average annual rainfall from 2001

to 2004. A rainy season normally starts in June and ends in October. The landscape

consists of plateaus, sandy skirts, and valley bottoms (D’Herbès and Valentin

1997). Most soils in the sandy skirt and valley bottoms are very sandy (more than

90 % sand). The plateau is rarely arable and is mainly used for grazing due to the

presence of an ironstone layer on the surface. Sandy skirts and valley bottoms are

used for rainfed farming. Major crops consist of pearl millet (Pennisetum glaucum)
and cowpea (Vigna unguiculata) (Fig. 14.2a). Some fields are left fallow to allow

the regrowth of native plants. The cropping season corresponds to the rainy season

with sowing in May/June and harvest in October. Draft animals are rarely used for

Fig. 14.2 Some practices outlined in the present study (Shinjo et al. 2008). (a) Crop production.

Pearl millet (Pennisetum glaucum) is the major crop cultivated in the rainy season. (b) Transhu-
mance. Herds of livestock are taken from the study area to a drier region at the onset of the rainy

season. (c) Corralling. Livestock excreta are spread on the surface of cropland during the dry

season. Cows are tied to standing wooden sticks at night
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cultivation. Instead, practices such as sowing, weeding, and harvest are carried out

manually by most households. Major livestock found here include humped cattle

(zebu), sheep, goats, chicken, and guinea fowls. Cattle are raised mainly for

milking, while sheep and goats for milking and meat.

In the study area, the farmers, who belong to the Zarma ethnic group, settle in

village centers, while the sedentary Fulani inhabit areas away from the village

centers. This is partly because they cannot rear a large number of livestock in the

villages. Due to the lack of apparent village boundaries, I deliberately assigned the

sedentary Fulani to the three main villages, namely, BZ, TT, and KD villages, based

on the distance between their settlements and the village centers. This practice

followed the method applied in a previous study (Hiernaux and Ayantunde 2004)

(Fig. 14.1). These three villages were selected for varying cropping rates. By

interpreting the aerial photography, Hiernaux and Ayantunde (2004) reported that

the rate of cropping area to the total area increased in the order of 24 % (BZ), 37 %

(TT), and 66 % (KD). The cropping rate differed among the three villages partly

due to the difference in the area of non-arable plateau. BZ is occupied by the plateau

to the largest extent among the three villages. KD is located immediately west of the

Dallal Bosso region, a fossil alluvial plain with shallow water table. In the Dallal

Bosso region, most arable lands had already been cultivated continuously and

livestock could take water and forage in some ponds even in the middle of the

dry season.

14.2.2 Interview with Sedentary Pastoralists and Estimation
of Their Land Acreage According to Land Use

From 129 households of the total sedentary Fulani in the three villages in 2003,

36 households (28 % of the total households) were selected by clustering analysis,

in terms of millet production and number of livestock. The number of households

selected from each village was proportional to that of all the households in each

village: 9 for BZ, 16 for TT, and 11 for KD. Prior to the main survey in 2006, 23 of

the 36 households were preliminarily surveyed in April 2005, at the end of the dry

season. In this survey, the areas cropped, fallowed, and corralled were determined

by tracing their boundary with a GPS (Global Positioning System) receiver (Garmin

Co.), whose positional error was at least 5 m. The area corralled was identified by

the presence of animal feces excreted in that dry season (Fig. 14.2c). The feces in

the fields were mainly excreted at nighttime when livestock slept. To keep livestock

in the fields at nighttime, livestock were tied to wooden sticks (Fig. 14.2c), or

calves, lambs, or kids were kept in the enclosures so that the rest of the herd would

gather around the enclosures. At daytime, livestock grazed crop residues in other

fields or native plant leaves in fallow lands. The households were also interviewed

on years of settlement, number of livestock (cows, sheep, and goats), transhumance,

corralling, and land renting. The number of livestock was expressed in tropical
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livestock unit (TLU) of 250 kg live weight (ILRI 1995). One cow, one sheep, and

one goat with an average body weight corresponded to 1.2, 0.24, and 0.16 TLU,

respectively. Numbers of chickens and guinea fowls were omitted because these

livestock were kept around houses and were not corralled in the fields. In May 2006,

all the 36 sample households were investigated on the abovementioned aspects. The

households not surveyed in 2005 were interviewed in 2006 on transhumance,

corralling, and livestock management for 2005, so that these practices could be

traced over 2 years for all the sample households. Instead of direct measurement,

the total amount of fecal excreta by livestock in a field in a dry season was estimated

by multiplying the number of cows, sheep, and goats, the days of their stay in the

field, and the average amount of fecal excreta by one cow, one sheep, and one goat.

The last figures were 1.19 kg dry matter per day per cow, 0.18 kg dry matter per day

per sheep, and 0.10 kg dry matter per day per goat, half of the daily amount of

excreta per each animal with an average body weight (Fernández-Rivera et al.

1995). Because livestock stayed in the field only at nighttime, I assumed the half of

the daily excreta would be applied on the field. All the interviews were carried out

in the Fulani language with a Fulani-French interpreter.

14.2.3 Statistical Analysis

All the variables were first tested for distribution normality using the chi-square test

for goodness of fit. For the variables normally distributed, statistical difference was

determined by two-sided Student’s t-test. For the variables not normally distributed,

the statistical difference was determined by two-sided Mann-Whitney’s U test.

14.3 Results and Discussion

14.3.1 Characteristics of Livestock Management by
the Sedentary Fulani

The households were categorized by their livestock management practices

(Table 14.1). Regarding transhumance, a clear contrast among the villages was

found. No households in BZ practiced transhumance, unlike all the households in

KD and TT, mainly due to the difference in the area occupied by crops, as described

in the section “Study Area.” During the rainy season, when the livestock were not

permitted to enter the cropped fields, the households in BZ allowed the livestock to

graze a relatively larger area of fallow or non-arable land surrounding the cropped

fields. In contrast, since most lands in KD and TT were occupied by crops, herds

were removed from this area. The second criterion involved contract corralling,

namely, corralling in the fields of the Zarma farmers on a contract basis. When
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corralling in farmers’ fields was applied, the sedentary Fulani were paid for

corralling by the farmers with food and did not pay a fee for corralling. Only

10 households in the three villages practiced contract corralling. The third criterion

involved contracted livestock. In this scheme, sedentary Fulani managed some of

the client farmers’ livestock in their herds, most of whom were Zarma farmers in

this area. The contract for managing the livestock of the Zarma farmers was usually

kept through a year. However, the client farmers had to pay a fee to the herder only

in the rainy season when serious control of the grazing area was necessary, so that

livestock would not enter the cropped fields. The amount of the fee was determined

according to the number of the clients’ livestock. On the other hand, the clients were
not requested to pay a fee in the dry season when all the parcels of the land could be

grazed freely. Besides the fee, the sedentary Fulani were able to acquire dairy

products from the contracted livestock through a year. Half of the 36 households

practiced contracted livestock (Table 14.1). As also shown in Tables 14.1 and 14.3,

households in BZ, 8 in KD, and 5 in TT, totaling 16 households, were not engaged

in contract corralling or contracted livestock. This fact suggested that the sedentary

Fulani did not always have a close relationship with the Zarma farmers in terms of

corralling or livestock grazing.

14.3.2 Characteristics of Contract Corralling

To analyze the features of contract corralling in more detail, some characteristics of

the corralling practices were statistically compared for the two types of households

grouped based on the contract practice (Table 14.2). No difference among the

villages was found. The households with contract corralling conducted corralling

in their fields during a 5.0-month period, which was shorter than that of the

households without contract corralling, namely, 7.3 months. This was because

households with contract corralling took their herd to the fields of client farmers

for corralling, resulting in the reduction of the duration of the corralling period in

their own fields. However, the total input of excreta for households with contract

corralling, namely, 4.0 Mg, was not statistically different from that for households

without contract corralling, namely, 5.3 Mg. These statistical results suggest that

households with contract corralling did not conduct corralling in the clients’ fields
long enough to reduce the excreta input in their own fields. In other words, client

farmers could expect only a limited excreta input under the current practice of

contract corralling. Furthermore, since the average number of livestock owned by

the Zarma farmers in this area was reported to be as small as 2.3 TLU (Tropical

Livestock Unit) of cows, 0.5 TLU of sheep, and 0.3 TLU of goats (Abdoulaye et al.

unpublished), the application of excreta by corralling was very limited in the fields

of the Zarma farmers.

For the households with contract corralling, the number of cows contracted,

namely, 9 TLU for cows, and the ratio of contracted cows to total cows, namely,

45 %, were larger than those without contract corralling (Table 14.2). These
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differences corresponded to the result that eight of the ten households with contract

corralling raised contracted livestock (Table 14.1). Of these eight households, three

households practiced contract corralling in the fields of the client farmers for

contracted livestock. However, it should be noted that this finding did not directly

indicate the existence of a close relationship between contract corralling and

contracted livestock, since the contract for corralling and raising livestock was

made separately. In fact, one household refused to conduct corralling in the field of

a cow owner due to the lack of millet to be provided by the cow owner as the

payment for corralling.

Yearly changes in contract corralling implied that contract corralling seemed to

be a more flexible practice than transhumance and contracted livestock

(Table 14.3). Five households with contract corralling during the 2004/2005 dry

season abandoned this practice in the following dry season. Three of these house-

holds explained that the reason was to concentrate livestock excreta on their own

fields for maintaining millet yield. On the other hand, six households without

contract corralling in the preceding dry season practiced it in the 2005/2006 dry

season, two of whom pointed out that the reason was to compensate for the low

millet production in their own fields. Contract corralling could provide them with

food from client farmers and saved their own millet stock. Some households

practiced contract corralling when asked by a farmer near land where they hap-

pened to find adequate forage resources. As indicated in these reasons, contract

corralling could be applied by the herders and may depend on other purposes such

as grazing. On the other hand, the households did not change the transhumance and

contracted livestock practice during the 2 years, because transhumance was essen-

tial due to the shortage of available forage resources in the rainy season, and the

contracted livestock practice was obligatory for the Zarma farmers who could not

manage livestock during the cropping season.

Table 14.1 Number of respondent households of sedentary Fulani on livestock management

practices

Village designation

TotalBZ KD TT

Households studied 9 16 11 36

Transhumancea 0 16 11 27

Contract corrallingb Contracted livestockc

Yes Yes 2 6 0 8

Yes No 0 0 2 2

No Yes 4 2 4 10

No No 3 8 5 16

Shinjo et al. (2008)
aTranshumance: transfer of livestock to drier regions in northern Niger during the cropping season
bSome Fulani practice corralling not only in their fields but also in Zarma fields for food
cSome Zarma farmers make a contract with Fulani to raise their livestock
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14.3.3 Pattern of Application of Livestock Excreta

To promote efficient use of livestock excreta through corralling, the pattern of

application of livestock excreta was analyzed. As shown in Fig. 14.3, the house-

holds with contract corralling did not differ from those without contract corralling

Table 14.2 Characteristics of corralling practices

Whole

households

n ¼ 36

Households

with contract

corralling

n ¼ 10

Households

without

contract

corralling

n ¼ 26

DifferencegMean STDf Mean STDf Mean STDf

Total area managed (ha) 6.6 4.8 5.5 2.9 7.0 5.4 –

Area cropped (ha) 6.4 4.6 5.5 2.9 6.8 5.2 –

Area corralled (ha) 2.4 1.9 2.4 1.9 2.4 1.9 –

Period of corralling (month)a 6.7 2.3 5.0 2.5 7.3 1.9 **

Cows managed (TLU)b 19.1 9.6 23.4 8.4 17.5 9.6 –

Cows owned (TLU) 12.5 9.2 9.9 10.0 13.5 8.9 –

Cows contracted (TLU)c 4.4 6.7 10.1 7.8 2.2 4.8 **

Cows entrusted (TLU)d 2.3 3.2 3.4 3.8 1.8 2.9 –

Small ruminants managed

(TLU)

5.9 7.2 3.9 4.5 6.7 8.0 –

Sheep owned (TLU) 1.9 2.7 1.8 2.9 2.0 2.6 –

Sheep contracted (TLU)c 0.0 0.2 0.0 0.0 0.0 0.2 –

Sheep entrusted (TLU)d 0.4 0.6 0.5 0.8 0.3 0.5 –

Goats owned (TLU) 3.1 5.4 1.2 1.1 3.9 6.2 –

Goats contracted (TLU)c 0.0 0.0 0.0 0.0 0.0 0.0 –

Goats entrusted (TLU)d 0.4 0.5 0.4 0.3 0.5 0.5 –

Total input of livestock excreta

(Mg)

5.0 2.9 4.0 2.5 5.3 3.0 –

Input rate of livestock excreta

(�102 g m�2)e
2.5 1.8 2.1 1.9 2.7 1.7 –

Ratio of corralled area to

cropped area (%)

49 36 49 40 49 35 –

Ratio of contracted cows to

total cows (%)

21 31 45 37 12 23 **

Ratio of cows managed to area

cropped (TLU/ha)

3.9 2.9 5.5 3.9 3.3 2.1 –

Shinjo et al. (2008)
aCorralling period in fields of households
bTropical livestock unit
cCows, sheep, or goats of Zarma managed on contract basis
dCows, sheep, or goats of other Fulani households
eTotal manure input divided by area corralled
fStandard deviation
g** indicates statistically significant difference between the households with and without contract

corralling
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in this aspect. Schlecht et al. (2004) suggested that the application of livestock

excreta should be limited to 300 g m�2, with effects expected over four cropping

seasons, to obtain a maximal rate of return in terms of yield and to minimize the

leaching of nutrients. Following this suggestion, a household with an input rate of

300 g m�2 in 25 % of the area cropped utilized livestock excreta most efficiently, so

that it could end the application of livestock excreta for the whole field within

4 years. Thus, 7500 g m�2 %, computed by multiplying the application rate,

namely, 300 g m�2, by the percentage of the area corralled, namely, 25 %, could

be used as a criterion for effective management of corralling. As shown in Fig. 14.3,

in 23 households, corresponding to almost two-thirds of the whole households, the

values were larger than 7500 with a potential to conduct corralling in the fields of

other households.

Figure 14.3 also depicts the two groups of households, based on the ratio of the

area corralled to that cropped. In the first group of 12 households, corralling was

conducted at a rate of more than 70 % of the area cropped, with a relatively small

input rate of livestock excreta, namely, 300 g m�2 at most. They applied the

livestock excreta during both the 2004/2005 dry season and the 2005/2006 dry

season at a rate of almost 100 % of their lands. On the other hand, in the second

group consisting of the other households, corralling was conducted at a rate of less

than 50 % of the area cropped, although the input rate varied from almost zero to

more than 600 g m�2. In this group of households with an input rate of more than

400 g m�2, the areas for application of livestock excreta within a field changed from

the 2004/2005 dry season to the 2005/2006 dry season, as they recognized the

residual effect of application of livestock excreta. The reasons for the differences in

this application pattern remain to be clarified.

14.3.4 Increasing Efficiency of Application of Livestock
Excreta Under the Actual Relationship Between
the Farmers and the Sedentary Fulani

The study revealed that a small amount of livestock excreta was applied in the

farmers’ fields by the sedentary Fulani, as scheme of contract corralling

Table 14.3 Yearly change in the number of households in terms of transhumance, contract

corralling, and contracted livestock

Transhumance Contract corralling Contracted livestock

04–05 05–06

Yes Yes 26 4 18

Yes No 1 5 1

No Yes 1 6 0

No No 8 21 17

Shinjo et al. (2008)
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(Table 14.2), and that for the majority of the Zarma farmers, corralling was not

beneficial for crop production. The same finding was reported for the Hausa farmers

by Oyama (2015). He described that only the farmers rich enough to pay for

contract corralling by cash or millet can ask pastoralists for it. He depicted even

the worst case that one of the poor farmers seriously injured the Fulani who had

contract corralling in the field of the rich farmer. He suggested that the poor farmer

might be frustrated by the contact corralling. Because livestock can graze freely in

the dry season, it grazed crop residues in the field of the poor farmers and it

delivered its excreta in the field of the rich farmers with the contract corralling.

The poor farmer may think that contract corralling removed the resource as crop

residues from his field and enrich the field of the rich farmers.

However, almost two-thirds of the sedentary Fulani were found to have the

potential to practice corralling in the fields of other farmers (Fig. 14.3). Thus, if

these sedentary Fulani could promote the contract corralling practice, a larger

number of Zarma farmers could benefit from contract corralling. For this promo-

tion, the proposal by Thiombiano (personal communication) to develop a mutual

assistance system between the farmers and the sedentary pastoralists in Burkina

Faso, West Africa, should be considered. The proposal, which is based on the

current situation of land tenure for the sedentary Fulani, is compatible with this

study. Most sedentary Fulani in this area cultivate fields with the permission of the

Zarma land title holders with rent in kind of about one-tenth of millet grain

production. In the present study, only two households purchased the land. Under

Percentage of area corralled to that cropped (%) 

Ex
cr

et
a 

in
pu

t r
at

e 
(x

 1
02  g

 m
-2

) 

Fig. 14.3 Relationship between the percentage of the area corralled to that cropped and the

excreta input rate in the fields managed by the sedentary Fulani in the 2005/2006 dry season

(Shinjo et al. 2008). Open (○) and closed (●) circles indicate households with and without

contract corralling, respectively. Solid line depicts the constant product of both values. The

constant product used is 7500, computed by multiplying 300 g m-2 by 25 %, as the criterion for

the effective management of corralling, following the suggestion of Schlecht et al. (2004)
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the increasing pressure of land use, the land title holders seem more likely to ask

sedentary Fulani to return the land. Thus, Thiombiano suggested that the sedentary

Fulani should conduct corralling in the fields of the Zarma land title holders as the

cost of assurance of land renting, leading to benefits for both. Nevertheless, the

Zarma land title holders, who are chief or seniors in villages in many cases, have

usually large herds of livestock and can apply livestock excreta from their own

herds. If this is the case, the contract corralling in the field of the land title holders

might lead again to nutrient enrichment in the field of rich farmers, which in turn

may enhance the discrimination between the rich and poor farmers. Hence, this

proposal needs further refinement to enable the sedentary Fulani to conduct corral-

ling in the fields of the Zarma farmers without livestock, who might be different

from the land title holders but account for the majority of the farmers and seriously

need the application of livestock excreta. The other nutrient management practices

other than corralling should also be sought for them.

14.4 Farmer’s Strategies for Replenishing Nutrient
Resources in Slash-and-Burn Agriculture Under
Different Climatic and Soil Conditions

Due to the sedentarization of previously nomadic people, benefits of corralling for

crop production were found to be mostly limited to the fields managed by the

sedentary Fulani. However, since some sedentary Fulani had the potential to

conduct corralling in the fields of other farmers to promote efficient use of livestock

excreta, a refined relationship between the farmers and the sedentary Fulani that

could enhance the contract corralling practice should be realized.
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Chapter 15

Control of Wind Erosion, Loss of Soils,
and Organic Matter Using the “Fallow Band
System” in Semiarid Sandy Soils of the Sahel

Kenta Ikazaki

Abstract In the Sahel region of West Africa, wind erosion has a significant impact

on soil nutrient dynamics. However, they had not been accurately evaluated

because of the disadvantages of the conventional sediment samplers. Therefore,

the Aeolian Materials Sampler (AMS) was developed to compensate for the

disadvantages, and field scale nutrient flow by wind erosion was measured using

the AMSs. It was revealed that (1) the annual loss of soil nitrogen from a cultivated

field by wind erosion was two to three times greater than the annual absorption by

the staple crop; (2) however, when there was a herbaceous fallow land (more than

5-m wide in the east-west direction) at the west side of the field, most of the blown

soil nutrients were captured by the fallow land. On the basis of this high trapping

capacity of the fallow land, “Fallow Band System” was designed to control nutrient

dynamics as well as improve the crop production. A field experiment showed that

(a) a single fallow band with a width of 5 m trapped 74 % of annual incoming soil

particles and 58 % of annual incoming coarse organic matter (COM), suggesting

that the “Fallow Band System” can control the nutrient flow by wind erosion and

(b) owing to the enormous deposition of the trapped soil materials by the fallow

band, soil nutrient status and hydraulic conductivity of the surface soil were greatly

improved in the former fallow band, which resulted in the improved crop yield

compared with the field without the system.
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15.1 Development of a New Sediment Sampler to Measure
the Flux of Soil Nutrients and Carbon by Wind
Erosion

The Sahel region is located at the south fringe of the Sahara Desert with a mean

annual rainfall of between 200 and 600 mm and includes parts of Senegal, Mauri-

tania, Mali, Burkina Faso, Niger, and Chad, the least developed countries of the

world. The rainfall in this region is concentrated from July to September, and

almost no rainfall is observed from November to March. Pearl millet (Pennisetum
glaucum (L.) R. Br.), as a staple food, is grown in the short rainy season with almost

no chemical fertilizer and animal or mechanical traction. The parent materials of

the Sahelian sandy soils are predominantly Aeolian deposits carried by the wind

from the present Sahara Desert around the last glacial maximum (Kadomura 1992;

approximately between 20,000 and 12,000 years ago). The soils, therefore, are

mainly classified as Arenosols according to the World Reference Base for Soil

Resources 2014 (International Union of Soil Sciences Working Group WRB 2015)

and have low-soil nutrients and carbon (Manu et al. 1991). Also, they are prone to

wind and water erosion because of the unstable structure.

The Sahel has been considered one of the most vulnerable areas to desertification

(United Nations Environment Programme 1997). Desertification, in this region, is

mainly caused by wind erosion (Lal 1993; Fig. 15.1) which reduces the soil

nutrients (Daniel and Langham 1936; Zobeck and Fryrear 1986; Sterk et al. 1996;

Larney et al. 1998; Bielders et al. 2002) and soil productivity (Lyles 1975; Larney

et al. 1998) by the removal of fertile topsoil. Previous studies (Sterk et al. 1996;

Bielders et al. 2002; Visser et al. 2005) estimated the soil nutrient or carbon flux

associated with the movement of soil particles (SP) by using the Modified Wilson

and Cooke (MWAC) sampler (Wilson and Cooke 1980) or the Big Spring Number

Eight (BSNE) sampler (Fryrear 1986). However, the flux calculated using only the

MWAC sampler or the BSNE sampler would not be reliable because of the

following reasons: (1) Although large sediment flux occurs near the soil surface

(Stout and Zobeck 1996; Rasmussen and Mikkelsen 1998), these samplers cannot

measure the flux at the height of 0–0.05 m above the ground (their lowest trap is

located at 0.05 m above the ground), and thus, the flux below 0.05 m has to be

calculated by extrapolating the regression curve derived from the relationship

between the flux and trap height above 0.05 m. (2) Previous studies did not take

coarse organic matter (COM; Fig. 15.2) into account. This would be a problem

because the COM could contain large proportion of the soil nutrients and carbon in

the topsoil (preferentially blown part by the wind) of the Sahelian sandy soil

(see 15.1.1 for more information).

In this context, the Aeolian Materials Sampler (AMS) (Ikazaki et al. 2009a;

Fig. 15.3), which is a nonrotating sediment sampler that can measure the surface

flux of SP and COM below 0.05 m, was designed with reference to the previous

designs by Bagnold (1941), Greeley et al. (1982), Fryrear (1986), Stout and Fryrear

(1989), Nickling and McKenna Neuman (1997), Bauer and Namikas (1998), and
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Rasmussen and Mikkelsen (1998), and its performances were evaluated with wind

tunnel experiments and field experiments. The COM flux above 0.05 m can be

measured with the BSNE sampler owing to its near-isokinetic characteristic

(Fryrear 1986; Shao et al. 1993; Goossens et al. 2000) and enough large inlet (the

inlet of the MWAC sampler might be too small to measure the COM flux).

Fig. 15.1 Erosive storm in the Sahel

Fig. 15.2 Coarse organic matter
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Wind tunnel experiments under the field conditions of the Sahel showed that the

trapping efficiency (TE) of the AMS for the mass flux of SP (TEsp_mass) and COM

(TEcom_mass) is

TEsp mass ¼ �2:40u2m þ 96:1þ 12:7exp �0:0523θð Þ½ � 0 � θ � 45ð Þ
R2 ¼ 0:84;P < 0:01
� � ð15:1Þ

TEcom mass ¼ 61:0þ 18:0 expð�0:0614θÞ ð0 � θ � 45Þ
ðR2 ¼ 0:94,P < 0:01Þ ð15:2Þ

where TEmass is the trapping efficiency for the mass flux (%), u2m is the wind

velocity at 2-m height (m s�1), and θ is the incident wind angle to the AMS (�)
(Ikazaki et al. 2009a). The TEsp_mass and TEcom_mass were determined separately

since the sensitivities of SP and COM to airflow are different. Although both

TEsp_mass and TEcom_mass are not 100 %, Eqs. 15.1 and 15.2 suggested that they

can be easily and accurately calibrated using wind data to reliably estimate the mass

flux at the height of 0–0.05 m in the Sahel.

Another wind tunnel experiment conducted by Ikazaki et al. (2011a) showed that

(a) the TEs of the AMS for the total nitrogen (TN) and total carbon (TC) contents of

SP (TEsp_tn and TEsp_tc, respectively) are constant (72 % and 65 %, respectively, on

average), irrespective of the TEsp_mass, wind velocity, and wind direction, and

(b) those of COM (TEcom_tn and TEcom_tc) are also constant (99 % and 98 %,

respectively, on average), irrespective of the TEcom_mass, wind velocity, and wind

direction. In the study by Ikazaki et al. (2011a), soil nitrogen was assessed because

it is a severe limiting factor in crop production in the Sahel (Bacci et al. 1999;

Bationo and Ntare 2000; Pandey et al. 2001).

Fig. 15.3 Aeolian Materials Sampler, unit in (a) is centimeter
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On the basis of the abovementioned result (a) and Eq. 15.1, it was found that the

surface flux of TN and TC associated with the movement of SP at the height of

0–0.05 m can be estimated by using the following formulae:

Fsp tn ¼ Msp= TEsp mass=100
� �� �� TNsp= 72=100ð Þ� � ð15:3Þ

Fsp tc ¼ Msp= TEsp mass=100
� �� �� TCsp= 65=100ð Þ� � ð15:4Þ

where Fsp_tn and Fsp_tc are the flux of TN and TC by the movement of SP (gm�2 s�1),

Msp is the SP mass flux determined using the AMS (g m�2 s�1), and TNsp and TCsp

are the TN and TC contents of the trapped SP by the AMS (g g�1). Similarly, the

surface flux of TN and TC associated with the movement of COM below 0.05 m can

be estimated by using the following formulae:

Fcom tn ¼ Mcom= TEcom mass=100ð Þ½ � � TNcom= 99=100ð Þ½ � ð15:5Þ
Fcom tc ¼ Mcom= TEcom mass=100ð Þ½ � � TCcom= 98=100ð Þ½ � ð15:6Þ

where Fcom_tn and Fcom_tc are the flux of TN and TC by the movement of COM

(g m�2 s�1), Mcom is the COM mass flux determined using the AMS (g m�2 s�1),

and TNcom and TCcom are the TN and TC contents of the trapped COM by the

AMS (g g�1).

Field experiments at the International Crops Research Institute for the Semi-

Arid Tropics (ICRISAT) West and Central Africa in Niger (IWCA, 13� 140 N,
2�170 E, 235 m above sea level) were also conducted by Ikazaki et al. (2010, 2011a)

for evaluating the performance of the AMS under the actual field conditions of the

Sahel. Ikazaki et al. (2011a) found that the mass transport rate of SP, SP loss from a

cultivated field, and SP gain in a fallow land during erosion events cannot be

accurately estimated without measuring the mass flux at the height of 0–0.05 m

using the AMS. Ikazaki et al. (2010) also reported that the COM loss from the

cultivated field calculated by employing only the BSNE sampler was not consistent

with the actual value, but that calculated by using the combination of AMS and

BSNE samplers agreed with the actual value.

15.1.1 Coarse Organic Matter (COM)

In Sect. 15.1, COM is defined as free organic debris with particle diameter greater

than 200 μm and mainly consisting of plant residues and SP as the remaining soil

components with reference to Ikazaki et al. (2009a). COM is conceptually similar to

the free light fraction (free LF) in Six et al. (1998) that is particulate organic matter

existing between aggregates. The difference between COM and free LF is that

COM includes free organic debris>2.0 mm in diameter, but free LF does not. In the

Sahel, the potential soil loss from a cultivated field by wind erosion was estimated

to be 5.0 mm year�1 (Bielders et al. 2000), and in the 5.0-mm-thick topsoil, COM
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accounted for 35–52 % of the total carbon and 22–34 % of the total nitrogen

(Ikazaki et al. 2009a).

15.2 Field Estimation of Movements of Soil Nitrogen
and Carbon During Wind Erosion Events

Ikazaki et al. (2011b, 2012) estimated the movements of SP and COM during wind

erosion events by using the combination of AMS and BSNE samplers. They carried

out 3-year field experiments at the ICRISAT West and Central Africa and revealed

the following points:

1. The annual loss of SP from the cultivated field was 60–80 Mg ha�1 year�1

(assuming that the bulk density is 1.6 Mg m�3, it corresponds to 4–5 mm year�1).

It is similar to the potential soil loss (79Mg ha�1) estimated byBielders et al. (2000).

However, it is larger than the annual SP loss reported by Sterk and Stein (1997) and

Bielders et al. (2002) and the proposed values (2.5–12.4Mg ha�1 year�1) by Renard

et al. (1997) above which an economic impact on crop production is highly

expected.

2. The annual loss of COM from the cultivated field was 0.3–1.3 Mg ha�1 year�1,

which was 50–75 % of the initial amount of COM that existed in the loose

surface soil before the first wind erosion event in each year. These high pro-

portions can be explained by the fact that COM is generally not mixed into the

soil by the Sahelian farmers who grow pearl millet with no tillage and spot

sowing.

3. The annual loss of soil nitrogen from the cultivated field associated with the

movements of SP and COM was roughly 25–40 kg ha�1 and 5–20 kg ha�1,

respectively. The total annual nitrogen loss was 40–50 kg ha�1, which is

approximately 2–3 times as much as the annual nitrogen uptake by pearl millet,

thereby implying that wind erosion greatly affects the soil nutrient status in the

Sahel.

4. The loss of soil carbon from the cultivated field associated with the movements

of SP and COM was roughly 300–400 kg ha�1 and 100–400 kg ha�1, respec-

tively. The total annual carbon loss was 500–700 kg ha�1.

From the results (3) and (4), it was shown that the loss of soil nitrogen and

carbon associated with the movement of COM is not negligible as expected and

should be taken into account in the Sahel, especially in a cultivated field where a

large amount of COM exists in the loose surface soil (e.g., fields with manure

application).

As described above, a huge amount of SP, COM, and associated soil nitrogen

and carbon was lost from the cultivated fields. Now, the question is where these

windblown materials go. Ikazaki et al. (2011b, 2012) measured the flux of SP,

COM, and associated soil nitrogen and carbon both in a cultivated field (source) and
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fallow land (sink) and found that most of them was trapped by the 5-m-wide fallow

land (i.e., most of them settled into the fallow land within the first 5 m from the

boundary between the field and fallow). The TEs of the 5-m-wide fallow land for

the incoming SP from the cultivated field in 2005, 2006, and 2007 were estimated to

be 93 %, 79 %, and 77 % and those for the incoming COM were 97 %, 87 %, and

81 %, respectively. These efficiencies for the incoming SP were much higher than

that reported by Bielders et al. (2002), though the results of both studies cannot be

directly compared because (1) Bielders et al. (2002) did not mention the biomass

and vegetation coverage rate of the fallow land, and (2) methods of estimating the

SP flux in the fallow land in both studies are not the same. The results in Ikazaki

et al. (2011b, 2012) suggested that the SP, COM, and associated soil nitrogen and

carbon are not lost but localized when viewed on a larger scale (e.g., a village

scale).

15.3 Development of a New Practice for Controlling
the Loss of Soil Nutrients and Carbon by Wind
Erosion

Wind erosion in the Sahel can be controlled by reducing wind velocity at the soil

surface with ridging or windbreaks, or by creating sufficient resistances to wind

forces on the soil surface with mulching with post-harvest crop residue. Bielders

et al. (2000) described that the 0.2-m-high ridges perpendicular to the prevailing

erosive wind direction (east) reduced soil loss in a cultivated field by 57 % at

maximum compared with the control plots (no ridged). However, most Sahelian

farmers do not possess sufficient labor (Matlon 1987; Nagy et al. 1988; Ruthven

and David 1995) and animal traction (Nagy et al. 1988; Baidu-Forson and Renard

1996; Hiernaux and Ayantunde 2004) to employ this method. The effect of wind-

breaks on wind erosion control in the Sahel has been also studied. Michels et al.

(1998) reported that a windbreak of Andropogon gayanus Kunth and Bauhinia
rufescens Lam. reduced annual soil flux by 6–55 % and 47–77 %, respectively.

However, windbreaks, as a countermeasure against wind erosion, have not been

adopted by Sahelian farmers (Bielders et al. 2001). According to Bielders et al.

(2001), the reasons for this non-adoption could be lack of plant material, lack of

training and development project support, reduction in cropping area, land tenure

problems (ownership of trees), and the need for protection against grazing live-

stock. The effect of mulching with post-harvest millet residue on wind erosion

control in the Sahel has been reported by many authors (i.e., Geiger et al. 1992;

Michels et al. 1995; Lamers et al. 1995; Sterk and Spaan 1997; Buerkert and

Lamers 1999; Bielders et al. 2000). To put it briefly, mulching with

1500–2000 kg ha�1 of pearl millet residue reduced the soil flux by 46–64 %

compared with the control plots. In contrast with that, mulching with

500–1000 kg ha�1 of post-harvest millet was not always effective in reducing the

15 Control of Wind Erosion, Loss of Soils, and Organic Matter Using the. . . 315



soil flux. However, mulching with 1500–2000 kg ha�1 of pearl millet residue is not

applicable for the Sahelian farmers. This is because (1) the productivity of the

Sahelian sandy soils is too low, and the biomass of millet stem and leaf is

sometimes less than 1500–2000 kg ha�1. (2) Pearl millet residue is generally

used extensively as animal feed, fuel, and constructing material (Lamers and Feil

1993; Michels et al. 1995; Schlecht and Buerkert 2004). As described above,

effective countermeasures against wind erosion have been proposed, but none of

them have been adopted by Sahelian farmers (Rinaudo 1996) since they would not

be practical for the Sahelian farmers who are tight in terms of cash and labor

(Matlon 1987; Nagy et al. 1988; Ruthven and David 1995). Therefore, Ikazaki et al.

(2011c) designed a new practice for controlling the loss of soil nutrients and carbon

by wind erosion on the basis of the results in Sect. 15.2 and termed it “Fallow Band

System.” In designing the “Fallow Band System,” the practicality for Sahelian

farmers was made the first priority.

The outline of the “Fallow Band System,” a shifting herbaceous windbreak, is

illustrated in Fig. 15.4 which shows a temporal sequence of land use in this system.

(A) Because erosive storms, harmattan winds in the dry season, and convective

storms in the early rainy season (Sterk 2003) are mainly east wind, 5-m-wide

herbaceous fallow bands are established in the first year in a north-south direction

(a right angle to the erosive wind direction) in a cultivated field during the rainy

season. It is notable that fallow bands can be easily created by skipping the usual

seeding and weeding (by doing nothing). Therefore, this system does not impose

any additional expenses and labor requirements on Sahelian farmers who are

economically challenged and have limited manpower (Matlon 1987; Nagy et al.

1988; Ruthven and David 1995), and thus, the practicality of this system for

Sahelian farmers will be high. The remainder of the field is cultivated using a

conventional method and called “cultivated band.” Fallow bands are maintained

during the subsequent dry season and early rainy season, so that they will capture

windblown SP, COM, and associated soil nutrients and carbon. (B) In the next rainy

season, new fallow bands are arranged windward side of the former fallow bands,

on which in turn crops are cultivated as well as in the cultivated bands. (C) Step

(B) is repeated every year.

According to Ikazaki et al. (2011c), the “Fallow Band System” will not only

control wind erosion but also improve soil chemical and physical properties, and

thus crop production. Soil chemical properties will be improved owing to the

settlement of windblown materials (SP and COM), which contain considerable

amount of soil nutrients and carbon, in the former fallow bands. Buerkert and

Lamers (1999) reported that the windblown soil materials trapped by polyethylene

plastic tubes placed in a cultivated field improved soil chemical properties and

promoted early-season crop growth.

Soil physical properties can be improved by covering the crust layer(s) of the

topsoil with the trapped SP and COM. Figure 15.5 shows a topsoil of the Sahelian

sandy soils. As described by Rajot et al. (2003) and Ikazaki (2015), a loose sand

layer (a few centimeters thick in a well-managed field) with high hydraulic con-

ductivity and high-nutrient contents lies on top of a crust layer(s) with low
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hydraulic conductivity and low soil nutrient contents. As wind erosion progresses,

the loose sand layer will be removed, and consequently, the crust layer(s) will be

exposed as in Fig. 15.5, resulting in the sharp decrease in soil permeability. In

the “Fallow Band System,” it is highly possible that covering the exposed crust

layer(s) with the trapped SP and COM increases the hydraulic conductivity of the

surface soil and improves the rainfall infiltration into the soil. This hypothesis is

supported by the results in Buerkert and Lamers (1999) and Ribolzi et al. (2006)

that soil water content or soil permeability was increased in the surface soil where

windblown soil materials had settled.

The “Fallow Band System” has a potential of decrease in crop yield because of

the reduction in cropping area (if 5-m-wide fallow bands are created at an interval

of 45 m, then the reduction in cropping area is 10 %). However, increased crop yield

that will be resulted from the improvement of soil chemical and physical properties

in the former fallow bands can be more than offset of this potential decrease in crop

yield of the system.

Ikazaki et al. (2011c) evaluated the effectiveness of the “Fallow Band System”

and showed that (1) a single fallow band trapped 74 % of annual incoming SP and

58 % of annual incoming COM. The TE for the incoming SP (74 %) is similar to

that of a windbreak of 0.6-m-high and 5-m-wide fallow vegetation (70 %) reported

by Banzhaf et al. (1992) and higher than that of the surface mulching (46–64 %).

Interestingly, the TEs for the annual incoming SP and COM (74 % and 58 %,

Fig. 15.4 Outline of the “Fallow Band System” (partly modified from Global Environmental

Forum 2013)
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respectively) in Ikazaki et al. (2011c) were relatively lower than those in Ikazaki

et al. (2012) (93 %, 79 %, and 77 % for SP and 97 %, 87 %, and 81 % for COM, as

mentioned above). This might be because the biomass of the fallow band in Ikazaki

et al. (2011c) was lower than that in Ikazaki et al. (2012). (2) The total mass of the

SP trapped by a single fallow band was 1830 Mg ha�1 (expressed in a hectare of a

fallow band), containing 910 kg ha�1 of TN and 8.7 Mg ha�1 of TC (C:N ratio

was 9.5). That of the COM was 4.0 Mg ha�1, containing 60 kg ha�1 of TN and

1.3 Mg ha�1 of TC (C:N ratio was 21.5). Owing to the enormous deposition of the

SP and COM on the fallow band, total soil respiration (root respiration was

excluded) in the former fallow band was much higher than that in the cultivated

band (mainly due to the additional decomposition of the trapped COM), suggesting

that soil nutrient status in the former fallow band was greatly improved. (3) The

hydraulic conductivity of surface soil of the former fallow band was increased

mainly by covering the crust layer(s) with the trapped SP and COM of which

hydraulic conductivity is high. This resulted in higher water content in the surface

soil of the former fallow band than that of the cultivated band, and therefore, the

amount of soil water available for crops was increased in the former fallow band.

From these results (1–3), it was concluded in Ikazaki et al. (2011c) that the “Fallow

Band System” can be useful for controlling wind erosion and improving soil

fertility in the sandy soil of the Sahel.

The effect of the “Fallow Band System” on the crop yield was reported in

Ikazaki et al. (2009b). It was found that (a) the crop yield was maximized when

the interval of the fallow bands was 30–36 m in most cases. (b) Although the

decrease in crop yield in the first year is inevitable, the crop yield from the entire

field with the “Fallow Band System” can be increased by 36 to 81 % (ten-year

average) compared with the field without the system when the fallow bands are

Fig. 15.5 Topsoil of the Sahelian sandy soil, crust is emphasized by removing skeleton grains

(coarse particles) between dense plasmic (fine particle) layers
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created at an interval of 30–36 m. Therefore, it was concluded that the “Fallow

Band System” can be useful for improving crop yield, which can be a strong

incentive for the Sahelian farmers for practicing the system (the “Fallow Band

System” was disseminated by a project of the Japan International Corporation

Association (JICA) and adopted by about 500 farmers from 89 villages, 23 districts,

5 regions in Niger).

According to Ikazaki (2015), the “Fallow Band System” could be improved by

introducing Chamaecrista mimosoides (L.) E. Greene into the fallow bands.

Chamaecrista mimosoides, one of the leguminous plants fixing atmospheric nitro-

gen (Tobita et al. 2011), is not easily edible for livestock and has a hard stem that

resists to physical damage caused by windblown SP. Therefore, it is possible that

C. mimosoides can be used to strengthen both effects of wind erosion control and

yield improvement in the system.
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Chapter 16

Process of Runoff Generation at Different
Cultivated Sloping Sites in North
and Northeast Thailand

Shinya Funakawa

Abstract The conditions for surface runoff generation, which is usually strongly

related to the process of soil erosion, were analyzed in three plots at different

cultivated sloping sites in North and Northeast Thailand using a runoff gauge

connected to a data logger. In most of the cases, the rainfall intensity and the

surface soil moisture contributed significantly to surface runoff generation. The

rainfall intensity in the Khon Kaen plot on sandy soils was higher than that in the

other two plots with fine-textured soils in the northern region, and surface runoff

occasionally occurred throughout the rainy season with no clear seasonal trend,

unlike in the other two plots, where surface runoff occurred more often during the

latter half of the rainy season due to the higher rainfall intensity and/or capillary

saturation of surface soils. The proportion of the surface runoff generated in relation

to the amount of rainfall increased with the increase of the slope gradient of the

plots. The proportion of the amount of soil erosion in relation to the amount of

surface runoff was, however, the largest in the sandy plot of Khon Kaen with the

lowest slope gradient, indicating that the sandy soils were more easily eroded than

the clayey soils presumably due to the weakly organized structure of the soil

aggregates. Therefore, the conditions that enhance the risk of surface runoff and

soil erosion were found to vary and should be taken into account for agricultural

management in the respective regions.

Keywords Runoff gauge • Rainfall intensity • Soil moisture • Surface runoff • Soil

texture
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16.1 Introduction

The recent economic development in Thailand has resulted in a drastic change of

agricultural production systems, especially in upland cropping areas. Land man-

agement strategies that can provide long-term sustainability of agricultural produc-

tion should be adopted. In the present study, we investigated the process of surface

runoff generation, which is a driving force of soil erosion, under different condi-

tions in North and Northeast Thailand in order to examine the possibility of

decreasing the soil erosion risk.

In the mountainous region of North Thailand, shifting cultivation, which has

often been referred to as “slash-and-burn” or “swidden agriculture,” has long been

one of the main production systems of subsistence agriculture (Kunstadter and

Chapman 1978, Chap. 11 in this volume). However, due to the improvement of the

transport infrastructure and the increase in population, traditional shifting cultiva-

tion with an adequate long fallow period has been replaced by more intensive

cropping with a short fallow period or by almost continuous cultivation (Kyuma

2001). Since the agricultural land in this area is mostly opened on steep hill slopes,

erosion control would be one of the most serious problems to be solved during the

intensification of agriculture.

On the other hand, the agroecological conditions of Northeast Thailand are

characterized by a wide distribution of sandy soils, irregular occurrence of rainfall

events during the rainy season, and undulating topography with relatively gentle

slopes. These conditions might traditionally have been unfavorable for agricultural

development in the area. Presently, due to the development of the transport infra-

structure and promotion of domestic/international market economy, market-

oriented agriculture is being widely adopted, and plantations of sugarcane and/or

cassava, as commercial crops on the middle to upper slopes, are widely observed in

Northeast Thailand.

The intensification of land use, which is commonly observed in North and

Northeast Thailand, may lead to serious soil degradation problems, especially on

sloping land, if appropriate technology is not applied. One of the most serious

problems after forest clearing for agricultural production is soil erosion, whereby

the fertility of surface soils decreased within a short period of time. Several factors

can affect the intensity of soil erosion, i.e., rainfall intensity, length of slopes, slope

gradient, and surface coverage (Wischmeier and Smith 1978; Sonneveld and

Nearing 2003). In the present study, we investigated the conditions conductive to

surface runoff generation, which can be closely related to soil erosion, in three plots

at different cultivated sloping sites in North and Northeast Thailand, with special

reference to meteorological factors such as rainfall intensity and/or soil conditions.
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16.2 Description of Study Sites and Research Methodology

Three experimental plots were set up. The first consisted of a sugarcane field on

sandy soils in Ban Sam Jan (SJ), Khon Kaen Province, Northeast Thailand. The soil

was classified into Typic Ustipsamments, according to soil taxonomy (Soil Survey

Staff 2014). Sugarcane (Saccharum officinarum L.) was planted during the year of

the experiment (2002). Detailed information on soils and landscape were previously

reported (Funakawa et al. 2006a). The slope gradient was about 5 %. The second

plot was set up in Ban Nam Rin (NR), upper northern part of Mae Hong Son

Province, in which marketed vegetables were cultivated at a moderately high

elevation (800 m). The soils in this area were derived from limestone and, hence,

not strongly acidic and suitable for the cultivation of annual crops. They were

classified into Udic Haplustalfs, according to US soil taxonomy (Soil Survey Staff

2014). The slope gradient of the NR plot was approximately 35 % (20 �). The soil
surface was kept bare during the experiment (2002). The last plot was set up in Ban

Du La Poe (DP), Mae Hong Son Province, where Karen people practice traditional

shifting cultivation in this mountainous region (1200 m above sea level). The soils

were derived from fine-textured sedimentary rocks and classified into Ustic

Haplohumults. Detailed information on the soils and agriculture was given in our

previous report (Funakawa et al. 2006b, Chapter 11 in this volume). The slope

gradient of the DP plot was about 60 % (30 �). Upland rice (Oryza sativa L.) was

planted after reclamation of fallow forest (7 years) during the study period (2001).

One 2.5 m� 2.5 m plot at the SJ site and duplicate 1 m� 1 m plots at the NR and

DP sites were set up and surrounded by stainless plates on the upper border and both

sides to prevent runoff water from penetrating into the plots from outside

(Fig. 16.1a). Then the water budget in the small square area of the plots was

calculated at 10-min intervals, based on the measured values of rainfall (using a

tipping bucket rain gauge), volumetric soil moisture content in 0–15 and 15–45 cm

layers of soil (using TDR probes), and the amount of surface runoff, which were

recorded on a data logger (CR10X, Campbell Co. Ltd.). The amount of surface

runoff was measured using a handmade runoff gauge, which was designed to count

a switch closure for each bucket tip in the same way as a tipping bucket rain gauge

(Fig. 16.1b).

Soil physical and physicochemical properties were determined using

undisturbed core samples and air-dried soil samples ( < 2 mm), respectively. The

eroded soils trapped in the bucket just below the runoff gauge were collected after

the end of the experiment, and the total amount of soil erosion throughout the rainy

season was determined in each plot.

A statistical software SYSTAT 8.0 was used for the statistical analysis (SPSS

Inc. 1998).
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16.3 General Soil Properties and Rainfall Characteristics
of the Study Plots

Table 16.1 lists selected physical and physicochemical properties of the soils

studied. The soils in the SJ plot were characterized by a sandy texture, low organic

matter content, high bulk density, and lower hydraulic conductivity with a low total

porosity below 0.5 L L�1, compared to those in the NR and DP plots. It should be

noted that the moisture content at field capacity (�6 kPa or pF 1.8) was approxi-

mately 0.4 L L�1 in the clayey soils (NR and DP plots), whereas 0.25 L L�1 in the

sandy soils of the SJ plot.

Figure 16.2 shows the daily rainfall and fluctuations of soil moisture contents in

the study plots during the experiment. During a certain period of time, the data were

missing due to malfunction of the data logger. Even in the rainy season, the SJ plot

experienced a clear drought from mid-June to July with little rainfall. Surface soil

moisture fell to a level equivalent to that observed in the dry season, i.e., around

0.05 L L�1. After mid-August, as regular rainfall events occurred, the moisture

content in the subsoils was continuously maintained at field capacity or capillary

saturation (θ ¼ 0.25). In the NR plot, capillary saturation occurred earlier, that is, in

mid-June, the moisture conditions of the subsoils reached the level of field capacity

(θ ¼ 0.4), and though data were missing during a certain period of time, such a

situation was considered to be maintained until the end of the rainy season. After

September, the moisture conditions of the surface soils also reached the level of the

field capacity. In contrast, the moisture conditions of both the surface and subsoils

in the DP plot reached capillary saturation immediately after the start of the rainy

season (i.e., mid-May), and such a situation persisted until the end of the rainy

season.

Fig. 16.1 Experimental plot, DP (a) and handmade runoff gauge (b)
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Figure 16.3 depicts the proportion of rainfall distribution observed for rainfall

events with different 10-min rainfall intensities, i.e., 0–1, 1–2, 2–5, 5–10, and

>10 mm per 10 min, respectively, monitored in each experimental plot over two

consecutive years. The SJ plots were characterized by a higher occurrence of more

intensive rainfall than the other plots, e.g., rainfall with an intensity of >10 mm per
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10 min, accounting for more than 10 % of the total rainfall. In contrast, in the DP

plot situated in the highlands, low-intensity rainfall events of <1 mm per 10 min

were dominant and almost no rainfall events of >10 mm were observed. A

conspicuous feature of the rainfall distribution in the DP plot was that intensive

rainfall events were distributed more often in the latter half of the rainy season

(Aug–Oct). The conditions in the NR plot were intermediate between those in the

SJ and DP plots in terms of rainfall distribution.
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Fig. 16.3 Proportion of the amounts of rainfall with different 10-min rainfall intensities in

different seasons in the SJ, NR, and DP plots
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16.4 Water Movement During Rainfall Events Depending
on the Soil Conditions and Rainfall Intensity

In order to analyze the water movement and runoff generation from each rainfall

event under different soil conditions and/or rainfall intensities, Fig. 16.4 presents

three representative cases of water movement during each rainfall event as follows:

rainfall with different intensities on the dry surface of the sandy soil in the SJ plot

(a and b) and that on the wet surface of the clayey soil in the NR plot (c). In the

upper figures, the amount of rainfall and fluctuations in the soil moisture contents at

0–15 and 15–45 cm depths are shown together with the surface runoff recorded.

The processed data are presented in the lower figures, that is, cumulative amounts

of rainfall (RFc) and surface runoff (ROc) and total increase in the soil moisture

content at 0–45 cm depth (θc), since the start of the rainfall event. The cumulative

water loss (WLc) was calculated as:

WLc ¼ RFc � θc � ROc ð16:1Þ

Using these data, the fate of water associated with a rainfall event could be

traced. For example, the rainfall event (a) started 23:30 on March 6 in the late dry

season in the SJ plot. Both the surface and subsoils were extremely dry as the θ
values were 0.04 and 0.06 L L�1, respectively. Due to low rainfall intensity

(1.1 mm per 10 min at the highest rate), the soil moisture content increased only

in the surface layers. The moisture content of the subsoil did not change apprecia-

bly. The amount of surface runoff was very small throughout the rainfall event.

The rainfall event (b), which was characterized by rather heavy rainfall, started

at 18:10 on May 9. Both the surface and subsoils were dry as the θ values were 0.04
and 0.05 L L�1, respectively. Even under such conditions, when an intensive

rainfall event (11.9 mm per 10 min) was observed at 19:40, water appeared to

remain on the soil surface, based on the fact that WLc increased sharply and

subsequently decreased, as shown in the lower figure, and surface runoff occurred,

though the amount was rather small, namely, 0.2 L m�2 (only 1.7 % of the amount

of rainfall water) (in the upper figure). At this stage, water percolated into the soils

rather easily, as shown in the upper figure, that is, the moisture content of the

surface soil increased rapidly and then decreased slowly. On the other hand, the

subsoil moisture content increased slowly as water percolated from the overlying

layers. Since WLc, which initially increased, subsequently decreased to a value

close to zero, as puddle water on the surface percolated into the soils, downward

movement of water further down to the soil layers at a 45 cm depth, or internal

drainage, was limited.

In the rainfall event (c), both the surface and subsoils were already wet (θ ¼ 0.40

and 0.42 L L�1, respectively) at the start of rainfall at 17:40 on September 6. During

the following 2 days, the total rainfall amounted to 77 mmwith moderate intensities

(5.6 mm per 10 min at the highest rate). Even so, a very large amount of surface
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runoff was observed when the rainfall intensity increased, e.g., 1.5 L m�2 with

4.9 mm of rainfall at 19:00 on September 7 and 1.6 L m�2 with 5.6 mm of rainfall at

15:30 on September 8. In these cases, water loss through surface runoff accounted

for 31 and 29 % of the total incoming rainfall, respectively. Rainfall water could not

percolate immediately into the soil layers with a high moisture content. But even

after such a rainfall event associated with a considerable surface runoff, a moder-

ately rapid increase in theWLc value was observed (in lower figure), suggesting the
existence of rapid drainage from the soil layers.

16.5 Factors Affecting Surface Runoff Generation

Based on these rainfall events, both the rainfall intensity and soil moisture condi-

tions during each rainfall event appeared to affect the generation of surface runoff.

To analyze the factors controlling runoff generation in each plot in more detail,

a) SJ; Mar 6–7, 2002 b) SJ; May 9–10, 2002 
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stepwise multiple regression analysis was conducted using the dataset of the

amounts of rainfall (RF) and surface runoff (RO), as well as the soil moisture

content in the 0–15 and 15–45 cm layers of soil (θ0–15 and θ15–45, respectively) and
water loss (WL). The dataset consisted of the data collected from the onset to 24 h

after the termination of the respective rainfall events, and they were sampled for

rainfall events with a cumulative rainfall amount above 10 mm for each event. A

total of 24, 20, and 19 rainfall events met these conditions in the SJ, NR, and DP

plots, respectively, during one rainy season. In the NR and DP plots, data from the

two plots were incorporated into one analysis. The model functions in the stepwise

multiple regression were as follows:

c) NR, Plot 1; Sep 6–8, 2002
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WL ¼ aRFþ bθ0�15 þ cθ15�45 þ d ð16:2Þ
log ROð Þ ¼ aRFþ bθ0�15 þ cθ15�45 þ d ð16:3Þ

where WL¼RF –ΔSM –RO and ΔSM is the increment in the soil moisture content

in the 0–45 cm layers for the time intervals. In the first equation for determining

WL, datasets with 10-min intervals were converted to 4-h intervals to eliminate the

influence of water puddles on the soil surface. WL was considered to be mainly

composed of drainage and evapotranspiration and partially of direct evaporation

from the puddles on the soil and/or plant-leaf surfaces after rainfall. On the other

hand, in the second equation for RO, original dataset with 10-min intervals was

used. For the logarithm transformation of the RO data, the value of zero was omitted

from the dataset.

The results of the regression analysis are given in Table 16.2. In all the cases,

both for WL and RO, the rainfall intensity was first selected as an independent

(or explanatory) variable. Rainfall intensity is generally considered to be one of the

major factors that can accelerate the runoff/erosion risks and was actually deter-

mined as a controlling factor for runoff generation in several studies (Mathys et al.

2005; Abu Hammad et al. 2006).

On the other hand, the overall significant contribution of θ0–15 (SJ) or θ15–45
(NR and DP) toWL indicated that, when the soil was dry, the rainfall water supplied

was first used to fill the capillary porosity and did not drain directly through the

bypass flow, which was a possible cause of WL increase (upper column in

Table 16.2). It also indicated at the same time that moist conditions did not strongly

interfere with internal drainage. Although the soils were thus generally well

drained, the moisture content in the surface layers significantly increased the

surface runoff generation (log(RO), lower column in Table 16.2), indicating that

RO tended to increase when the soil was wet due to the interference of rapid

percolation of rainfall water into soils. The beneficial influence of surface soil

moisture on runoff generation was also reported in different environments, e.g.,

in Spain (Calvo-Cases et al. 2003) or in China (Chen et al. 2006).

16.6 General Discussion on the Process of Surface Runoff
and Soil Erosion in Plots of Different Cultivated
Sloping Sites in North and Northeast Thailand

According to the equation obtained in Table 16.2 and the data recorded at 10-min

intervals that were monitored with the data logger, surface runoff generation was

simulated and is presented in Fig. 16.5. Although data were missing during a certain

period of time, in general, the equation obtained above simulated well the actual

surface runoff measured. Based on the parameters of the regression equation and
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seasonal distribution pattern of the surface runoff observed, the risk of surface

runoff generation in each plot as well as the possible reasons can be postulated as

follows.
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Fig. 16.5 Measured and simulated values of surface runoff in the selected SJ, NR, and DP plots
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In the SJ plot, in spite of the much lower slope gradient (i.e., 5 %) compared to

that of the other two plots (35 % in the NR plot and 60 % in the DP plot),

conspicuous and frequent surface runoff occurred without any clear seasonal

trend, possibly during rainfall events with a high intensity. Therefore, it may be

difficult to reduce the high erosion risk using some time-course land management

such as controlled seeding time of crops, etc. Spatial land management, i.e.,

introduction of tree vegetation into some areas, would be a suitable option to

decrease the overall risk of soil loss from agricultural land through erosion. On

the other hand, surface runoff occurred more frequently in the latter half of the rainy

season on steeper slopes in the NR and DP plots due to the more frequent capillary

saturation in the NR plot or higher distribution of heavier rainfall in the DP plot

during that period, compared to the early half of the rainy season. Actually, such a

condition in the DP plot is considered to have been advantageous to the traditional

shifting cultivation systems, in which the soil surface appears to be susceptible to

soil erosion in the early rainy season due to the thin plant cover immediately after

seeding. It would, therefore, be possible to decrease the probability of soil erosion

through appropriate land management, e.g., selection of crops that do not result in

the land being left bare during the latter half of the rainy season.

Table 16.3 summarizes the total amounts of rainfall, surface runoff, and soil

erosion using the same unit (kg m�2). The proportion of surface runoff generated in

relation to the amount of rainfall (b/a� 100 (%) in the Table) increased in the order

of SJ < NR < DP, which was consistent with the order of the slope gradient of the

plots. The proportion of the amount of soil erosion in relation to the amount of

surface runoff (c/b � 100 (%) in the Table), however, decreased in the same order,

indicating that the sandy soils in the SJ plot were more readily eroded than the

clayey soils, presumably due to the weakly organized structure of the soil aggre-

gates. The sandy soils in the SJ plot seemed to be highly susceptible to soil erosion

compared to the fine-textured soils in North Thailand, i.e., in the NR and DP plots.

It should be noted that the conditions that enhance the risk of surface runoff and soil

erosion are thus variable and should be taken into account for agricultural manage-

ment in the respective regions.

Table 16.3 Total amounts of rainfall, surface runoff, and soil erosion during the experiment

Plots

Total

amount of

rainfall (a)a

Amount

of surface

runoff

generated

(b)

Amount

of soil

erosion

(c)

Proportion

of surface

runoff to

total rainfall

(b/a � 100)

Proportion

of soil

erosion

to surface

runoff

(c/b � 100) Period of

measurement(kg m�2) (kg m�2) (kg m�2) (%) (%)

SJ 963 23.8 0.76 2.47 3.21 Mar 6–Dec 31, 2002

NR 989 42.1 0.10 4.26 0.24 Mar 17–Nov 1, 2002

DP 558 49.5 0.045 8.86 0.091 Apr 18–Dec 31, 2001
aAmount of rainfall was expressed on an area basis on the slope
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Chapter 17

Control of Water Erosion Loss of Soils Using

Appropriate Surface Management

in Tanzania and Cameroon

Tomohiro Nishigaki

Abstract Water erosion is one of the main concerns driving land degradation in

sloping croplands in tropical countries. The objective of this study was to evaluate

water erosion characteristics and the factors affecting surface runoff and soil loss

and to evaluate the effect of surface mulching as a conservation management

against water erosion in Tanzania and Cameroon. We installed runoff plots

(width 0.8 m � slope length 2.4/2.0 m) at four sites (designated NY, TA, SO, and

MA) in Tanzania and one site with three treatments in Cameroon: bare plot (CM),

cassava plot (CMC), and cassava with mulch plot (CMC+M). Water budgets for

rainfall, surface runoff, and soil moisture for every rainfall event and soil losses

were measured over a rainy season. High rainfall amount in NY and TA charac-

terized their high surface runoff and soil loss. High stability of soil aggregates in

CM resulted in low runoff coefficient. Although sandy soils in MA had high

infiltration rate and low runoff coefficient, their high susceptibility to transport by

surface runoff increased its sediment concentration. Total soil loss in CMC+M

decreased by 49 % compared with that in CM and CMC, despite there not being a

large difference in runoff water among treatments, indicating the mulch suppressed

the particle detachment by raindrops. Based on the water erosion characteristics in

the five sites, surface mulching is considered to be a widely applicable management

to suppress the soil loss against water erosion in tropics, where rainfall intensity is

generally high.

Keywords Antecedent soil moisture condition • Climate condition • Runoff

coefficient • Sediment concentration • Soil physical property
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17.1 Introduction

Water erosion is a crucial trigger of land degradation problems all over the world

due to the human activities (Lal 2001; Gabarrón-Galeote et al. 2013; Zhao et al.

2013). The loss of fertile surface soil caused by water erosion directly results in

productivity losses as high as 2–3 % annually (Lal 1995; World Bank 2008). Thus,

soil conservation practices for the prevention of water erosion and the achievement

of sustainable agricultural systems need to be established (Tesfaye et al. 2014).

However, the environmental influential factors of water erosion, i.e., soil and

rainfall properties, greatly differ with location in sub-Saharan Africa, resulting in

various water erosion characteristics (Cerd�a 1998; Cerd�a 2002; Buendia et al.

2015). Soil physical properties, e.g., infiltration rate and water holding capacity,

which control runoff generation and soil loss through water erosion are influenced

by soil texture, soil structure, and clay mineralogy of soils (Greene and Hairsine

2004; Reichert et al. 2009). For example, typical sandy soils (Entisols), which are

widely distributed in tropics, consist mostly of quartz with high weathering resis-

tance and have no pedogenic horizons (Soil Survey Staff 2014). Although such

sandy soils have relatively high permeability resulting in low runoff coefficient,

they are generally prone to be lost by water erosion owing to its weak structure.

Oxisols are also one of the common soils in tropical Africa. Clay mineralogy of

Oxisols consists mainly of quartz, kaolinite, and oxides, and hence their physical

properties are stable and less susceptible to seal formation (Lado and Ben-Hur

2004). Consequently, soil particle detachment is caused essentially by raindrop

impact, and the particles are transported by raindrop splash rather than wash

(Sutherland et al. 1996a; Greene and Hairsine 2004; Kinnell 2005). Therefore,

the optimum land managements in terms of suppressing water erosion are varied

with soil types with a high spatial variability in tropical areas.

Precipitation also varies with slope orientation and elevation. Moreover, it is

unclear how the specific rainfall characteristics in tropical area such as short (i.e.,

half a day or less), high rainfall intensity, and substantial fluctuation (Moore 1979;

Wainwright and Parsons 2002; Salako 2006) interact for runoff generation within

rainfall events. Therefore, we measured water balance during every rainfall event,

i.e., rainfall amount, soil water content, and runoff amount at 10-min intervals

overcoming the technical difficulties of continuously measuring these components

in the field, to reveal how they affect surface runoff generation.

It is generally said that practices to mulch the soil surface with organic materials

on cultivated soils increase water availability for crops and reduce runoff and

sediment concentration through the protection of surface layer against raindrops

(Gholami et al. 2012; Jordán et al. 2010; Smith et al. 1992). Due to high net primary

production in forest-savanna transition zone in east Cameroon, high amount of

biomass of savannah vegetation is available around the fallow croplands, and

therefore the use of the residue of fallow vegetation is the most reasonable for

farmers as a conservation practice. However, the effect of mulching with this fallow
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vegetation in savanna areas on surface runoff and soil loss in croplands has not been

sufficiently evaluated.

Therefore, the objective of this study was to evaluate water erosion characteris-

tics and the factors affecting surface runoff and soil loss under different environ-

mental conditions, and to evaluate the effect of surface mulching against water

erosion using small erosion plots in Tanzania and Cameroon.

17.1.1 Materials and Methods

17.1.1.1 Description of Study Sites

Tanzania Four sites were selected to install the erosion plots in or around the

Uluguru Mountains in Tanzania, designated NY, TA, SO, and MA. NY site is at the

highest elevation (1600 m above sea level) on the west side of the Uluguru

Mountains, while TA site is at the lowest elevation, 450 m above sea level, on

the east side of the mountains. SO and MA sites are in experimental fields of the

Sokoine University of Agriculture, at the foot of the Uluguru Mountains, and MA

site is 7 km northwest of SO site (Fig. 17.1). These mountains lie 200 km inland

from the Indian Ocean and form part of a chain of mountains in East Africa

collectively called the Eastern Arc Mountains (Burgess et al. 2007). The elevation

is from around 300 m at lowest point and reaching about 2600 m at highest point.

The eastern slope of the mountains has higher precipitation brought by the clouds

from the Indian Ocean. The site description was shown in Table 17.1. The exper-

iment was conducted throughout a rainy season from November 2010 through May

2011 in Tanzanian sites.

Cameroon The study site was located in the village of Andom, the Diang Com-

mune, Lom-et-Djérem Division, East Region, Cameroon (Fig. 17.1). The dominant

vegetation is Chromolaena odorata, and Imperata cylindrica is also a dominant

vegetation after bush fire. Soils were derived from metamorphic rocks. The site

description was shown in Table 17.1. Three treatment plots were established at the

same site in December 2012: bare plot (CM), cassava plot (CMC), and cassava with

mulch plot (CMC+M). Residues used for mulching were collected from the adjacent

savanna, Imperata cylindrica. The amount of applied residue was 8.0 Mg ha�1 in

dry basis. The experimental period was throughout a rainy season from April to

December 2013.

17.1.1.2 Small Erosion Plots

The sites were first cleared of natural vegetation (mainly consisting of shrub and

grass) and extracted their roots using hoe and knife, and then the erosion plots were

enclosed by corrugated iron sheets. The erosion plots were kept free of weeds and
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any other vegetation except planted cassava by hands throughout the experimental

period.

Two erosion plots were established for each site and for each treatment

(Fig. 17.2). The plot size was width 0.8 m � slope length 2.4 m (2.0 m for the

plots at Cameroon site), which were made small enough to exclude the micro-

topography on the slope influencing runoff dynamics and to clarify the water

balance and the timing of runoff occurrence within the plot. The runoff gauges

had the tipping bucket system and were connected to a data logger (CR1000;

Campbell Scientific, Inc., Logan, UT, USA) to record cumulative runoff amount

every 10 min, which is the same design as that of Funakawa et al. (2007).

17.1.1.3 Environmental Factors

During the experimental period at each site, volumetric water content (VWC) of

soils at depths 0–15, 15–30, and 30–60 cm was continuously measured with time

domain reflectometer probes (CS616 water content reflectometer; Campbell Scien-

tific, Inc.) with no replication. Rainfall amount was also measured with a tipping

bucket rain gauge (TE525; Campbell Scientific, Inc.) at every site. Data including

surface runoff water, soil moisture, and rainfall were recorded by CR1000 data

loggers at 10-min intervals.

Fig. 17.1 Maps showing the location of the Uluguru Mountains and four experiment sites

in/around the mountains in Tanzania and the location of Andom village in Cameroon
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17.1.1.4 Soil Physical Properties and Sediment Soil Analysis

Undisturbed soil core samples were collected from soil profiles at all sites at depths

0–5, 5–10, 20–25, and 40–45 cm at Tanzanian sites and 0–5, 10–15, and 25–30 cm

at Cameroon site with three replications, respectively, using a 100 cm3 (5-cm

height) core sampler. All core samples were used for measuring bulk density

(Grossman and Reinsch 2002) and saturated hydraulic conductivity via constant-

head and falling-head methods (Klute 1965) and, except for cores from 0–5-cm

depth, the soil moisture characteristic curve using a soil column (DIK-3521; Daiki

Rika Kogyo Co., Ltd., Saitama, Japan) for 0 (saturated) to �3.1 kPa and pressure

plate (DIK-3404, Daiki Rika Kogyo Co., Ltd.) for �9.8 to �98.0 kPa (Dane and

Hopmans 2002). Sediment soils trapped in buckets were collected at intervals of

about 2 weeks and then air-dried and weighed.

17.1.2 Results and Discussion

17.1.2.1 Soil and Rainfall Properties

Soil texture of surface soil at NY site consisted of 88 % of clay and silt, while that at

MA site consisted of 92 % of sand (Table 17.1). Clay contents of NY, TA, and CM

sites were similar, but the sand contents at TA and CM sites were higher than that of

NY site. SO site had more sand content than that of TA and CM sites. Bulk density

at the two mountainous sites in Tanzania, NY and TA, varied with lower value

Bucket

Trough

Runoff gauge

Corrugated iron sheet

2.4 m
(2.0 m)

0.8 m

Fig. 17.2 Schematic diagram of runoff gauge and bucket at end of a runoff plot
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(1.0–1.1 Mg m�3) than that at the two foothill sites SO and MA (1.4–1.6 Mg m�3),

and that at CM site intermediately ranged from 1.1 to 1.3 Mg m�3 (Table 17.2).

Saturated hydraulic conductivity (Ks) of the top layer (0–5-cm depth) was in the

order CM > TA > MA > SO > NY (Table 17.2). Volume of large-size pores was

large at TA, MA, and CM sites, where Ks was relatively high (Table 17.2),

indicating large-size pores contributed to the water permeability.

Total rainfall during the experimental period was high in the mountainous sites

in Tanzania, NY and TA, and the Cameroon site, CM (Table 17.3). Average rainfall

intensity (average I10) through the experimental period varied from0.67mm10min�1

at SO to 1.09 mm 10 min�1 at TA, and there was high average I10 in the mountainous

sites in Tanzania, NY and TA, and the Cameroon site (Table 17.1). Daily rainfall

and VWC are shown in Fig. 17.3. At the NY site, the surface layer was gradually

saturated with water from 1 February, the beginning of the rainy season. Subse-

quently, the entire layer from 0- to 60-cm depth was saturated by mid-March

(Fig. 17.3). At SO, VWC at 30–60-cm depth increased little over the experimental

period, so little water penetrated deeper than 30 cm throughout the rainy season.

VWC at MA was generally low at all depths because of the lower holding capacity

of sandy soil, and it decreased immediately after rainfall events. VWC at Cameroon

site was high throughout the experimental period except the short dry period in

June and August in all plots. The rainfall amount was smaller in the first half

(November–February in Tanzania and April–July in Cameroon) than the second

half (March–May in Tanzania and August–December in Cameroon, Fig. 17.4).

High portion of heavy rainfall (>5.0 mm per 10 min) was observed at TA and CM

through the experimental period and at SO in the early half of the rainy season

(Fig. 17.4).

17.1.2.2 Relationship Between Surface Runoff Generation and Soil

and Rainfall Properties

Soil physical properties of the surface layer substantially affected runoff coefficient

at each site. High Ks derived from large amount of large-size pore greatly decreased

runoff coefficient at TA, MA, and particularly CM (Tables 17.2 and 17.3). On the

other hand, low Ks and high VWC of the surface layer in the middle of the rainy

season at NY caused low infiltration capacity, and this resulted in a large runoff

coefficient. At SO, the runoff coefficient was the largest of the all sites (16.6 %).

VWC below 30-cm depth did not fluctuate through the rainy season, indicating

almost no water penetrated into the layer below 30-cm depth, although it had high

Ks as measured for the soil core samples collected before the rainy season. This is

probably because Ks was reduced by soil crust formed during the rainy season

(Morin & Benyamini 1977).

Surface runoff generation was inhibited when the antecedent soil moisture

condition was dry at all sites except SO, regardless of rainfall amount in the events.

This is also partly indicated by the multiple regression model that showed initial

VWC was one of the covariates for runoff amount at all sites except MA
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(Table 17.4). The trend is consistent with those reported by Le Bissonnais et al.

(1995) and Ziadat and Taimeh (2013), who conducted erosion experiments using

simulated rainfall in the field and the laboratory. Figure 17.5 shows the water

budget during rainfall events with different antecedent surface moisture conditions

at NY and CMC sites. When the antecedent soil moisture condition was dry, the

stronger hydraulic gradient caused higher infiltration rate of rainfall water into the

surface layer, and surface runoff generation was suppressed at both sites

(Fig. 17.5a, c). Most of the infiltrated water was kept in 0–30-cm layer and did

not penetrate into the deeper layer due to the large water holding capacity (i.e.,

unsaturated pore volume). When the antecedent soil moisture condition was wet, on

the other hand, the surface layer could not hold water anymore because of little pore

space, giving a large runoff ratio 57.0 % (Fig. 17.5b) at NY site. However, at

0

30

60

90

120

150 0.6
0.5
0.4
0.3
0.2
0.1
0.0

D
ai

ly
 ra

in
fa

ll 
(m

m
)

N D J F M A M N D J F M A M A M J J A S O N D

0.6
0.5
0.4
0.3
0.2
0.1
0.0

Volum
etric w

ater
content (m

3 m
–3)

Volum
etric w

ater
content (m

3 m
–3)

0

30

60

90

120

150

D
ai

ly
 ra

in
fa

ll 
(m

m
) NY TA

SO MA Cameroon

CM
CMC

CMC+M

0–15 cm
15–30 cm
30–60 cm

Daily rainfall

Fig. 17.3 Daily rainfall and daily average volumetric water content (VWC) of surface layers for

Tanzanian sites (NY, TA, SO, and MA) and Cameroon site. Only VWC of 0–15-cm layer for CM,

CMC, and CMC+M plots is shown at Cameroon site

Table 17.3 Total rainfall, runoff, soil loss, runoff ratio, and sediment concentration in surface

runoff water during experimental period

Site

Total

rainfall

(mm)

Total

runoff

(mm)

Total soil loss

(Mg ha�1)

Total runoff

coefficient

(%)

Total sediment

concentration

(g L�1)

A B C 100*B/A 100*C/B

NY 980 157.2 36.1 16.0 23.0

TA 1625 180.5 47.3 11.1 26.2

SO 538 89.5 15.9 16.6 17.8

MA 528 62.7 22.8 11.9 36.4

CM 1309 92.8 39.2 7.1 42.3

CMC 1309 104.8 38.7 8.0 36.9

CMC+M 1309 93.8 19.1 7.2 20.4

17 Control of Water Erosion Loss of Soils Using Appropriate Surface. . . 347



Cameroon site, rainfall water quickly penetrated into deeper layer even below

60 cm, shown as the quick decrease of total cumulative water amount of 0–60-cm

layer in Fig. 17.5d. Many large-size pores and high Ks (Table 17.2), derived from

the fine and strong granular structure of Oxisols in Cameroon site (Soil Survey Staff

2014), substantially contributed to the high drainage capacity and low total runoff

coefficient below 8% in the all plots at Cameroon site. This value is less than half of

that for NY and SO (16.0–16.6 %), where the soils are Alfisols. 0–30-cm layer of

Alfisols captured rainwater in most of the rainfall events, and soil moisture content

in 30–60-cm layer did not frequently increase regardless of the antecedent soil

moisture condition as did that of Oxisol at Cameroon site. This contrasting result is

probably caused by the larger volume of large-size pores in 0–30-cm layer of

Oxisol (0.19–0.34 m3 m�3) than that of Alfisols (0.07–0.23 m3 m�3, Table 17.2).

17.1.2.3 Relationship Between Soil Losses and Soil and Rainfall

Properties

As a result of statistical analysis on the rainfall events at Tanzanian sites, both

sediment concentration and soil loss had significant correlation not with rainfall

amount but with average I10 within sampling periods at NY (Table 17.4), indicating

that soil loss was occurred by storms with high intensity. This also indicated that

soil surface at NY had relatively high tolerance against detachment by rainfall and

surface runoff because of sealing (Le Bissonnais and Singer 1992), which enhanced

runoff generation and consequently increased sediment concentration as the

NY 

276.1 mm 612.9 mm 427.8 mm

TA
0.1-0.9
1.0-1.9
2.0-4.9
5.0-9.9
10.0-

987.2 mm

SO

165.1 mm 371.2 mm 141.6 mm 333.7 mm

MA

582.5 mm 726.6 mm

CM

Fig. 17.4 Proportion of the amount of rainfall with different 10-min rainfall intensities in the early

half (left) and the later half (right) of the rainy season. The numbers below of graphs show the total

precipitation of each period
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erodibility increased. Total sediment concentration was the lowest at SO (17.8 g L�1),

indicating the high tolerance probably due to soil crust formation as well as consid-

ered with runoff generation at SO. Soil loss at SO and MA was correlated with

rainfall amount (Table 17.4), and cumulative soil loss at the both sites mostly

increased in the later rainy season in which there was more than twice rainfall

amount in the first half (Fig. 17.4). High susceptibility of sandy soil at MA resulted

in the highest total sediment concentration regardless of its low I10 and runoff ratio

(Tables 17.1 and 17.3). At TA, both sediment concentration and soil loss had

significant correlation with rainfall amount (Table 17.4). The largest rainfall

amount, in addition to the highest I10, through the experimental period at TA

(Table 17.1) substantially caused the highest soil loss at all sites (Table 17.3).

Total soil loss during the experimental period at NY and TA was high compared

with the foothill sites SO and MA. The former (mountainous) sites had a much

higher slope gradient, a higher rainfall amount, and a slightly higher rainfall

intensity, generating greater surface runoff water, regardless of runoff ratio

(Table 17.1). Despite lower sediment concentrations at NY and TA, runoff amounts

were sufficiently large to overcome the soil loss at MA with higher sediment

concentration. The soil loss at CM was also larger than that at SO and MA because

of high sediment concentration due to high average I10 at CM (Table 17.1),

although they had similar runoff amounts.

17.1.2.4 Water Erosion Characteristics Under Different Soil

and Climate Conditions

NY had the lowest Ks of the surface soil layer (Table 17.2) and that layer was

saturated from the middle to the end of the rainy season (Fig. 17.3). The surface

layer was gradually saturated with water from 1 February, the beginning of the

rainy season. Subsequently, the entire layer from 0- to 60-cm depth was saturated

by mid-March (Fig. 17.3), which resulted in the high runoff coefficient despite the

relatively low average I10 through the experimental period (Table 17.1). In addition,

the large rainfall amount at this site substantially caused a large runoff amount

(Table 17.3). Although sediment concentration was intermediate, which increased

with rainfall intensity of rainfall events (Table 17.4), large amount of runoff

resulted in large soil loss (Table 17.3).

At TA site, the high Ks of surface and subsurface layers caused rapid drainage of

infiltrated water to deeper layers and caused the smallest runoff coefficient among

the Tanzanian sites (Tables 17.2 and 17.3). However, the largest amount of rainfall

and the highest average I10 through the experimental period generated the greatest

runoff amount and soil loss of the all sites (Table 17.3).

Although SO had high Ks, its runoff ratio was the largest of the all sites, and

VWC at 30–60 cm depth increased little over the experimental period. Moreover,

total soil loss was the least because sediment concentration was the lowest of the all

sites (Table 17.3). This unique water erosion characteristic is probably a result of

soil crust formed during the rainy season. Soil loss was correlated with rainfall
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amount (Table 17.4), and the most of soil loss occurred during large rainfall events

in the later rainy season. Thus, the importance of soil preservation was highlighted

in this period.

The MA site had small rainfall and I10 similar to that at SO site. VWC at MAwas

generally low at all depths because of the lower water holding capacity of sandy

soil, and it decreased immediately after rainfall events. The high Ks of surface layer

in addition to low rainfall amount resulted in the small runoff amount and low

runoff coefficient. However, sediment concentration was the highest of the four

sites in Tanzania, where sheet erosion was dominated, and the soil loss had weak

correlation with rainfall amount (Table 17.4), indicating that the water erosion risk

was potentially high over the rainy season.

The Cameroon site (CM plot) had the highest Ks of surface layer and the largest

volume of large-size pores (Table 17.2), resulting in very low runoff coefficient less

than half of that in SO and NY. Splash erosion was the dominant erosion process at

CM owing to its high I10 and low runoff coefficient, resulting in the highest

sediment concentration.

Taking into account of each water erosion characteristic, effective land manage-

ment can be suggested for conservation of soil fertility for each site. At SO, where

runoff coefficient was the highest in all plots, it is important to avoid the crust

formation with surface mulching to improve the infiltration capacity. At MA, where

the sandy soil has the high erosion susceptibility, it is necessary to suppress soil loss

with spatial managements, e.g. contour farming (Quinton and Catt 2004), in

addition to the surface protection with mulch. At the sites with high rainfall amount,

i.e. NY, TA and CM the soil surface should be protected by the mulching against

raindrop to protect the soil structure and to suppress splash erosion. Surface

mulching would also subsequently preserve the infiltration rate and decrease the

runoff coefficient. Therefore, surface mulching is considered to be the most appro-

priate practice against water erosion loss of soils through the all sites.

17.1.2.5 Effect of Surface Mulching of Runoff Generation and Soil Loss

on a Cassava Cropland in Cameroon

The effect of surface mulching on surface runoff and soil loss in a cassava cropland

was evaluated in Cameroon site. CMC plot had lower soil moisture content com-

pared to CM plot likely because of the effect of transpiration of cassava plants,

while total runoff coefficient was not different between CM and CMC plots. On the

other hand, soil moisture content was higher in CMC+M plot than in CMC plot. This

is because surface mulching suppressed evaporation from soil surface and remained

soil moisture content of surface layer high compared to that in the plot without

mulching, as reported by many authors (e.g., Mulumba and Lal 2008; Jord�an et al.

2010).

Total soil loss through the experimental period in CMC+M plot was less than

half of that in CM and CMC plots (Table 17.3). Surface mulching substantially

contributed to the protection of soil surface against raindrop with high intensity in
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this region and suppressed soil loss caused by splash erosion. The amount of runoff

water, however, was not affected by the presence of surface mulching in this study.

Therefore, it is indicated that the direct impact of rainfall did not decrease the

infiltration rate of the surface layer by the formation of crust or clogging in the plots

without mulching, CM, and CMC. This represents the high resistance of the surface

soil structure with high drainage capacity of Oxisols (Soil Survey Staff 2014).

Considering the high erosion risk of wet soils and in the plots without surface

mulching, soils should be kept with some vegetation to avoid constantly high

moisture regime and should be covered by mulching during cropping season or

weed during the fallow period.

17.1.3 Summary and Conclusion

The results in the current study represented that water erosion characteristic was

substantially varied in places in Tanzania and Cameroon, and both soil and rainfall

properties in each site were the controlling factors for surface runoff generation and

soil losses. High rainfall amount in two mountainous sites, NY and TA, character-

ized their high surface runoff and soil loss. High stability of soil aggregates in CM

resulted in low runoff coefficient. The volume of large-size pores was an important

factor influencing the infiltration rate at all sites. Although sandy soils in MA had

high infiltration rate and low runoff coefficient, their high susceptibility to transport

by surface runoff increased its sediment concentration. Based on the observation of

surface runoff and soil loss in five sites in this study, surface mulching is considered

to be a widely applicable management to suppress runoff generation and soil loss in

tropics, where rainfall intensity is generally high. Surface mulching protects soil

surface from the direct impact of raindrops, increases the stability of the aggregates

of surface soils and suppresses the crust formation, and remains the infiltration rate.

Consequently, splash erosion by raindrops can be reduced and runoff generation is

suppressed.
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Chapter 18

Utilization of Soil Microbes as a Temporal
Nutrient Pool to Synchronize Nutrient
Supply and Uptake: A Trial in the Dry
Tropical Croplands of Tanzania

Soh Sugihara and Method Kilasara

Abstract In sub-Saharan Africa, soil nitrogen is the most limiting factor for crop

production, with considerable nitrogen (N) being lost through leaching. To improve

the crop productivity in this region, it is necessary to improve the synchronization

of soil N supply and plant N uptake by reducing N loss. In this chapter, based on a

field cultivation experiment in the dry tropical croplands of Tanzania, I showed and

explained the effectiveness of the utilization of soil microbes as a temporal N pool

to synchronize the soil N supply and plant N uptake. Firstly, I revealed that the

mismatch of N supply and uptake in this region was due to nitrate leaching during

early crop growth, while I also found a clear contribution of soil microbes as an N

source for late-season plant growth. Secondly, I found a clear effect of land

management (i.e., plant residue application) on soil microbial dynamics, with

early season plant residue applications clearly increasing, and maintaining (more

than 1 month), the microbial biomass N (MBN). Finally, by applying plant residue

2 weeks before seeding, I assessed the effectiveness of a temporal fluctuation of

MBN by analyzing the soil–plant N dynamics and crop productivity. I found that

soil microbes contributed to the synchronization of soil N supply and plant N

uptake and to the improvement of crop yields.
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18.1 Synchronization of Soil N Supply with Plant N Uptake
in Dry Tropical Croplands

In sub-Saharan Africa (dry tropical climate), low soil fertility, and the inability of

small farms to afford fertilizers, results in soil nitrogen (N) being the most limiting

factor for crop production (Photo 18.1; Bationo and Buerkert 2001; Palm et al.

2001). Therefore, in order to improve crop productivity in this region, it is neces-

sary to improve the synchronization of soil N supply and plant N uptake by

reducing N loss (Nyamangara et al. 2003; Adeboye et al. 2006; Gentile et al.

2009). In dry tropical croplands, net N mineralization generally occurs early in

the rainy season, during early crop growth, because organic matter (OM) with a low

C/N (carbon to nitrogen) ratio accumulates during the dry season (Kushwaha et al.

2000; Singh et al. 2007a). However, during early crop growth, heavy rainfall often

leaches this mineralized N, resulting in depletion of available soil N during later

crop growth when the need for N uptake is greatest (Fig. 18.1; Hartemink et al.

2000; Chikowo et al. 2004; Shahandeh et al. 2004). Hence, efficient use of the soil

N supply in this agroecosystem requires conservation of available soil N at the

surface layer during early crop growth and increased soil N supply during later crop

growth.

18.2 Importance of Soil Microbes as a Temporary Nutrient
Pool in Dry Tropical Croplands

In terrestrial ecosystems, soil microbes act as an important nitrogen (N) pool in

soil–plant N dynamics (Singh et al. 1989; Bardgett et al. 2007; Wardle et al. 2004),

and recent studies have emphasized their importance for crop N uptake in the dry

tropical croplands developed on nutrient-poor soil (Ghoshal and Singh 1995;

Cookson et al. 2006; Singh et al. 2007b). To improve the efficiency of N utilization

in these nutrient-poor agroecosystems, it is necessary to elucidate the time course

for N partitioning between the soil N pool (microbial biomass nitrogen (MBN) and

inorganic N in the soil) and plant N uptake during the crop growth period and

evaluate the influence of land management on the soil–plant N dynamics

(Kushwaha et al. 2000; Herai et al. 2006).

Many studies evaluating the seasonal microbial dynamics in dry tropical eco-

systems have reported that MBN is depleted during the rainy season, whereas it

remains high during the dry season (Singh et al. 1989; Wardle 1992, 1998). This is

because drastically increased soil moisture during the early rainy season depletes

soil microbes, due to microbial cell lysis (Fierer et al. 2003; Tripathi and Singh

2007) and enhanced grazing by soil macrofauna (Michelsen et al. 2004). During the

rainy season, when plant activity is high, the decrease in MBN leads to nutrient
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release from soil microbes, which become an N source for plant growth. On the

other hand, the decrease in MBN may result from strong competition for N among

plants and soil microbes during the crop growth period (Srivastava and Lal 1994;

Kushwaha et al. 2000; Singh et al. 2007b). During a 2-year study in India, Singh

Photo 18.1 Maize cropland in Tanzania

Soil N supply Crop N uptake

Early Middle Later

Crop growth stage

Present crop N uptake

Largest crop N uptake

Am
ou

nt
 o

f n
itr

og
en

Fig. 18.1 The time course image of soil N supply and crop N uptake in dry tropical croplands. The

shaded area is the critical N leaching period, and the dotted gray line is the potential N uptake

pattern of a crop in this region. This figure was generated using the results of Sugihara et al.

(2010b). In this study, soil N supply is defined as sum of mineralized N and inorganic N of soil
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et al. (2007b) evaluated temporal variations in MBN by measuring crop root

biomass. For rice and barley crops, they observed a negative relationship between

MBN and crop root biomass and suggested that strong competition occurred

between soil microbes and crops for available nutrients during the seedling and

grain-forming stages. However, most studies have focused only on microbial

biomass dynamics, and few studies have ever reported the time course of MBN

for the plant N uptake pattern in dry tropical croplands. Therefore, the relationship

between MBN variation and plant N uptake pattern, as well as the N contribution of

soil microbes to plant growth, remains unclear.

Furthermore, land management (e.g., organic matter application, fertilizer appli-

cation, soil tillage) affects soil microbial dynamics, resulting in a change in N use

efficiency (Spedding et al. 2004; Joergensen and Emmerling 2006). Many studies

have reported that organic matter application increases MBN in tropical croplands,

suggesting that the increased MBN contributes to plant growth by promoting their

nutrient source and sink function (Powlson et al. 2001; Singh et al. 2007a, b). In

order to synchronize the soil N supply and plant N uptake during the crop growth

period, by utilizing the soil microbes as an N pool, it is necessary to understand the

effect of land management on the relationship between MBN variation and plant N

uptake pattern in the agroecosystem.

In this subsection, I reveal results from a field cultivation experiment in the dry

tropical croplands of Tanzania. Firstly, I show a real-life example of mismatch of

soil N supply and plant N uptake during the crop growth period in relation to

microbial role. Secondly, I discuss the controlling factors of soil microbial biomass

in relation to land management. Lastly, I show the applicability of soil microbial

biomass as a temporal nutrient pool to synchronize the soil nutrient supply with the

plant nutrient uptake.

18.3 Soil–Soil Microbe–Plant N Dynamics in the Dry
Tropics: Critical N Leaching

To evaluate the soil–plant N dynamics, in relation to microbial N supply for plant

growth in a dry tropical cropland, I conducted a maize cultivation experiment in

Tanzania using different land management treatments: no input (control treatment),

plant residue application (P), fertilizer application (F), plant residue and fertilizer

application (PF), and noncultivated (B). During the 104-days experiment, I period-

ically evaluated the microbial biomass nitrogen and carbon, plant nitrogen uptake,

microbial respiration in situ, inorganic nitrogen in the soil, and environmental

conditions.

During the experimental period, total rainfall was approximately 600 mm and

approximately 85 % of the total rainfall occurred before 60 days after planting

(DAP). As a result, before 60 DAP, soil moisture content was continuously high,
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around�10 kPa, though it decreased steadily after 60 DAP, and reached �1.5 MPa

at 85 DAP (Fig. 18.2). Based on this rainfall and moisture data, the experimental

period could be divided into the wet period (0–60 DAP) and the relatively dry

period (61–104 DAP).

Soil microbial respiration was high during the wet period (Fig. 18.3). Soil

organic matter (SOM) likely underwent substantial decomposition during the wet

period, when heavy rainfall maintained high soil moisture content. Shahandeh et al.

(2004) showed that rapid N mineralization occurred in the early rainy season in

Mali because easily decomposable SOM, which has a low C/N ratio, accumulates

during the dry season. Singh et al. (2007a) also observed a high rate of N miner-

alization during the rainy season in India. In the current study, the cumulative soil

respiration, which was estimated by the relationship between the CO2 efflux rate

and soil moisture content (based on Funakawa et al. 2006), was 1.42 Mg C ha�1 in

the C plot, and more than 70 % of the cumulative respiration occurred during the wet

period. Thus, a substantial amount of N was presumably mineralized during the wet

period. After 43 DAP, a significant amount of inorganic nitrogen was lost from all of

the treatment plots and remained low thereafter (approximately 20–35 kg N ha�1 at

0–15 cm of soil depth) (Table 18.1). Considering the substantial N mineralization

during the wet period, and the heavy rainfall at 41–43 DAP (91 mm in total), the

depletion of NO3
� at 43 DAP indicated severe N leaching beyond 15 cm of soil depth

in all plots. This critical N leaching must have caused the mismatch of soil N supply

and plant N uptake (Fig. 18.1).

During the dry period (60–104 days; grain-forming stage), I found a significant

effect of plant N uptake on soil microbial dynamics when I compared variations in

MBN and the MB C/N ratio between the cultivated plots (control, P, F, and PF
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Fig. 18.2 Fluctuations in volumetric moisture content (VMC) in the control plot as a function of

daily rainfall. The horizontal dotted lines indicate the value of �10 kPa (above) and �1.5 MPa

(below)

18 Utilization of Soil Microbes as a Temporal Nutrient Pool to Synchronize. . . 361



plots) and the noncultivated plot (B plot) (Table 18.1). After 61 DAP, plants

continued to absorb substantial amounts of N until 76 DAP, in the control and F

plots, and until 92 DAP in the P and PF plots (Fig. 18.4). During this stage (61–92

DAP), I observed a distinct decrease of MBN (from 63–71 to 18–33 kg N ha�1) in

all cultivated plots, except the B plot; this MBN decrease was roughly equivalent to

the plant N uptake in each plot. Many studies have also reported MBN depletion

during the crop growth period and suggested that plants and soil microbes compete

for N (Kushwaha et al. 2000; Friedel et al. 2001; Singh et al. 2007b). In India, Singh

et al. (2007b) showed a negative correlation between crop (rice and barley) root

biomass and MBN for their control, fertilizer, and organic matter application plots.

Crop root biomass increased from the seedling stage, to reach a maximum at the

grain-forming stage, and declined sharply thereafter, whereas MBN decreased from

the seedling stage to the grain-forming stage and increased again at the harvest

stage. In my study, MBN continuously decreased until plant N uptake stopped

(76 DAP in the control and F plots and 92 DAP in the P and PF plots), and MBN

increased again thereafter. This re-increase of MBN at 104 DAP was possibly

caused by maize root deposition at the harvest stage (Singh et al. 2007b). In

addition, I observed a significant increase in the MB C/N ratio at 76 and 92 DAP

in all cultivated plots (excluding the B plot) and layers. An increase in the MB C/N

ratio (>10) indicates that N availability is greatly limited in soils (Joergensen and

Emmerling 2006). At 104 DAP, when plant N uptake had ceased, the MB C/N ratio

in all the cultivated plots and layers decreased to a value similar to that in the B plot,

whereas the ratio remained steady in the B plot throughout the dry period

(Table 18.1). Similar fluctuations in the MB C/N ratio during crop growth were

also observed at a soil depth of 0–27 cm (Germany; Friedel et al. 2001) and also at a

soil depth of 0–20 cm (Denmark; Petersen et al. 2003). Due to the drying soil and
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Fig. 18.3 Fluctuations in the CO2 efflux rate in all plots. The two upward-pointing arrows indicate

urea application at 7 and 35 DAP. Bars indicate the standard error. B plot, no cultivation plot and

control; F plot, fertilization plot; P plot, plant residue plot; and PF plot, plant residue and fertilizer
plot (Refer to Sugihara et al. (2010b) for a more detailed explanation of the treatments)

362 S. Sugihara and M. Kilasara



T
a
b
le
1
8
.1

M
B
N
,
M
B
C
/N

ra
ti
o
,
N
H
4
+
,
an
d
N
O
3
�
at
ea
ch

tr
ea
tm

en
t
p
lo
t
in

ea
ch

so
il
la
y
er

d
u
ri
n
g
th
e
cr
o
p
g
ro
w
th

p
er
io
d
in

a
tr
o
p
ic
al
cr
o
p
la
n
d
in

T
an
za
n
ia

(S
u
g
ih
ar
a
et

al
.
2
0
1
0
b
)

S
u
rf
ac
e
so
il
(0
–
5
cm

)
S
u
b
su
rf
ac
e
so
il
(5
–
1
5
cm

)

D
A
P

C
p
lo
t

P
p
lo
t

F
p
lo
t

P
F
p
lo
t

B
ar
e
p
lo
t

C
p
lo
t

P
p
lo
t

F
p
lo
t

P
F
p
lo
t

B
ar
e
p
lo
t

M
B
N
(k
g
N

h
a�

1
)

0
1
8
.6

b
1
7
.7

ab
1
8
.6

b
c

1
8
.0

ab
1
8
.6

b
2
6
.4

b
c

3
1
.4

ab
2
6
.4

b
c

3
2
.2

ab
2
6
.4

ab

1
4

2
0
.6

b
1
2
.8

ab
2
0
.0

ab
2
6
.8

a
2
1
.5

a
3
2
.2

b
c

2
9
.7

ab
4
0
.0

ab
3
8
.0

ab
2
4
.7

ab

4
3

1
8
.3

b
1
5
.7

ab
1
4
.6

b
c

1
6
.2

b
1
5
.5

b
3
8
.9

ab
3
4
.6

ab
3
0
.7

b
c

3
2
.8

ab
3
0
.3

ab

6
1

2
8
.7

a
2
1
.4

a
2
6
.1

a
2
3
.0

ab
2
1
.8

a
3
8
.4

ab
A
B

4
2
.0

aA
B

3
9
.7

ab
A
B

4
8
.6

aA
2
5
.6

ab
B

7
6

1
3
.5

b
1
4
.8

ab
1
4
.7

b
c

1
4
.6

b
1
8
.7

b
1
8
.9

c
1
8
.1

b
1
4
.9

c
1
8
.8

b
1
4
.9

b

9
2

1
4
.4

b
A

8
.5

b
A
B

8
.2

cA
B

6
.1

cA
1
2
.6

b
A
B

2
0
.7

b
cA

B
1
3
.2

b
A
B

2
8
.7

b
cA

1
2
.5

b
B

2
9
.7

ab
A

1
0
4

1
9
.4

b
1
7
.9

ab
1
9
.4

ab
1
6
.8

ab
1
8
.3

ab
4
9
.4

a
4
6
.0

a
4
8
.9

a
5
1
.4

a
3
5
.0

a

M
B
C
:N

ra
ti
o

0
8
.2

ab
8
.0

ab
c

1
0
.8

ab
1
0
.2

b
1
0
.8

1
0
.2

ab
8
.0

b
c

1
1
.1

ab
9
.0

ab
1
0
.4

1
4

1
0
.2

a
1
0
.5

ab
1
0
.0

ab
c

7
.7

b
9
.6

1
0
.1

ab
1
0
.3

ab
7
.2

ab
8
.7

ab
1
0
.0

4
3

7
.4

ab
6
.0

b
c

9
.1

ab
c

8
.1

b
7
.2

5
.0

b
5
.8

b
c

7
.0

ab
6
.2

b
5
.6

6
1

5
.6

b
5
.6

c
6
.2

c
5
.9

b
6
.8

6
.2

b
4
.9

c
5
.8

b
6
.3

b
8
.2

7
6

1
0
.4

a
9
.3

ab
c

9
.9

ab
c

8
.6

b
8
.1

1
0
.7

ab
A
B

8
.7

b
cA

B
1
1
.5

aA
B

1
3
.9

ab
A

7
.4

B

9
2

8
.9

ab
B

1
2
.6

aA
B

1
2
.9

aA
B

1
8
.1

aA
8
.5

B
1
3
.0

aA
B

1
4
.2

aA
B

7
.4

ab
A
B

1
5
.7

aA
7
.0

B

1
0
4

8
.1

ab
7
.1

b
c

8
.6

b
c

9
.1

b
8
.6

5
.6

b
6
.1

b
c

6
.2

ab
6
.8

b
6
.9

(c
o
n
ti
n
u
ed
)

18 Utilization of Soil Microbes as a Temporal Nutrient Pool to Synchronize. . . 363



T
a
b
le

1
8
.1

(c
o
n
ti
n
u
ed
)

S
u
rf
ac
e
so
il
(0
–
5
cm

)
S
u
b
su
rf
ac
e
so
il
(5
–
1
5
cm

)

D
A
P

C
p
lo
t

P
p
lo
t

F
p
lo
t

P
F
p
lo
t

B
ar
e
p
lo
t

C
p
lo
t

P
p
lo
t

F
p
lo
t

P
F
p
lo
t

B
ar
e
p
lo
t

N
H
4
+
(k
g
N
h
a�

1
)

0
0
.6

cB
2
.3

b
A

1
.3

cA
B

1
.1

cA
B

1
.6

b
A
B

1
.6

b
8
.9

a
2
.7

b
2
.3

c
3
.2

1
4

1
.2

b
cB

1
.8

b
B

3
7
.5

aA
4
3
.9

aA
2
.2

b
B

4
.2

b
6
.7

ab
5
.0

b
3
.6

b
c

3
.9

4
3

6
.6

a
7
.5

a
1
5
.0

b
1
7
.8

b
5
.2

a
7
.2

a
6
.0

ab
9
.4

a
8
.0

a
6
.4

6
1

2
.2

b
cA

2
.0

b
A
B

1
.5

cA
B

2
.4

cA
1
.1

b
B

3
.6

b
5
.2

ab
3
.3

b
3
.0

b
c

4
.2

7
6

3
.0

b
2
.2

b
1
.6

c
1
.8

c
2
.1

b
4
.3

b
5
.0

ab
5
.0

b
3
.8

b
c

5
.0

9
2

2
.5

b
c

3
.1

b
2
.8

c
3
.0

c
2
.6

b
4
.3

b
4
.1

b
5
.4

b
4
.0

b
c

4
.5

1
0
4

2
.6

b
c

2
.6

b
2
.0

c
2
.0

c
2
.3

b
3
.6

b
3
.5

b
3
.8

b
4
.6

b
4
.0

N
O
3
�
(k
g
N
h
a�

1
)

0
2
1
.7

aA
B

2
7
.4

aA
B

2
1
.3

b
B

3
5
.0

aA
1
9
.2

aB
4
3
.5

aA
B

5
4
.7

aA
B

4
2
.6

aB
7
0
.0

aA
3
8
.4

aB

1
4

1
6
.0

ab
B

1
3
.6

b
B

3
4
.8

aA
4
5
.9

aA
1
9
.4

aA
B

4
2
.6

aA
B

3
8
.9

b
B

3
9
.6

ab
A
B

6
1
.1

aA
4
4
.1

aA
B

4
3

1
.3

cA
B

0
.4

eB
0
.7

d
A
B

2
.8

cA
0
.5

cA
B

1
.4

c
8
.9

c
1
5
.1

c
2
.3

c
1
0
.0

b

6
1

1
2
.6

b
1
0
.6

b
c

1
6
.1

b
c

1
4
.9

b
1
0
.9

b
2
1
.7

b
1
6
.9

c
2
2
.3

ab
c

2
8
.1

b
1
9
.8

b

7
6

1
0
.0

b
cA

B
5
.2

d
B

1
3
.6

b
cA

1
1
.5

b
cA

8
.5

b
A
B

1
5
.7

b
1
3
.0

c
2
1
.4

ab
c

2
0
.4

b
1
.2

b

9
2

1
2
.0

b
A

9
.7

cA
B

1
1
.9

b
cd
A

1
2
.7

b
cA

8
.4

b
B

1
5
.9

b
1
2
.6

c
1
7
.8

b
c

1
7
.8

b
1
5
.1

b

1
0
4

4
.8

cA
B

3
.6

d
eB

7
.0

cd
A

6
.4

b
cA

4
.9

b
cA

B
1
0
.1

b
cA

B
8
.3

cB
1
0
.7

cA
B

1
2
.7

b
cA

9
.5

b
A
B

V
al
u
es

fo
ll
o
w
ed

h
o
ri
zo
n
ta
ll
y
b
y
a
d
if
fe
re
n
t
u
p
p
er
ca
se

le
tt
er
(A

an
d
B
)
in
d
ic
at
e
th
at
m
ea
n
s
ar
e
si
g
n
ifi
ca
n
tl
y
d
if
fe
re
n
t
(
p
<
0
.0
5
)
b
et
w
ee
n
tr
ea
tm

en
t
p
lo
ts
(C
,P
,F
,P
F
,

an
d
b
ar
e
p
lo
ts
)
w
it
h
in

sa
m
p
li
n
g
ti
m
e;
w
h
er
ea
s
d
if
fe
re
n
t
lo
w
er
ca
se

le
tt
er
s
(a
,
b
,
c,
d
,
an
d
e)

v
er
ti
ca
ll
y
in
d
ic
at
e
th
at
m
ea
n
s
ar
e
si
g
n
ifi
ca
n
tl
y
d
if
fe
re
n
t
(
p
<
0
.0
5
)

am
o
n
g
sa
m
p
li
n
g
ti
m
e
w
it
h
in

a
p
lo
t
in

ea
ch

so
il
la
y
er
.
A
ll
v
al
u
es

w
er
e
ca
lc
u
la
te
d
fo
r
ar
ea

b
as
e,
b
y
m
u
lt
ip
ly
in
g
th
e
so
il
d
ep
th

an
d
b
u
lk

d
en
si
ty

(1
.2
1
g
cm

�3
)

364 S. Sugihara and M. Kilasara



depletion of easily decomposable SOM, the microbial decomposition could only

supply a small amount of mineralized N during the dry period. These results

indicate that strong competition for nitrogen occurred between soil microbes and

plants during this dry period; hence, nitrogen uptake by plants prevented microbial

growth (causing high MB C/N ratios). Thus, I concluded that in dry tropical

cropland, soil microbes contribute to plant growth by serving as a nitrogen source

during the grain-forming stage.

18.4 Controlling Factors of Soil Microbial Dynamics
in Dry Tropical Croplands

In this 16-month study in Tanzania, I evaluated seasonal variations in microbial

biomass carbon (MBC) and nitrogen (MBN), as well as microbial activity

(as qCO2), with respect to several factors related to soil moisture, land management

(i.e., plant residue application, fertilizer application), and cropland type (i.e., 38 %

clay soil, 4 % sandy soil). The objectives of this study were to: (1) evaluate the

effect of soil moisture on seasonal variations in soil microbial biomass, (2) evaluate

the effect of land management on the seasonal variations in soil microbial biomass,

and (3) to compare the seasonal variations in soil microbial biomass between the

clayey and sandy croplands, with regard to nutrient dynamics.

During the experimental period, there was a clear divide between the rainy and

dry seasons (Fig. 18.5). In all treatment plots at both of my test sites, MBC and

MBN tended to decrease during the rainy season, whereas they tended to increase,

and remain at high levels, during the dry season (Figs. 18.6 and 18.7), although soil

moisture did not correlate with MBC or MBN (P> 0.05). A couple of explanations

have been given for such seasonal variations in MBC and MBN in dry tropical

ecosystems: (1) increased soil fauna during the rainy season increases grazing on
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soil microbes, thereby reducing their population (Singh et al. 1989; Michelsen et al.

2004), and (2) soil microbes accumulate intracellular solutes during the dry season;

as a result, the drastic changes in soil moisture content after the first rainfalls of the

rainy season lead to microbe lysis and a dramatic drop in their population

(Halverson et al. 2000; Fierer and Schimel 2003). In my study, since MBC and

MBN gradually decreased during the rainy season, the increase in soil fauna seems

to be a more reasonable explanation for the observed decrease in soil microbes, as I

TZc site (a)

TZs site (b)

Fig. 18.5 Fluctuation in volumetric moisture content (VMC) at the control plot as a function of

daily rainfall at the TZc (a) and TZs sites (b). VMC data from mid-March to May 2008 at TZc and

from December 2007 to February 2008 at TZs could not be obtained because of technical problems

with the sensors
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would have likely seen a dramatic depletion of soil microbes if the trigger was a

change in soil moisture (Fierer and Schimel 2003). With regard to the crop growth

stage, MBN in both control plots remained low during the crop maturation stage

(i.e., the middle to late crop growth period) and the early dry season. As revealed by

Singh et al. (2007b) and my previous study (Sugihara et al. 2010a), plant N uptake

during the maturation stage caused severe N competition between crop and soil

microbes, resulting in low MBN during this period. These results suggest that soil

microbes act as a nutrient pool for crop growth, both in clayey and sandy croplands

in Tanzania.

In all treatment plots at both sites, the qCO2 correlated with soil moisture; hence,

soil microbes act as decomposers mainly during the rainy season. Compared to the

effect of sampling date (i.e., seasonal effect), plant residue and fertilizer applica-

tions had little effect on the variations of MBC, MBN, and qCO2 (Table 18.2). In

Canada, Spedding et al. (2004) also found that seasonal variation had a larger

impact on soil microbial dynamics than land management (i.e., tillage and residue

application). However, at both sites in my study, I observed a clear effect of plant

residue application on seasonal variations in MBN (Table 18.2) and also found an

increase in MBC and MBN after the addition of plant residue early in the rainy

season (beginning of March in 2007 and 2008). Furthermore, at both sites, the

increased MBN remained relatively high in the P and PF plots compared with in the

control and F plots. These results indicate that seasonal variations in MBC and

MBN can be controlled, at least short term, by plant residue application early in the

rainy season. During the early rainy season in India, Singh et al. (2007b) also

reported a rapid increase in MBC and MBN within a month of the residue

application. This suggests that plant residue application not only helps counter

the N loss caused by leaching but also synchronizes plant N uptake and N release

Table 18.2 Summary of effects of land management and seasonal variation on soil microbial

factors, such as MBC, MBN, and qCO2, according to repeated-measure analysis of variance

(Sugihara et al. 2010a)

Source

MBC MBN qCO2

TZc TZs TZc TZs TZc TZs

Plant residue

application (P)

NSa NS 0.05 0.02 0.002 0.01

Sampling date (season) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Season*P NS NS NS 0.02 <0.0001 <0.0001

Fertilizer application (F) NS NS NS NS 0.04 NS

Season <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Season*F NS NS NS NS <0.0001 <0.0001

PF 0.02 NS 0.03 0.05 <0.0001 0.03

Season <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Season*PF NS NS <0.0001 NS <0.0001 <0.0001
aNS means not significant
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from soil microbes by utilizing these microbes as an ephemeral nutrient pool during

the early crop growth period.

For the clayey (TZc) and sandy (TZs) croplands, there were similar fluctuations

in the seasonal variations in MBC, MBN, and qCO2, but the coefficients of

variations of MBC and MBN were higher at TZs than at TZc. This suggests that

seasonal variations in MBC and MBN were greater at TZs than at TZc. Soil

microbes in clayey soils are protected from macrofauna (i.e., predators) by the

clay (Juma 1993) and from dry stress by soil aggregates (Van Gestel et al. 1991);

hence, soil microbial biomass is relatively steady in clayey soil compared to that in

sandy soil. Similarly, qCO2 was substantially higher and fluctuated to a greater

degree at TZs than at TZc. Many laboratory studies have shown that qCO2 is higher

in sandy soil than in clayey soil (Hassink 1994; Thomsen et al. 2003), and my field

results are consistent with those results. Large variations in both MBC and MBN,

and a high qCO2, imply rapid turnover of soil microbes (McGill et al. 1986;

Joergensen and Emmerling 2006), resulting in an increased supply of nutrient

from the soil microbes. Using the method outlined by McGill et al. (1986) and

Friedel et al. (2001), I calculated the turnover rate of soil microbes in the TZc and

TZs control plots and found it to be 1.37/year at TZc and 4.90/year at TZs. This

means that in the TZc and the TZs control plots, soil microbes should annually

supply 41.4 and 91.5 kg N ha�1, respectively. Sakamoto and Hodono (2000) also

showed that the turnover rate of soil microbes in sandy soil (4.38 per year; 7 % clay)

was more than twice the turnover rate in clayey soil (1.69 per year; 39 % clay).

Overall, the nutrient dynamics in tropical agroecosystems appeared to be more

substantially affected by soil microbes at TZs than at TZc.

18.5 Utilization of Soil Microbial Biomass to Improve the N
Use Efficiency in Dry Tropical Croplands

As aforementioned, in dry tropical agroecosystems, it is important to synchronize

plant N uptake with N release from soil microbes during the rainy season in order to

minimize N loss from the soil (Singh et al. 2007a). In particular, N leaching during

the early part of the rainy season (i.e., seeding and tillering stages of crop growth)

leads to critical N loss, because plants are small at this stage and only utilize a small

amount of N (Shahandeh et al. 2004). Therefore, in order to synchronize soil N

supply with plant N uptake, it is important that available soil N be conserved during

early crop growth.

In order to conserve the available soil N until later in the season, when substan-

tial plant N uptake occurs, I assessed the potential role of soil microbes as a

temporal N sink–source. During two consecutive years, throughout the ~120-days

crop growth period, I evaluated the effect of land management (i.e., no input, plant
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residue application, plant residue and fertilizer application, fertilizer application,

noncultivated) on the relationship between soil N pool (MBN and inorganic N) and

plant N uptake. In this study, the application of plant residue was considered the

carbon (C) substrate, which should stimulate soil microbial immobilization of

potentially leachable N during early crop growth. To prevent severe N competition

between soil microbes and crops due to excessive C input (Vigil and Kissel 1991;

Hadas et al. 2004), plant residue (2.5 Mg C ha�1; 35 kg N ha�1), which was

equivalent to biomass from a mature maize crop (without cobs) and also equivalent

to ~50 % of decomposed C during the crop growth period, was applied before

seeding (March) (Photo 18.2; Sugihara et al. 2010a, b). The plant residue was

applied after the first heavy rainfall event in March, when Tanzanian farmers

generally begin to cultivate. To avoid severe N depletion after the excessive C

input, seeding was conducted at least 2 weeks after plant residue application and in

concert with a rainfall event.

In both years, the plant residue application before planting immediately

increased MBN in the P plot to 13.1–19.5 kg N ha�1 higher than in the control

and F plots, resulting in a larger or similar soil N pool in the P plot during early crop

growth compared to in the control and F plots, respectively (Fig. 18.8). This was

because the C/N ratio of the applied plant residue was high (~70), and soil microbes

immobilized inorganic N that would have potentially leached. According to my

estimation, based on the relationship between soil moisture and CO2 efflux rate

Photo 18.2 Experimental field described in this chapter. The left site is the plant residue

application plot and the right site is the control plot. Two weeks before seeding, plant residue

was chopped and plowed into the soil at a depth of 0–15 cm
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(Funakawa et al. 2006), in 2007 and 2008, decomposed C from 20–40 DAP in the P

and PF plots was 750–920 kg C ha�1 higher than in the control and F plots. This

indicates that the C/N ratio of the applied plant residues was gradually reduced

during this period, and therefore the net N mineralization of the residue may not

have occurred before 40 DAP in the P and PF plots (Vigil and Kissel 1991), when

the risk of critical N leaching was high. Thus, plant residue application before

planting enhanced the role of soil microbes as a temporal N sink by immobilizing

the potentially leachable N, leading to conservation of available soil N for later crop

growth.

During the later crop growth (i.e., dry period) in 2007 and 2008, the soil

microbes (MBN and MB C/N ratio) and pattern of plant N uptake were closely

related, as was previously observed (Sugihara et al. 2010b) (Figs. 18.8, 18.9, and

18.10). The MB C/N ratio also increased significantly, and MBN tended to decrease

in all cultivated plots, which was possibly due to increased crop competitiveness

for N, driven by an increased root system enhanced assimilation of the soil N pool

(Bottner et al. 1999; Mayer et al. 2003). Many other studies have also found an

increased MB C/N ratio and decreased MBN, indicating the clear contribution of

soil microbial N to plant N uptake during the grain-forming stage in dry tropical

croplands (Ghoshal and Singh 1995; Kushwaha et al. 2000; Singh et al. 2007b).

Moreover, in the current study at the grain-forming stage, the aforementioned

microbial factors did not fluctuate in the B plot as they had fluctuated in the

cultivated plots, and this indicates that substantial plant N uptake must underlie

the increase in MB C/N ratio and/or the decrease in MBN. Hence, during the later

crop growth in all the cultivated plots, soil microbes would have contributed to crop

growth as an N source.

In both years, the plant residue treatment clearly affected the relationship

between soil microbes (MBN and MB C/N ratio) and plant N uptake during later

crop growth because (1) the period of intense N competition (increased MB C/N

ratio) was delayed in the P and PF plots (Fig. 18.8c, f) and (2) plant N uptake

continued for a longer period in the P and PF plots than in the control plot

(Figs. 18.9 and 18.10). The effects of plant residue application likely differed

between 2007 and 2008 because of the different rainfall patterns between these

years. In 2007, there were few heavy rainfall events, although the overall rainfall

level was greater than average. Therefore, N leaching was not excessive, and plant

N uptake and yield in 2007 were greater than average. In 2007, the soil N pool in the

P plot was 20.0–41.4 kg N ha�1 higher than in the control plot and similar in the F

plot throughout the experimental period (Fig. 18.9). However, the increased MBN

appeared to temporarily suppress plant N uptake (43–57 DAP), because plant N

uptake in the P plot (37.0 kg N ha�1) was substantially lower than in the control and

F plots (50.0 and 65.3 kg N ha�1, respectively). As previously noted, added C

substrate and rainfall (78 mm) in the P plot may have accelerated microbial

turnover so that soil microbes could outcompete the crop for N (Bottner et al.

1999; Mayer et al. 2003). As soil dried after 71 DAP, MBN in the P plot decreased
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with increased MB C/N ratio (Fig. 18.8b,c), and total plant N uptake in the P plot

was similar to that in the control plot at harvest. This suggests that the increased

MBN finally contributed to crop growth by acting as an N source because of the soil

drying or crop maturation (Joergensen and Emmerling 2006; Singh et al. 2007b).

In contrast, in 2008, the rainfall was concentrated at the early crop growth stage,

resulting in critical N leaching in all plots (Fig. 18.10). In this relatively normal

year, the increased MBN contributed to maintaining the larger soil N pool in the P

plot compared with in the control plot during early crop growth (10.5–21.2 kg N ha�1)

and later crop growth (16.3–29.9 kg N ha�1). Although the delayed N competition

and prolonged plant N uptake period were similar to 2007 (Fig. 18.8f), increased

MBN in the P plot did not seem to limit plant N uptake as it had in 2007. Excessive

N leaching depressed the soil N pool (especially inorganic N) in the control plot at

42 DAP (43.2 kg N ha�1), resulting in earlier N competition. By contrast,

increased MBN in the P plot conserved the larger soil N pool at 42 DAP

(60.4 kg N ha�1), thus providing considerable N for crop growth and resulting

in the observed delay in soil N deficiency at 56 DAP, which was the same as the

chemical fertilized plots (F and PF plots) (Figs. 18.8f and 18.10). Finally, total

plant N uptake in the P plot was 19.1 kg N ha�1 higher than in the control plot and

similar in the F plot. Based on these results, soil microbes certainly supplied the

potentially leachable N to plant N uptake during later crop growth, although the

contribution of mineralized N from applied plant residue should also be consid-

ered. However, from 56–87 DAP in 2008, the decomposed C in the P plot was

estimated at 240.1 kg C ha�1, and therefore the amount of net Nmineralization would

have been 21.2 kg N ha�1 (soil C/N ¼ 11.3), which was less than plant N uptake in

this period (31.9 kg N ha�1). Thus, soil microbes immobilizing the potentially

leachable N would have acted as an N source during later crop growth in the P plot,

contributing to the synchronization of the soil N supply and plant N uptake

(Sugihara et al. 2012).

These results showed that, in order to reduce N leaching and increase the soil N

supply during later crop growth, it would be very useful to utilize soil microbes as a

temporal N source–sink. In future studies, it would be necessary to evaluate the

effect of quality and quantity of applied organic matter, such as high or low C/N

ratio (Sakala et al. 2000; Moura et al. 2010), as well as application method (e.g.,

plowing into the soil or no-till) (Zeleke et al. 2004; Dahiya et al. 2007).

⁄�

Fig. 18.9 (continued) significantly different (P � 0.05) among the sampling times within a plot

(one-way ANOVA, Tukey’s Kramer test). All values were calculated by multiplying the soil depth

(0–15 cm) by the bulk density in each plot (1.19–1.27 g cm�3). Control plot; F plot, fertilization
plot; P plot, plant residue plot; and PF plot, plant residue and fertilizer plot (Refer to Sugihara et al.
(2012) for a more detailed explanation of the treatments)
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Fig. 18.10 Time course of aboveground crop N uptake and belowground soil N pool (MBN and

inorganic N (NH4
+ and NO3

�)) in each plot during the experimental period in 2008. Bars indicate

the standard error. Different letters (a, b, c, d, and e) indicate that the means of crop N are

significantly different (P � 0.05) among the sampling times within a plot (one-way ANOVA,

Tukey’s Kramer test). All values were calculated by multiplying the soil depth (0–15 cm) by the

bulk density in each plot (1.19–1.27 g cm�3). Control plot; F plot, fertilization plot; P plot, plant
residue plot; and PF plot, plant residue and fertilizer plot (Refer to Sugihara et al. (2012) for a

more detailed explanation of the treatments)
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Chapter 19

Conclusion

Shinya Funakawa

Abstract This chapter provides an overall conclusion and summary of the volume

with brief summaries of each chapter. Part I covered soil-forming processes on

different continents, focusing on humid regions of Asia and equatorial Africa. Part

II presented a comparative analysis of pedogenic acidification processes under

different geologic and climatic conditions in humid Asia, where Ultisols predom-

inate, and then provided a comparative analysis of Oxisols/Ferralsols in Cameroon.

The analysis in this section suggested that differences in basic soil properties such

as clay mineral composition was often accompanied by, or correlated with, differ-

ent ecosystem processes under natural vegetation, which could be regarded as an

“ecosystem strategy for resource (nutrients) acquisition.” In Part III, we analyzed

the ecological adaptation of traditional agricultural practices to environmental

conditions such as climate and soils, to develop a scientific basis for low-input

agriculture. These practices, which have proved to be sustainable for some period at

least, should be utilized for developing agricultural systems that depend less heavily

on external resource inputs. In Part IV, several trials for establishing “minimum-

loss” management practices in the tropics were described. In summary, the authors

would like to again emphasize that the development of agricultural systems appro-

priate for use in the tropics needs to be based on the scientific understanding of

applied ecological processes, as was outlined in Parts III and IV, in which the loss of

soil resources can be minimized by controlling fluxes of carbon, nitrogen, and

minerals. As was stated in the introduction, these efforts are justified both from an

economic perspective related to the poverty of many of the farmers in tropical

countries and the vulnerability of agricultural productivity in tropical countries to

changing conditions such as climate change, soil degradation, and worldwide

depletion of water and nutrient resources. Further studies on local ecosystem

processes and agricultural practices should be encouraged from these perspectives.
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19.1 Distribution of Clay Minerals in Tropical Asia
and Africa, with Special Reference to Parent
Materials (Geology) and Climatic Conditions

In Part I of this volume, the soil-forming processes on different continents, humid

Asia and equatorial Africa, were discussed in detail, with special reference to our

recent findings on clay mineralogy and soil fertility in these regions.

In Chap. 2, secondary mineral distributions in soils from Kalimantan, Indonesia,

were investigated to examine the effects of the parent materials and climate at

different elevations on the distributions, using B horizon soils from 60 sites. The

soil samples were classified from their total elemental compositions using cluster

analysis. Secondary minerals were measured by X-ray diffraction and selective

extractions. The samples were divided into ferric (high Fe contents), K&Mg

(high K, Mg, and Si), and silicic (high Si) groups. The ferric soils were derived

from mafic parent materials, whereas the others were derived from felsic or

sedimentary parent materials. The K&Mg soils had higher total base contents

(suggesting primary minerals) and were less weathered than the silicic soils.

Secondary minerals in the ferric soils were characterized by high contents of Fe

oxides and gibbsite. The K&Mg and silicic soils had similar secondary mineral

(kaolinite and vermiculite) contents, but more mica was found in the former. Only

the silicic group soils had secondary mineral contents that changed as the elevation

changed (the kaolinite content increased and the vermiculite and poorly crystalline

Al and Fe contents decreased as the elevation decreased). Higher temperatures at

lower elevations may cause minerals to be altered more. Secondary mineral distri-

butions were primarily controlled by the parent material (mafic or felsic/sedimen-

tary), and secondarily by the climate, which varied with elevation.

In Chap. 3, the impact of moisture regime on clay mineralogy was further

discussed using the soils from Indonesia (udic), Thailand (ustic), and Japan

(udic). The importance of vermiculitization of illitic minerals from sedimentary

rocks and/or felsic plutonic rocks was a key issue. In these soils, mica and kaolin

minerals dominated, with lesser amounts of the 1.4-nm minerals in northern

Thailand, and significant amounts of 1.4-nm minerals formed in Indonesia and

Japan. Based on these findings and a thermodynamic analysis using soil water

extracts, the mineral weathering sequences from felsic and sedimentary rocks were

suggested for each of the regions. In Thailand, under higher pH conditions associ-

ated with the ustic moisture regime, mica is relatively stable, while other primary

minerals, such as feldspars, are unstable and dissolve to form kaolinite and gibbsite.

Under the lower pH conditions of the udic moisture regime in Japan and Indonesia,

mica weathers to form 1.4-nm minerals. Consequently, the soil mineralogical

properties are thought to affect the chemical properties of soils, such as the cation

exchange capacity (CEC)/clay and pH, and the taxonomic classification of the soils.

The CEC/clay of the soils derived from sedimentary rocks or felsic parent materials

showed a clear regional trend. The CEC/clay was usually higher than 24 cmolc kg
�1

(corresponding to Alisols if the argic horizon is recognized) under the udic and
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perudic soil moisture regimes in Indonesia and Japan. It was predominantly lower

than 24 cmolc kg
�1 (corresponding to Acrisols) under the ustic soil moisture regime

in Thailand. The World Reference Base for Soil Resources (WRB) classification is

generally consistent with the regional trends of the chemical and mineralogical

properties of soils and describes successfully the distribution patterns of acid soils

in humid Asia using the criterion of CEC/clay ¼ 24 cmolc kg
�1.

In Chap. 4, soil-forming conditions in Tanzania, which is located near the Great

Rift Valley, were analyzed with special reference to climatic and geological factors.

In total, 95 surface soil samples were collected from croplands, forests, and

savannas in different regions across Tanzania, and the physicochemical and min-

eralogical properties of the samples were analyzed. Soil physicochemical properties

varied widely, reflecting the wide variation of climatic conditions and parent

materials of soils. Clay mineral composition was essentially similar to the soils

developed under the ustic moisture regime of Southeast Asia, in which mica and

kaolin minerals usually dominate. Based on a principal component analysis of the

collected soil samples, five factors were calculated. From the scores of these five

factors, the clay mineralogical composition, and the relationship between geolog-

ical conditions (or parent materials) and the annual precipitation, the following

observations were made: (1) The soil organic matter (SOM) and amorphous

compounds were the highest at the volcanic center of the southern mountain ranges,

from the east of Mbeya to Lake Malawi. (2) Available phosphorus and potassium

were high in the volcanic regions around Mt. Kilimanjaro and in the southern

volcanic mountain ranges, presumably due to intensive agricultural practices and

fertilizer application. (3) The 1.4-nm minerals were probably formed under condi-

tions of high sodicity and were often observed in the soils near Lake Victoria.

(4) The volcanic regions and Great Rift Valley region of Tanzania, where soil is

generally more fertile than in other regions, are conducive to modernized agricul-

ture. The semiarid regions of Tanzania suffer from water shortage, while the

relatively humid areas have less fertile soil, which predominantly contains kaolin

minerals. These conditions are not favorable for agricultural production and should

be taken into consideration when studying the feasibility of agricultural develop-

ment in different areas in the future.

In Chap. 5, soil fertility was analyzed in various regions of sub-Saharan Africa,

including Tanzania, Rwanda, western Democratic Republic (D.R.) of Congo,

Cameroon, Nigeria, Burkina Faso, Ivory Coast, and others, with special reference

to geological and climatic conditions. Comparing soils across the central and

western regions of equatorial Africa, the properties of soils in each region can be

summarized as follows: soils in Tanzania are affected by the Great Rift Valley

movement, including the associated volcanic activity, and were found to be rela-

tively fertile. The soils are generally not intensely acidic, and soil texture is

intermediate. The SOM level is moderately high and is partially affected by

volcanic activity and the relatively high elevation. The clay mineral composition

also suggests that the soil in this region is somewhat less weathered, and possibly

supplies more mineral nutrients, than soils in the other regions. Similar advanta-

geous characteristics were found in the soils of the volcanic regions of the highlands
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of Rwanda and eastern D.R. Congo. The soils in this region are characterized by

high base levels, high CEC values (which are influenced by the presence of both

SOM and 2:1 clay minerals), intermediate to clayey soil texture, and relatively high

SOM levels. The latter two are affected by parent materials and the cool temper-

atures. In contrast to the Great Rift Valley regions, a large part of Cameroon is

situated on the Cameroonian plateau, which is composed of Precambrian basement

rocks under humid climates. The soils in this region are characterized by a strong

acidic nature, high levels of exchangeable aluminum, fewer base components,

moderately low SOM levels, and clayey soil texture, dominated by inactive kaolin

minerals. The soils in the western regions of equatorial Africa, such as the Nigeria/

Benin and Burkina Faso/Ivory Coast/Liberia regions, are commonly characterized

by the presence of sandy soils. The sand content usually exceeds 70 %, while clay

content is less than 20 %. As a result, the base reserve is typically low, and SOM

levels are less than 10–15 g C kg�1 soil.

At the end of Part I, the effects of active Al and Fe (acid ammonium oxalate-

extractable Al and Fe: Alo and Feo) on preservation of organic carbon (OC) and

sorption/release of phosphate in tropical soils are presented in Chap. 6. For OC

preservation, Alo and Feo, Fe oxides, and clay fraction have been assumed to be

important components stabilizing the organic matter. The Alo + Feo content

explained more than 60 % of variation in OC for the all soil groups classified by

the degree of soil weathering (weak, moderate, and strong). The quantitative

relationships between OC and Alo + Feo were of similar order for all the soil

groups. In contrast, Fe oxides and clay contents are less correlated with

OC. Effects of Alo and Feo on phosphate sorption capacity and its extractability

after sorption were also examined. Furthermore, the retardation effects of phos-

phate sorption into micro- and meso-pores of Alo and Feo were assessed. The

phosphate sorption capacity was strongly correlated with Alo + Feo. The proportion

of labile phosphate relative to added phosphate and the rate of phosphate released in

sequential extractions were negatively correlated with Alo + Feo and porosity of the

soils (0.7–4-nm pore SSA relative to the total SSA). These results showed that Alo
and Feo are important components of tropical soils that influence OC preservation

and phosphate sorption/release, and carbon dynamics and availability of fertilized

phosphate will be affected by the amount of Alo and Feo in the soils.

19.2 Ecosystem Processes in Forest–Soil Systems Under
Different Geological, Climatic, and Soil Conditions

As stated in Chap. 1, the interaction between terrestrial ecosystem processes and

soil development is an essential one. Biological activity is a driving force of soil

development, while soil conditions, largely derived from parent material and

climate, can either restrict or enhance biological activities and ecosystem processes.

Although many processes involve interactions between soil and ecosystems, the
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link between biological activity and soil acidification/mineral weathering is con-

sidered to be one of the most crucial for ecosystem processes in humid climatic

conditions, where precipitation exceeds evapotranspiration.

In Part II of this volume, pedogenetic acidification processes under different

geological and climatic conditions in humid Asia, where Ultisols (Acrisols and

Alisols in the World Reference Base for Soil Resources [IUSS Working Group

WRB 2014]) predominate, have been comparatively analyzed in Chap. 7. To

analyze dominant processes of soil acidification and plant strategies for nutrient

acquisition in tropical forests of Southeast Asia, proton budgets were quantified for

plant–soil systems in Indonesia and Thailand. The consistently high acid load found

to be transferred by plants to soil suggests that acidification can be a nutrient

acquisition strategy for plants that promote cation mobilization in soil through

mineral weathering and cation exchange reaction. Soil solution composition indi-

cates that organic acids are the dominant acidifying anions of forest soils developed

on sandy sedimentary rocks. The production of organic acids in the O horizons can

be enhanced by lignin-rich and P-poor litters and high activity of fungal enzymes

(peroxidases) in highly acidic soils. Conversely, bicarbonate regulates cation fluxes

in forest soils developed on clayey sedimentary rocks and ultramafic rocks. The

spatiotemporal variation in roots and acids can lead to different pathways of

pedogenesis and incipient podsolization (aluminum eluviation/illuviation) in sand-

stone soils and ferralitization (in situ weathering) in iron-rich soils. The processes

of nutrient cycles in tropical forests in Southeast Asia are diverse, depending on the

levels of soil acidity.

In Chaps. 8 and 9, ecosystem processes that affect on Oxisols/Ferralsols in

equatorial Africa (southeastern Cameroon) were analyzed, with special reference

to the different vegetation of rainforest and savanna. In Chap. 8, the influence of

savannazation on nutrient dynamics was analyzed using soil chemical and micro-

biological analyses. Distinct differences were observed between the forest and

savanna in the soil nutrient stock. Soil carbon stock was usually similar; however,

the soil carbon to nitrogen (N) ratio was substantially lower in forest areas than in

the savanna, indicating nitrogen-rich conditions in the forest. Moreover, the potas-

sium stock in forest soils was lower than in savanna soils, indicating that potassium

deficiency may be one factor limiting afforestation. Soil microbial analysis showed

a significant positive correlation between soil moisture and microbial biomass

phosphorous (MBP) in the forest, indicating the importance of organic phosphorus

(P) mineralization for MBP. In the savanna, a significant positive correlation was

found between soil nitrogen availability and MBP, indicating nitrogen limitation

for MBP. These results suggest that forest is an N-rich and P-limited ecosystem,

whereas savanna is an N-limited ecosystem.

In Chap. 9, nutrient cycling and soil acidification processes in tropical African

forests were discussed. Tropical African forests are dominated by Ferralsols

(Oxisols) and leguminous species, while Southeast Asian forests are dominated

by Acrisols/Alisols (Ultisols) and Dipterocarpaceae. To provide an overview of the

carbon (C) and N dynamics, as well as soil acidification processes on Ferralsols and

Acrisols, in tropical African forests, we quantified soil respiration and element
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fluxes through different flow paths (as precipitation, throughfall, litterfall, litter

leachate, and soil solutions) and analyzed proton budgets in two secondary forested

sites in Cameroon. Our results demonstrate that at an Acrisol site (MV), N was

mostly taken up within the O horizon, which has a dense root mat, while half of the

input N leached down to the mineral horizon at a Ferralsol site (AD). Nitrification

was the main proton-generating process in the canopy and the O horizon of AD, and

it caused a large amount of cation leaching, which resulted in the accumulation of

basic cations because of the high proton consumption rates in the A horizon. In

contrast, because of the dense root mat at MV, the excess cation uptake by plants in

the O horizon made the largest contribution to proton generation, which resulted in

intensive acidification of the surface soil. Our results suggest that ecosystem

processes differ depending on soil type (i.e., soil acidity). Thus, legumes growing

on Ferralsols in tropical African forests have unique plant–soil interactions via

active nitrification in the O horizon.

The analysis in this section suggested that the difference in the basic soil

properties such as clay mineral composition was often accompanied by, or corre-

lated with, different ecosystem processes under natural vegetation.

19.3 Adaptation of Agricultural Practices in Upland Soils
Under Different Bioclimatic Conditions in Tropical
Asia and Africa

As covered in Chap. 1, agricultural production removes ecosystem resources such

as mineral nutrients from the ecosystem as crop yield. This means that replenish-

ment of nutrients is essential for sustaining agricultural productivity over time.

Before the establishment of modern agriculture, addition of nutrients from external

sources was limited. Farmers depended on natural processes such as mineral

weathering and litter input for replenishing mineral nutrients for the next cropping

cycle. In Part III of this volume, we analyzed the “ecological adaptation” of

traditional agricultural practices to environmental conditions such as climate and

soils to understand the scientific basis behind low-input agriculture. These prac-

tices, which have proved to be sustainable for some period at least, could be utilized

for developing alternative agriculture that depends less heavily on the external input

of resources.

In Chap. 10, ecological changes after reclamation of original vegetation (forest

or savanna) on Oxisols/Ferralsols in eastern Cameroon were examined. To under-

stand the effects of original vegetation (forest or savanna) on changes of solute

leaching and proton budgets after reclamation on Oxisols in Cameroon, we quan-

tified the soil nutrient fluxes in forest, adjacent savanna, and each adjacent maize

cropland and compared with the case in Southeast Asia. In forest plot, excess cation

accumulation in wood has contributed to soil acidification in the entire soil profile,

while soil acidification rates were much lower in savanna plot because of limited
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plant uptake. As a result of cultivation, NO3
� fluxes were substantially

increased and nitrification was the main process of soil acidification in both

croplands. Reflecting the nutrient flux pattern of original vegetation, protons

generated by nitrification in forest cropland plot (9.4–10.1 kmolc ha�1 year�1)

was significantly higher than that in savanna cropland (3.4–4.5 kmolc ha
�1 year�1).

The rate in savanna cropland was comparable to that in Thailand Ultisol

(5.0 kmolc ha
�1 year�1) with moderate soil pH and higher than that in Indonesian

Ultisol (1.5 kmolc ha
�1 year�1) with low pH. Despite low pH of bulk Oxisols of

Cameroon, they would provide favorable habitat for nitrifiers with physically

well-structured microaggregates, allowing active nitrification in the plots of

Cameroon. High rate of nitrification suggests the risk of nutrient deficiency in

cropland is more serious in nutrient-poor Oxisols. The effects of reclamation on

soil acidification processes would depend on the original vegetation and also on

soil pH and physical structure, which affect the nitrification activity. Since the

ratio of K+ concentrations to sum of Mg2+ and Ca2+ concentrations increased with

decreasing soil solution pH, the lower solution pH, which could stem from

cultivation, might promote K leaching from cropland.

In Chap. 11, we returned toUltisols in northern Thailand, whose soil properties and

ecosystem processes were extensively investigated in Chaps. 3 and 7. Annual precip-

itation is approximately 1200mm at the studied village. Here we analyzed the shifting

cultivation system used by the Karen people to understand the functions, such as

nutrient replenishment, of the fallow phase. The fluctuation of fertility-related prop-

erties of soils through land use stages was analyzed, and the SOM budget was

quantitatively calculated, with special reference to soil microbial activities. The

factors that have ensured the long-term sustainability of the shifting cultivation system

can be summarized as follows: (1) Some soil properties relating to soil acidity

improve when SOM increases in the late stages of the fallow phase. The litter input

may be supplying bases that are obtained via tree roots from lower down the soil

profile. This increase in SOM and bases in the surface soil through forest-litter

deposition in the late stages of the fallow phase increases the availability of nutritional

elements to crops. (2) The decline in soil organic C during the cropping phase may be

compensated by litter input during the 6–7 years of the fallow phase. The organic

matter input from the incorporation of herbaceous biomass into the soil system after

the establishment of tree vegetation (approximately in the fourth year) was found to be

crucial for maintaining the SOM level in the overall nutrient budget. (3) The succes-

sion of the soil microbial community from rapid consumers of resources to stable and

slow utilizers, along with the establishment of secondary forest, retards further

leaching loss of nitrogen and enhances its accumulation in the forestlike ecosystem.

The functions of the fallow phase listed above can be considered essential to the

maintenance of this forest–fallow system. Agricultural production can therefore be

maintained with a fallow period of around 10 years, which is somewhat shorter than

widely believed. Traditional shifting cultivation in the study village was shown to be

well adapted to its soil-ecological condition.

In Chap. 12, slash-and-burn agriculture under drier conditions in Zambia was

investigated. The results of the field study indicated the following: (1) More than
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10-year cropping exhausted SOM and woody biomass, SOM and woody biomass

were not restored during short fallow. (2) At spots burned with emergent and bush

trees, SOM decreased only by burning and could be restored during short cropping,

although N contents of SOM and woody biomass were not restored even during

fallow. (3) Without burning, 2-year fallow after 3-year cropping is relatively useful

management in terms of the maintenance of particulate organic matter, SOM, and

grain yield, although woody biomass decreased compared to 2-year fallow after

1-year cropping. The C and N stock could not be fully recovered, especially burned

spots. Thus, under rain-fed agriculture without fertilizer in semiarid region, this

type of slash and burn was relatively suitable to maintain grain yield and SOM

contents although the yield and the SOM were low level compared to other regions

where slash and burn is practiced. In the semiarid region of Zambia, the decrease in

soil C and N stock during cropping was small with return of plant residue because

long dry season constrains loss of SOM through leaching and decomposition and N2

fixation by free-living N2 fixation. Therefore, SOM will not decrease drastically

under short cropping and short fallow rotation because recent decrease in emergent

trees and increase in bush trees brought small loss of SOM during burning.

Based on the results of field studies in different regions of the tropics in

Chaps. 10, 11, and 12, land management strategies that use shifting cultivation in

different bioclimatic and soil conditions are comparatively discussed in Chap. 13.

Four regions with different soil and climatic conditions are included: eastern

Zambia (Alfisols; AP, 860 mm), northern Thailand (Ultisols; AP, 1200 mm), East

Kalimantan of Indonesia (Ultisols; AP, 2500 mm), and eastern Cameroon (Oxisols;

AP, 1450 mm). An increase in N mineralization and resulting increase in N flux,

after the original vegetation was removed for cropping, were the highest for the

eastern Cameroon forest, followed by northern Thailand, eastern Cameroon

savanna, East Kalimantan of Indonesia, and eastern Zambia. This trend, however,

is thought to coincide with mineral nutrient loss due to leaching. The loss is likely to

be more detrimental for strongly-weathered soils, such as Oxisols in Cameroon.

The function of the fallow phase was most clearly observed in the shifting cultiva-

tion practiced in northern Thailand; the soil fertility here was reinstated in the later

stage of the young fallow phase, around 8 years. A similar trend was found in the

soils of eastern Cameroon, where soil fertility was highest in the young fallow

forest. This improvement in soil fertility during the fallow stage was not observed

for the plots in East Kalimantan, Indonesia, and eastern Zambia, presumably due to

the specific climatic conditions. Generally, farming practices and land uses in

shifting cultivation in Southeast Asia were well adapted to the soil and climatic

conditions. In contrast, the pattern of land use in eastern Cameroon has been

affected by human factors, such as the activities of neighboring agropastoralists,

as well as by natural conditions. In eastern Zambia, limited and fluctuating precip-

itation may be the most important factor in agricultural production. Since primary

production and soil organic matter decomposition rate are regulated by this, soil

fertility status would not change considerably under the present land use practices.

Therefore, the classical interpretation of slash-and-burn agriculture is not applica-

ble to the agricultural practices in the latter two African cases.
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All of the examples of shifting cultivation studied in Chaps. 10, 11, 12,, and 13

depend on “on-site re-accumulation of mineral nutrients or temporal redistribution

of nutrients” that occurs during the fallow phase. In Chap. 14, another approach for

nutrient replenishment was investigated. To analyze the resource management

approach that involves the import of resources from outside the farm, i.e., “spatial

redistribution of resources,” an investigation was conducted in southwestern Niger,

Africa. It identified livestock management practices, based on the relationship

between farmers and sedentary pastoralists, which promote efficient use of live-

stock excreta through corralling in the Sahel region. Transhumance was found to be

essential for household located areas with a high rate of cropping because herds

were removed from cropped fields to a drier region in the rainy season. Sedentary

pastoralists generally corral and park herds in harvested fields rented from farmers

at night. Another type of corralling was performed on a contract basis in farmers’
fields, on the condition that the farmers provide food for the pastoralists staying for

corralling. About half of the sedentary pastoralists were not engaged in the practice

of contract corralling or contracted livestock, suggesting a non-formalized relation-

ship between farmers and sedentary pastoralists for corralling and livestock graz-

ing. In half of the households with contract corralling, the practice changed in two

consecutive seasons. This implies that contract corralling is a flexible practice that

compensates for the shortage of millet production and forage resources in some

years. Considering the amount of livestock excreta applied and the percentage of

the area corralled, two-thirds of the households had the potential to promote

contract corralling for further efficient use of livestock excreta.

Thus, before the establishment of modernized agriculture when the input of

external nutrient resources was limited, farmers depended on natural processes such

as mineral weathering and litter input for replenishing nutrients for the next

cropping season. Under some circumstances, strategies such as the transport of

resources from outside the farm were available. Where the impact of agricultural

activities on the natural soil and ecosystem processes is limited, it appears that

severe environmental constraints have driven human adaptation of agricultural

practices to the natural environments. Most traditional agriculture methods have

been developed under the resource management strategy characterized by “low

input/minimum loss.”

19.4 Strategies for Controlling Nutrient Dynamics
in Future Agricultural Activities in the Tropics

The relationship between soil/ecosystem processes and human activities was

subjected to considerable change after the introduction of modern technologies

into agricultural practices since the early twentieth century, most importantly after

chemical fertilizers became available through the development of the Haber–Bosch

process. The information and techniques for resource management and sustainable
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land use, which were important in traditional, low-input agriculture, are now often

not adopted. Instead, modern agriculture, characterized by the heavy use of agri-

cultural chemicals and/or intensive irrigation, is the usual approach for agricultural

production.

In Part IV, several trials for establishing “minimum-loss” management practices

in the tropics were undertaken. In Chap. 15, controlling wind erosion of soils and

organic matter using the “Fallow Band System” was analyzed in the semiarid sandy

soils of the Sahel region of West Africa. Wind erosion has a significant impact on

soil nutrient dynamics in this area. However, these had not previously been

accurately evaluated because of the limitations of conventional sediment samplers.

In this study, field-scale nutrient flow caused by wind erosion was measured using

the Aeolian Materials Sampler (AMS), which was developed to address the limi-

tations of conventional samplers. It was revealed that (i) the annual loss of soil

nitrogen from a cultivated field by wind erosion was two to three times greater than

the annual absorption by the staple crop. (ii) However, when herbaceous fallow

land (more than 5 m wide in the east–west direction) was retained at the west side of

the field, most of the blown soil nutrients were captured by the fallow land. On the

basis of this high trapping capacity of the fallow land, the “Fallow Band System”

was designed to control nutrient loss and improve crop production. A field exper-

iment showed that (a) a single fallow band with a width of 5 m trapped 74 % of

annual incoming soil particles and 58 % of annual incoming coarse organic matter,

suggesting that the “Fallow Band System” can control the nutrient flow by wind

erosion, (b) owing to the deposition of the trapped soil materials by the fallow band,

and soil nutrient levels and hydraulic conductivity of the surface soil were greatly

improved in the fallow band, which resulted in improved crop yield compared to the

field without a “Fallow Band System.”

In Chap. 16, surface runoff generation, which is usually strongly related to the

process of soil erosion, was investigated in order to establish land use strategies for

minimizing water erosion of soils. Surface runoff was measured in three plots at

different cultivated sloping sites in north and northeast Thailand using a runoff

gauge connected to a data logger. In most cases, rainfall intensity and the surface

soil moisture contributed significantly to surface runoff generation. Rainfall

intensity at the plot of sandy soils was higher than at the other two plots of fine-

textured soils in the northern region. Surface runoff occasionally occurred

throughout the rainy season with no clear seasonal trend at the sandy plot in

northeast Thailand, unlike at the other two plots in northern Thailand, where

surface runoff occurred more frequently during the latter half of the rainy season

due to the higher rainfall intensity and/or capillary saturation of surface soils. In

all plots, the proportion of surface runoff generated in relation to rainfall

increased with the increase of the slope gradient of the plots. The proportion of

soil erosion in relation to surface runoff was, however, largest in the sandy plot

with the lowest slope gradient, indicating that sandy soils are more easily eroded

than clayey soils, presumably due to the weakly organized structure of the soil

aggregates. Therefore, the conditions that enhance the risk of surface runoff and

soil erosion were found to vary and should be taken into account for agricultural

management in the respective regions.
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In Chap. 17, a similar approach was adapted in cropping fields in Tanzania and

Cameroon, where more strongly weathered soils than Asian soils were found. We

installed runoff plots (width 0.8 m � slope gradient 2.4/2.0 m) at four sites

(designated NY, TA, SO, and MA) in Tanzania and one site with three treatments

in Cameroon: bare plot (CM), cassava plot (CMC), and cassava with mulch plot

(CMC+M). Water budgets for rainfall, surface runoff, and soil moisture were

created for each rainfall event over a rainy season and the soil losses were

measured. High rainfall amounts in NY and TA caused high surface runoff and

soil loss. High stability of soil aggregates in CM resulted in low runoff coefficient.

Although sandy soils in MA had a high infiltration rate and produced low runoff

coefficient, their high susceptibility to transport by surface runoff increased the

runoff sediment concentration. Total soil loss in CMC+M was 49 % lower than soil

loss in CM and CMC, despite there not being a large difference in runoff volume

between the plots, indicating that mulch suppresses the particle detachment by

raindrops. Based on the soil erosion observed at the five sites, surface mulching is

considered to be a widely applicable management approach to prevent soil loss

from water erosion in the tropics, where rainfall intensity is generally high.

In Chap. 18, the possibility of utilizing soil microbes as a temporal nutrient pool

to decrease the leaching loss of nutrients, especially nitrogen, was investigated in

croplands in Tanzania. Generally, in sub-Saharan Africa, soil nitrogen is the

limiting factor for crop production and is often lost through leaching. To improve

crop productivity in this region, it is necessary to improve the synchronization of

soil nitrogen supply and plant nitrogen uptake. In this chapter, the authors showed

and explained the effectiveness of utilization of soil microbes as a temporal

nitrogen pool to synchronize the supply of soil nitrogen and plant nitrogen uptake,

on the basis of the field cultivation experiment in the dry tropical croplands of

Tanzania. The authors first showed that the mismatch of nitrogen supply and uptake

in this region was due to nitrate leaching during the early crop growth period. The

authors also found a clear contribution of soil microbes as a nitrogen source for

plant growth at the later crop growth period. Secondly, the authors found a clear

effect of land management, in particular, plant residue application, on the soil

microbial dynamics. Plant residue application just before the rainy season can

increase the microbial biomass nitrogen (MBN) and maintain it for over a month.

Finally, the authors assessed the effectiveness of plant residue application 2 weeks

before seeding, by analyzing the soil–plant nitrogen dynamics and crop productiv-

ity. We found that soil microbes contribute to the synchronization of soil nitrogen

supply and plant nitrogen uptake and to the improvement of crop yields.

As was stated in Chap. 1, I consider that the main direction of development of

tropical agriculture in future should focus on:

1. Decreasing the loss of resources, rather than increasing input

2. Controlling the fluxes of carbon, nitrogen, and mineral resources, rather than

accumulating them in soils, since the proportion of flux relative to the pool size

is usually much larger in tropical ecosystems than in temperate ecosystems

Several trials presented in Part IV were carried out in this line.
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At the last of this volume, I would like to emphasize again that the main intention

of all these analyses, introduced in Parts III and IV, is derived from our primary

concern that we should maintain the knowledge of low-input agriculture with

scientific basis in order to develop alternative tropical agriculture, in which the

loss of resources should be minimized by controlling the fluxes of carbon, nitrogen,

and mineral resources. As was stated in the introduction part, these directions would

be justified both from the economic perspective related to the poverty of many

farmers in the tropics and instability in the production circumstances specific to

tropical countries at the moment or even in the near future, such as climate change,

soil degradation, and worldwide depletion of water and nutrient resources. Further

studies on local ecosystem processes and agricultural practices should be encour-

aged from these perspectives.
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