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Abstract 

 

Around Lubumbashi (D.R. Congo) the recent advent of large-scale pivot-irrigated agriculture 

necessitates levelling the large termite mounds (average height of 5.05 m and diameter of 14.88 m) 

that occur in this area at a density of 3 to 5 ha
-1

. Spreading out this material locally affects the 

physico-chemical soil properties which may in turn affect crop performance. Eleven transects were 

laid out in a field where termite mounds had been levelled three years prior. Each transect contained 

four sampling points, starting at a former termite mound (FTM) location and ending at reference soil 

(Ctrl) that received no termite mound material. The two intermediary sampling points were in the 

mixing (Mix) zone and at the interface (Int), of which the former received a larger admixture of 

termite mound material. Analysis of the physico-chemical properties showed that spreading out 

termite mound material increases the pH, CaCO3 content, water dispersible clay (WDC) content and 

the amount of available P (Pav), while decreasing the amount of Corg and Ntot. The effect on the 

chemical soil fertility is marginal but may be interesting to small-scale farmers who lack resources to 

buy chemical fertilisers. On the other hand, the high amount of WDC combined with the low organic 

matter content may have adverse effects on the physical properties of these Ferralsols. 

 

In spite of having a lower total P (Ptot) content, the amount of Pav is higher at FTM sites in 

comparison with Ctrl locations. P fractionation analysis revealed that at both FTM and Ctrl locations, 

P sorbed by Al and Fe oxides is the most important fraction of P in the soil, followed by organic P 

(Po), occluded Pi and Ca bound Pi. However, the relative size of these fractions differed between 

FTM and Ctrl locations. The mean amount of weakly bound Pi is significantly higher at Ctrl, 

whereas that of Ca bound Pi is higher at the FTM locations. The larger mean amount of Pav found at 

the FTM sites can be explained by the neutral to alkaline pH which decreases P sorption of the 

weakly bound fraction, thereby increasing its availability. At the same time the Ca bound Pi remains 

fairly soluble in the neutral pH range which also contributes to the higher Pav levels at the FTM sites 

compared to the Ctrl soil. The reductant Pi and Po fractions did not differ significantly between the 

sampling locations. These fractions do not impact the amount of Pav in the short term but do 

represent a reservoir of P that can become available in time. 
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1 Introduction  

 

1.1 Problem statement 

By damaging crops, pastures and timber, which entails considerable economic losses, termites are 

commonly perceived as a nuisance, as they compete for resources important to human societies (UN, 

2000; Erens, 2010). At present, high human population growth in parts of the tropics necessitates 

land use intensification to meet the growing demand for food and timber. This sometimes pushes the 

peaceful coexistence of humans and termites to its limits (Erens, 2010). On top of the damage some 

termite species can inflict on crops, the presence of large termite mounds can be an additional 

obstacle to mechanized agriculture. Around Lubumbashi (D.R. Congo) for example, the recent 

advent of large-scale pivot-irrigated agriculture is hindered by the large mounds (average height of 

5.05 m and diameter of 14.88 m) that occur in this area at a density of 3 to 5 ha
-1

 (Erens et al., 2014). 

To install a pivot-irrigated field, all termite mounds in it are completely levelled using bulldozers. 

 

The mounds are built by Macrotermes falciger, using clay-enriched subsoil material. Over time, 

termite foraging combined with limited leaching results in the mounds becoming nutrient sinks. 

Termite mound material therefore differs considerably from the surrounding topsoil. Spreading out 

this material may locally affect the physico-chemical soil properties which may in turn affect crop 

performance. This thesis aims to explore the effects of levelled Macrotermes mound material on soil 

fertility in cultivated Ferralsols. In particular, the influence on the amount, forms and availability of 

phosphorus in the soil is investigated as well as how these parameters relate to crop growth. These 

findings will help to establish best management practices concerning the levelling of termite mounds 

for mechanized agriculture in the Lubumbashi region. 

 

1.2 Research objectives 

 

1.2.1 Main objective 

 

The main objective of this study is to assess the effect of spreading out M. falciger mound material 

on the fertility status of cropland around Lubumbashi (D.R. Congo), with emphasis on phosphorus 

content, forms and availability.  
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1.2.2 Specific objectives 

 

The specific objectives of the research are: 

 

I. to evaluate the soil fertility status in a field where termite mounds have been spread out, 

along transects from former termite mound positions to control soil; 

 

II. to make a comparison between former M. falciger mound sites and control topsoil in terms 

of phosphorus content, forms and availability. 

 

1.3  Research hypotheses  

I. The spreading of termite mound material locally influences the soil fertility status. 

 

II. There is a significant difference in the content, forms and availability of phosphorus between 

former mound locations and control topsoil. 

 

1.4 Background and framework 

 

This thesis is a part of the PhD research “The variability of soil properties within mounds of 

Macrotermes falciger - origins and applications”, funded by project G.0011.10 N of the Fund for 

scientific research (FWO Flanders). 

 

1.5 Thesis outline 

 

This thesis is organised as follows: 

Following the introduction in Chapter 1, Chapter 2 yields a review of the literature on Ferralsols, 

termites and the influence of termite activity on soil ecosystem functioning, with an emphasis on the 

phosphorus cycle. Chapter 3 focuses on the study area, site selection, field survey, sampling 

strategy and laboratory procedures followed during the analysis.  Using the results presented in 

Chapter 4, answers to the research questions will be provided in Chapter 5. The closing chapter, 

Chapter 6, sums up the general conclusions and highlights the potential for future research.  
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2 Literature review  

2.1 Ferralsols 

Ferralsols, (Reference Soil Group; FAO, 2006) (Figure 2.1 a), the classical, deeply weathered, red or 

yellow soils of the humid tropics, are also known as Oxisols (Soil Taxonomy, USA), Latossolos 

(Brazil), Sols ferralitiques (France) and Lateritic or Ferralitic soils (Russia). Estimated at some 750 

million hectares, the worldwide extent of Ferralsols is confined to the humid tropics on the 

continental shields of Africa, South America and some parts of Southeast Asia (Figure 2.1 b) (FAO, 

2006).  

 

 

 

 

 

 

 

 

 

Figure 2.1 (a) Ferralsol profile, showing a deep solum resulting from advanced weathering and (b) 

worldwide distribution of Ferralsols (Source: Van Ranst, 2013). 

 

Ferralsols have a ferralic horizon at a depth between 30 and 200 cm with a low-activity clay fraction 

consisting mainly of kaolinite and Fe oxides. The silt and sand fractions consist of highly resistant 

minerals including anatase, hematite, gibbsite and quartz. Showing little or no horizonation, they 

have weak to moderate macrostructure and a strong microstructure. Microaggregates are near 

spherical, usually ranging from 80 to 200 μm in size. Although there is a wide range of porosity 

resulting from microaggregate development and arrangement, the porosity resulting from the 

packing of clay particles within microaggregates varies little in Ferralsols. Microaggregates of 50–

300 μm in diameter are attributed to termites with closer arrangement from the surface to 1 m depth 

whereas those of 500 - 1,000 μm in diameter are closely packed, resulting from earthworm activity. 

a b 
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Thus within a few years, clearing and grazing can cause a dramatic decrease in microstructure which 

is one of the rare favourable characteristics of Ferralsols for agriculture (Balbino et al., 2002). 

Ferralsols have good physical properties but are chemically poor. Their low natural fertility and 

tendency to fix phosphates are serious limitations. Highly weathered geric Ferralsols containing a 

clay fraction of exclusively fine, discrete aluminum oxide particles, show extremely high phosphorus 

sorption capacities (ranging from 0.05 to 850 mg/l ) and a strong negative correlation between 

phosphate sorption and organic matter content (Dubus and Becquer, 2001). Many Ferralsols are 

(still) managed under shifting cultivation. Liming and full fertilization are requirements for 

sustainable sedentary agriculture (FAO, 2006). 

 

In D.R. Congo, about two-thirds of the country is covered with coarse-grained Ferralsols containing 

sand and gravel with a high proportion of iron and aluminum sesquioxides. Because of the 

preponderance of low-activity clays, hot and humid climate, high soil temperatures, frequent  

incidence of fire and abundance of termites (Trapnell et al., 1976; Desanker  et al., 1997), organic 

matter is decomposed before it can accumulate into humus; moreover, topsoil is washed away by the 

heavy rains (Britannica, 2014). Widespread foraging on litter by termites of the family 

Macrotermitinae and the complete decomposition of woody biomass by cellulose-producing fungi in 

mounds is particularly important (Desanker et al., 1997) in this region. The fragile nature of soils and 

vegetation increases the risks of environmental degradation, due to population pressure and / or 

mismanagement of natural resources, such as overgrazing, deforestation for fuel-wood production 

and land clearing. 

 

2.2 The Miombo ecosystem   

The densely forested Central Zambezian Miombo woodlands cutting across southern central Africa 

form one of the largest ecozones on the continent. It covers a large area (Figure 2.2) stretching 

northeast from Angola, including the southeast section of the D.R. Congo, the northern half of 

Zambia, a large section of western Tanzania, southern Burundi and northern and western Malawi. 

This ecoregion is almost contiguous with the province of Katanga in the Congo (World Wildlife 

Fund, 2006). Miombo, a tropical, dry, primarily deciduous woodland, is dominated by Brachystegia, 

Julbernardia and Isoberlinia spp., three closely related genera from the legume family (Fabaceae, 

subfamily Caesalpinioideae) (Campbell, 1996).  
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Figure 2.2 Distribution of the Miombo woodlands in Southern Africa (Source: Desanker et al., 

1997). 

The word ‘Miombo’ is a Swahili word meaning Brachystegia. Miombo woodland represents 90% of 

the primary vegetation in the Lubumbashi region (Upper Katanga, D.R. Congo) (Malaisse, 1974). 

The current woodland in the area is generally regarded as secondary growth, largely occurring after 

destruction of dry evergreen forest (Fanshawe, 1971). One of the prominent features of this 

ecoregion is the presence of termite mounds made by Macrotermes falciger (Malaisse, 1974; 

Desanker et al., 1997). The termite mounds’  nutrient-rich material, within an otherwise nutrient-

poor landscape, invariably supports distinctively different vegetation from the surrounding 

woodlands (Desanker et al., 1997) and are often the focus of activity for birds and other animals 

which might otherwise not do so well in such a largely unproductive environment. It is widely used 

by small-scale farmers as an amendment to their fields (Watson, 1976). M. falciger and its mounds 

clearly play an important ecological role. In order to formulate sustainable management strategies on 

SE Katangese Miombo ecosystems, ecological studies on M. Falciger population dynamics are 

fundamental (Mujinya, 2012). 
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2.3 Termites 

2.3.1 Classification, biology and geographical distribution 

Termites, a group of eusocial insects, commonly known as ‘white ants’, used to be classified as a 

separate order (Isoptera) but have recently been accepted as the epifamily Termitoidae, as part of the 

cockroach order Blattodea (Popoola and Opayele, 2012). About 10% of the estimated 4,000 species 

(about 2,600 taxonomically known) are economically significant and of considerable ecological 

importance (United Pest Management Inc., 2010). The scientific classification of termites is 

presented in Table 2.1. Of the 6 termite families, the Termitidae family (higher termites) contains 

approximately 75% of all known species, divided among four subfamilies (Amitermitinae, 

Termitinae, Macrotermitinae and Nasutitermitinae) (Lee and Wood, 1971). One of them, the 

Macrotermitinae (Figure 2.3), has evolved a mutualistic ectosymbiosis with fungi of the genus 

Termitomyces, which enables the complete degradation of the foraged wood and litter on which they 

feed (Aanen et al., 2002). 

 

Table 2.1 The scientific classification of termites (Source: http://en.wikipedia.org/wiki/Termite). 

Termite taxonomy Families Subfamilies 

Kingdom:   Animalia   

  Phylum:      Arthropoda Mastotermitidae Amitermitinae 

    Class:          Insecta Kalotermitidae Termitinae 

      Subclass:     Pterygota Hodotermitidae Nasutermitinae 

        Infraclass:   Neoptera Rhinotermitidae Macrotermitinae 

          Superorder:  Dictyoptera Serritermitidae  

            Order:          Blattodea Termitidae  

                      Epifamily:  Termitoidae   

 

Based on their ecology and particularly their nesting and feeding habits, termites can be classified in 

different functional groups thought to reflect ways in which specific species contribute to ecosystem 

functioning (Black and Okwakol, 1997; Mujinya, 2012). Two main feeding groups of termites can be 

recognized: either soil or litter feeders. Litter feeders are reported to be the most important 

ecologically because of their abundance (both in terms of species and populations) and central role in 

many (sub-) tropical ecosystems (Jouquet et al., 2011). Macrotermes falciger feeds predominantly on 

dead wood and is the builder of the large termite mounds found in South Katanga, D.R. Congo 

(Mujinya, 2012). 
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Figure 2.3 Some different casts of Macrotermes spp. (a) queen, (b) termite nymphs and eggs, (c)  

major worker and (d) major soldier (Source: www.superstock.com, 

www.premiseprofessional.com.au, termitesandants.blogspot.com). 

 

As eusocial insects, termites live in colonies containing nymphs (semi-mature larva), workers, 

soldiers and reproductive individuals of both sexes, sometimes several egg-laying queens. Colonies 

use decentralized, self-organized systems of activity for exploiting food sources and environments. 

Depending on the species, termite workers build and maintain nests of different shapes and sizes to 

house the colony, made of a combination of soil, mud, chewed wood/cellulose, saliva or feces. The 

nest provides a protected living space and humid environment, in the nursing chambers for eggs and 

first instars larvae (Inward et al., 2007). They are punctuated by a maze of tunnel-like galleries that 

provide air-conditioning and control the CO2 / O2 balance (Turbé et al., 2010) as well as allow the 

termites to move through the nest. Depending on the species, they are built underground, above 

ground, in large pieces of timber, inside fallen trees or atop living trees in epigeal mounds (Lee and 

Wood, 1971). 

 

By constructing extensive underground gallery systems and sometimes large mounds, termites often 

function as ecosystem engineers as they modify the environment through physical changes to abiotic 

conditions or alterations to the absolute amounts, production and availability of resources 

(Dangerfield et al., 1998). The mounds may be very large in tropical savannas, with extremes over 9 

m high in the case of large conical mounds constructed by some Macrotermes spp. in woodland 

a b 

c d 



2   Literature review 

8 

areas in Africa. Typically, Macrotermes mounds are between 2 and 3 m high, with a shape ranging 

from somewhat amorphous domes or cones usually covered in grass and / or woody shrubs, to 

sculptured hard-earth mounds or a mixture of the two. The shape of the mound can be an adaptation 

to local circumstances. For example the tall, wedge-shaped mounds built by Amitermes spp. in 

Australia are oriented with long axis approximately north–south to assist in thermoregulation while 

allowing them to stay above ground in periodically flooded areas (Korb, 2003a).  

 

The large mound builders (Macrotermes) cultivate fungal crops in gardens inside their colonies 

(Aanen and Eggleton, 2005). Those fungus gardens help them to degrade the plant-derived material 

(e.g., wood, dry grass and leaf litter) on which they live. It grows on a special structure in the nest, 

the fungus comb, maintained by the termites through continuous addition of predigested plant 

substrate while the older comb material is consumed (Aanen et al., 2002). These species are very 

sensitive to temperature to the extent that they spend much effort and energy to maintain the brood 

within a narrow temperature range, often only plus or minus 1 °C over a day (Korb, 2003b).  

 

Being major detrivores, the great majority of termites lives particularly in the subtropical and tropical 

regions but extend into the temperate zone to about 45 °N to 48 °N and about 45 °S (Lee and Wood, 

1971). 

 

2.3.2 Macrotermes falciger 

Macrotermes falciger, formerly called Macrotermes goliath, is a wood- and litter-feeder termite and 

represents 35% of the total pedofauna biomass in the Lubumbashi’s Miombo woodland. The 

population per colony has been estimated at two million individuals (Goffinet, 1976; Malaisse, 

2010). Around Lubumbashi, M. falciger cohabits with many other termite species (Figure 2.4) but 

differs from them by constructing massive (up to 8 m high and 15 m wide) dome-shaped mounds, 

with a density of 3 to 5 ha
-1

 which occupies up to 7.8% of the total surface area. The average mound 

volume was estimated at 256 m
3
 (Aloni, 1975; Malaisse, 2010; Mujinya, 2012) and the foraging area 

of a single colony may extend over up to 0.25 ha
 
and is connected to the soil surface by underground 

passages / foraging holes which numbered 5 to 23 m
-2

. The mass of epigeal sheeting materials built 

by one colony in one harvesting episode is to be 69 gm
-2

 (Mujinya, 2012). Size categories of 427 

Macrotermes falciger mounds in the peri-urban zone of Lubumbashi are presented in Table 2.2. 

Mounds of M. falciger are among the largest and the most complex biogenic structures (Lee and 

Wood, 1971). However, it is a big challenge to understand the diverse soil processes and underlying 

mechanisms taking place in these mounds. 
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Figure 2.4 Termite population in miombo woodland around Lubumbashi, SE Katanga, D.R. Congo: 

dotted areas show nest positions (Source: Malaisse, 2010). 

 

Table 2.2 Size categories of 427 Macrotermes falciger mounds in the peri-urban zone of 

Lubumbashi (Source: Mujinya, 2012). 

Height (m) Basal diameter (m) 

Categories Number Categories Number 

0-2 m 25 0-10 m 65 

2-4 m 179 10-15 m 147 

4-6 m 186 15-20 m 111 

6- m 37 20-25 m 94 

  25- m 10 

 

2.4 Effects of termites on soil properties 

Termites affect soil functioning and ecosystem activity by increasing in amounts of absorbed 

elements. In the tropics, they play an important role in nutrient availability and cycling, 

transportation of soil material and soil formation (Gholami and Riazi, 2012). A fairly large body of 

literature discusses the influence of Macrotermes activity on soil properties (Jouquet et al., 2011; 
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Mujinya, 2012). The physico-chemical and morphological properties of Macrotermes mound soils 

varied according to structural parts (royal cell, fungus-comb chamber, galleries, central hive, etc.) 

and are generally different from those of the surrounding soils (Abe et al., 2009b; Jouquet et al., 

2011; Mujinya, 2012). 

 

2.4.1 Effects on soil formation 

Termites reduce the bulk density of the soil around their nests both vertically and horizontally 

through bioturbation. Large amounts of soil are translocated from various depths of the profile to the 

soil surface during mound and gallery construction (Holt and Lepage, 2000). Termites transport a 

higher proportion of fine-sized soil particles and therefore typically demonstrate different clay 

mineral compositions than those predominating at the original surface. In addition, termite activity 

reportedly transforms minerals chemically through the exposition of clays from deeper soil layers to 

the atmosphere and the weathering action of rain water or through soil rehandling (Jouquet et al., 

2011). Such rehandling can lead to an increase of the expandable layers of the silicate clay minerals 

(Jouquet et al., 2002). 

 

2.4.2 Effects on physical properties 

According to their ecological, physiological and behavioral needs, Macrotermitinae termites are very 

selective of the soil particles they use for making their constructions (Jouquet et al., 2002). Termite 

mounds generally have a finer texture, higher bulk density and water-holding capacity compared to 

the surrounding soils (Jouquet et al., 2002; Abe et al., 2009a; Mujinya, 2012). Their activity affects 

soil texture, as they often utilize fine-textured subsoil material for nest construction (Tilahun et al., 

2012). Their foraging galleries act as a network of horizontal and vertical macro-pores influencing 

the hydrological characteristics of watersheds (Elkins et al., 1986; Mujinya, 2012). The abundance 

and shape of Macrotermes mounds vary greatly depending on clay content and sand / clay ratio 

(Aloni, 1975; Mujinya, 2012). Soil aggregates in Macrotermes mounds have been reported to be 

only slightly more stable or less stable than the nearby soils, whereas they appear to be resistant to 

erosion in the field (Garnier-Sillam et al., 1988; Jouquet et al., 2011; Mujinya, 2012).  

 

2.4.3 Effects on mineralogical properties 

Mineralogy influences phosphorus cycling to a great extent. Soils containing halloysite, kaolinite, 

and x-ray amorphous components (allophane and imogolite) have the deficiency of available soil 

phosphorus whereas those containing montmorillonite, beidellite, vermiculite and hydrous mica have 

adequate in amount (Bajwa, 1982). Chlorite, similar to mica structure, have a complete metal 
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hydroxide sheet in the interlayer space, while hydroxy-interlayered vermiculite (HIV) and hydroxy-

interlayered smectite (HIS) are structured similar to vermiculite and smectite, respectively having an 

incomplete metal hydroxide sheet occupying the interlayer. These metal hydroxides satisfy the cation 

exchange capacity (CEC), increase the anion exchange capacity (AEC) and increase the external 

surface area of these soil clay minerals leading to more phosphorus sorption and retention. 

Amorphous or crystalline aluminum and iron oxide content generally have a positive relationship to 

phosphorus adsorption (Shumaker and Paul, 2008).  

 

Although the influence of termite activity on mineralogical soil properties has been paid less 

attention, a number of studies has documented differences in the composition of clay minerals 

between mounds and surrounding soils (mainly Ferralsols) (Mahaney et al., 1999; Sako et al., 2009; 

Mujinya, 2012). It has been speculated that termites may modify, either directly or indirectly, clay 

mineralogy in terms of alteration of phyllosilicate minerals, nature and distribution of sesquioxides 

(Mahaney et al., 1999; Jouquet et al., 2007; Abe and Wakatsuki, 2010; Mujinya, 2012). But the exact 

mechanisms by which termites influence clay mineralogy are still unknown (Mujinya, 2012). For 

Macrotermes spp., it has been reported that mound materials have higher cation exchange capacity 

and lower exchangeable acidity than surrounding soils (Jouquet et al., 2004; Abe et al., 2009b). 

Routine analyses for soil ion exchange properties usually provides only limited insight into 

properties of soils containing significant amounts of variable charge (Gillman, 2007; Mujinya, 2012). 

  

2.4.4 Effects on chemical properties 

Termite derives large quantities of organic matter from the “normal” decomposition pathways into 

their nests (Whitford et al., 1992). The soil organic matter (SOM) content of fungus-growing termite 

mounds is variable, sometimes higher and sometimes lower than the surrounding soil (Jouquet et al., 

2005). They have higher levels of total nitrogen, greater cation exchange capacity and contain more 

mineral nutrients than the surrounding soils (Mujinya et al., 2010), due to both the concentration in, 

and subsequent decomposition of organic matter (OM) (Dangerfield et al., 1998). Carbonate 

accumulations have been noted in several chemical analyses of Macrotermitinae (especially 

Macrotermes spp.) mounds (Lee and Wood, 1971; Watson, 1975; Mujinya, 2012). Having 

contradictory theories on the origin of carbonate accumulations (Trapnell et al., 1976; Liu et al., 

2007; Mujinya, 2012) they have been described as either pedogenic (Watson, 1976; Trapnell et al., 

1976; Mujinya, 2012) or inherited (e.g. Liu et al., 2007). Yet, the most probable explanation is these 

carbonates precipitated in equilibrium with the CO2 originating from the decomposition of organic 

matter in the mounds (Mujinya et al., 2011). 
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2.5  Phosphorus chemistry in Ferralsols 

Soil fertility and its maintenance is a major concern in tropical Africa, particularly with the rapid 

population growth, intensive cultivation, and improper management. Phosphorus is an essential 

macronutrient for plants, which is studied extensively in order to understand plant uptake from soil 

systems as it is often a limiting factor in many environments; i.e. the availability of phosphorus 

governs the rate of growth of many organisms. In D.R. Congo, chemically poor Ferralsols are the 

dominating soil type, characterized by serious phosphorus deficiency.  

Phosphorus occurs as an anion with either one or two negative charges, mono hydrogen phosphate 

(HPO4
2-

) and dihydrogen phosphate (H2PO4
-
), the ratio of which depends on the soil pH. While 

anions normally leach, phosphorus does not. At low pH, phosphates bind very strongly with ferric 

(Fe
3+

)
 
and aluminum (Al

3+
)

 
and in the soil solution, and with positively charged sites on iron oxides, 

iron and aluminum hydroxides, broken edges of variable-charge clays, and organic matter. As the pH 

rises above 7, phosphate precipitates as increasingly insoluble calcium phosphates. Consequently 

two processes evolve (Figure 2.5): (1) specific adsorption to iron and aluminum minerals; and (2) the 

precipitation or dissolution of calcium phosphate compounds. The strength of these reactions limits 

the movement of P to less than a few inches even in very sandy soils (Hodges, 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Phosphorus fixation in function of soil pH. The graph shows the influence of soil pH on 

the availability of phosphorus due to precipitation by calcium at high pH and fixation by iron and 

aluminum at low pH (Source: www.yara.co.uk). 

http://www.google.be/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=PXItEhjQAbUIBM&tbnid=VLxQYHaY15Sk0M:&ved=0CAQQjB0&url=http%3A%2F%2Fwww.yara.co.uk%2Fcrop-nutrition%2Fcrops%2Fgrassland%2Fcrop-nutrition%2Fphosphorus%2F&ei=ektvU9nGJcODO834gcgP&psig=AFQjCNFSQm4C1s3em69hSXwQgkW2Et2EHQ&ust=1399889132477583
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Phosphorus exists in soils in organic (Po) and inorganic (Pi) forms. Organic forms of phosphorus are 

found in humus and other organic material. Phosphorus in organic materials is only available for 

plant growth after mineralization, involving soil organisms which are highly influenced by soil 

moisture and temperature. Po fraction is therefore not a significant short-term contributor to soil 

available P when the soil inorganic phosphorus is high or the soil receives repeated inorganic 

phosphorus fertilizer applications. Inorganic phosphorus is the major phosphorus source for plant 

growth (Guo et. al., 2000; Beck and Sanchez, 1994).  Agbenin and Tiessen (1994) demonstrated that 

in semiarid Cambisols where native soil phosphorus was high, only 5% of the total phosphorus was 

in organic form, mostly in stable forms of low availability with little contribution to phosphorus 

fertility. When soil Pi was low, the contribution of Po to available phosphorus was more important. Po 

may be important in phosphorus fertility in unfertilized soils or soils with high organic matter 

content (Guo et. al., 2000) and contribute to plant nutrition as the Po is gradually released over time 

(Chesworth, 2008). 

 

Stevenson and Cole (1999) reported that organic matter may reduce phosphorus fixation and increase 

phosphorus mobility in soil. Organic acids are known to compete with phosphate for sorption sites 

on soil mineral surfaces (Hue, 1991) and inorganic P desorbed from clay surfaces by soluble organic 

acids released from plant residues (Stevenson and Cole, 1999). It has also been documented (Greaves 

and Webley, 1969; Stevenson and Cole, 1999) that sorption onto soil colloids of organic phosphorus 

released in the initial stages of decomposition may also inhibit its mineralization. But up to two-third 

or more of the total phosphorus in soils occur in organic forms in tropical soils (Stevenson and Cole, 

1999). The ability of a soil to maintain adequate phosphorus levels in the soil solution is a key to the 

plant-available phosphorus status of a soil. 

 

The importance of organic matter as a primary binding agent for soil aggregates holds true for 

moderately weathered soils dominated by 2:1 clay minerals. However, highly weathered soils of the 

tropics are generally well known for their large content of mineral particles with variable charge 

(oxides and 1:1 clay minerals). Positive charges persist in kaolinites up to pH values as high as 8–10. 

The co-existence of negative and positive charges at prevailing field pH can explain the capacity of 

these soils for mineral-mineral bindings resulting in “physico-chemical” macroaggregates. 

Moreover, in the presence of oxides, this mineral binding tendency is even enhanced because of 

higher point zero net charge (PZNC) values of both Fe(III)- and Al-oxides and their hydroxides 

compared with kaolinites. These young “physico-chemical” macroaggregates are only held together 
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by mineral electrostatic interactions, which are strong but have a limited range of action. Therefore, 

on a macroaggregate scale, they are probably not strong enough to resist slaking (Six et al., 2002).  

 

In Ferralsols, phosphate fixation is a common problem affecting soil fertility (FAO, 2006). It arises 

as it contains relatively much Fe and Al oxyhydroxides in combination with a low pH. High amounts 

of carbon dioxide (CO2) in the soil (resulting from root respiration and soil organisms feeding on 

organic matter) and percolating rainwater (tropical area characterized with high precipitation and 

temperature) lead to a build-up of carbonic acid (H2CO3). Consequences of this lowers soil pH and 

concentrations of weathering products. This further promotes desilication and the build-up of high 

levels of (residual) iron (Fe) and aluminum (Al) (FAO, 2006). Between pH 4 to 6, Al
3+

 reacts with 

water (H2O) forming AlOH
2+

 and Al(OH)2
+
, releasing extra H

+
 ions. Every Al

3+
 ion can create

 
3 H

+
 

ions which further increase soil acidity (http://en.wikipedia.org.advanc.io/wiki/Soil_pH). Between 

pH 2 to 4, ferric iron (Fe
3+

) hydrolyzes water (H2O) and produces Fe(OH)3 or FeO(OH). Below pH 

6, phosphate is fixed by adsorption to the surface of iron and aluminum oxyhydroxides, as illustrated 

in Figure 2.6 a. Binuclear or bridging complexes are formed between HPO4
2-

 ions and metal oxide 

surfaces and OH2 and OH
-
 are displaced. The precise nature of these reactions depends on the pH 

which influences the proportions of OH2 and OH
-
 groups on the solid surface and hence its surface 

charge. A number of both organic and inorganic soil components exhibit this pH dependent or 

variable charge property. Furthermore adsorption may occur with soil aggregates or crumbs as like 

occurring on single particles. Soil aggregates, held together by organic and inorganic cements and 

the effects of charged surfaces, contain a fine network of pore spaces while the aggregates 

themselves are separated by a coarser system of pores responsible for water and air movement within 

soil. When a phosphate containing solution passes through the soil, phosphate is removed from the 

solution by adsorption on soil particles located at the surface of soil aggregates. Some of this 

adsorbed phosphate subsequently diffuses into the aggregates (Figure 2.6 b). As with the 

adsorption/absorption reactions on single particles, this has the effect of regenerating adsorption sites 

at the surface of aggregates and of decreasing the accessibility of penetrated phosphate for desorption 

and hence plant use (http://nzic.org.nz/ChemProcesses/soils/2D.pdf). Another mechanism of 

phosphorus adsorption is occlusion where occluded phosphate is adsorbed to a Fe
3+

 oxide/hydroxide 

layer forming a mantel around the phosphatic core (Figure 2.6 c) which is not available to plant 

roots. Under anaerobic conditions, however, the Fe
3+

 may be reduced by microbes with release of 

phosphate, thereby making it plant-available (Chesworth, 2008).  

 

Calcium is primarily responsible for phosphate fixation in alkaline soils (Figure 2.7) where fixation 

peaks around pH 8.0. At this pH, bivalent positively charged calcium has a high affinity for 

http://en.wikipedia.org/wiki/Hydrolyzes
http://nzic.org.nz/ChemProcesses/soils/2D.pdf
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negatively charged trivalent phosphate and subsequently with CaCO3, phosphorus becomes fixed as 

well as less soluble and unavailable by turn in the form of mono, di and tri-calcium phosphate. Of the 

three fixation processes (precipitation by iron, aluminum or calcium) phosphorus is relatively more 

available when phosphate is fixed by calcium. Therefore, fixation is actually of less concern in 

alkaline than in acid soils (Agri-Briefs agronomic news items, 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 (a) Phosphate adsorption mechanisms by Fe and Al, (b) the absorption of adsorbed P into 

soil minerals and (c) the subsequent occlusion of adsorbed P (Source: 

http://nzic.org.nz/ChemProcesses/soils/2D.pdf). 

 

 

 

 

 

 

 

           

          Figure 2.7 Fixation of phosphorus in alkaline soil pH (Mahdi et al., 2011). 

 

(

a

) 

CaH4 (PO4)2        +      CaCO3                    Ca2H2 (PO4)2 + CO2 + H2O 

Monoccalcium phosphate        Calcium carbonate             Dicalcium Phosphate (Less soluble) 

Ca2H2 (PO4)2       +      CaCO3                    C3 (PO4)2 + CO2 + H2O 

                                                                    Tricalcium phosphate (Least soluble) 

Tricalcium phosphate                                  Carbonate and Hydroxy apatite 

                                                                                            (Extremely insoluble) 

 

 

b 

a c 

http://nzic.org.nz/ChemProcesses/soils/2D.pdf
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2.5.1 Effects of termites on phosphorus availability 

According to Bünemann et al. (2010), P contents are usually larger in biogenic structures made by 

soil macrofauna than in the surrounding soil, ultimately leading to higher P availability through a 

rapid turnover of organic P (Po) and enhanced PO4 exchange. Termites’ effects may differ due to 

differences in soil, land use, termite species and genera. Even its influence on the total and available 

phosphorus fractions seem to vary according to the functional group, the part of the termite nest 

sampled, and also probably to the initial pedological properties (Mujinya, 2012). For instance the P 

sorption processes are strongly reduced in organic matter enriched mounds compared with adjacent 

soils for both grass feeders T. geminates and N. ephratae. On the other hand, Macrotermes species 

gather construction material from the organic carbon-deficient subsoil and preferably selected finer 

soil particles for the nest construction. Their mounds built with clay-enriched materials have very 

high P-sorbing capacity and consequently a lower P availability than adjacent topsoil (Bünemann et 

al., 2010). 

 

Soils handled by fungus-growing termites are often enriched in available phosphorus (Mujinya, 

2012; Kobusinge, 2013). For instance the mass of termite mounds occupied by M. falciger at one site 

was estimated at 620 t/ha, and contained available P 69% expressed as percentages of the amounts in 

mounds and Ap horizon combined (Watson, (1977). The higher levels of water soluble inorganic P 

in the termite nests may also result from the transformation of organic P through enzymatic activity 

in the fresh biostructures (Bünemann et al., 2010).  
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3 Materials and methods  

Methodology is a logical and systematic guideline to conduct research and scientific investigation. It 

involves process or techniques in which various stages or steps of collecting data or information are 

explained. An analytical framework showing sequences of this research work is presented in 

Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The analytical framework showing the sequence of this research work. 

 

3.1 Description of the study area 

This study was carried out around Lubumbashi (Upper Katanga, D.R. Congo) (Figure 3.2) (former 

official names: Élisabethville (French) and  Elisabethstad  (Dutch) (Kavanagh, 2013)), between 

11°33´43´´ to 11°33´56´´ S and 27°30´26´´ to 27°30´48´´ E. According to the Köppen climate 

classification system, the local climate of Lubumbashi is classified as Cwa, characterized by a rainy 

season (November to March), a dry season (May to September) and two transition months (October 

 

http://en.wikipedia.org/wiki/French_language
http://upload.wikimedia.org/wikipedia/commons/a/ac/Nl-Elisabethstad.ogg
http://en.wikipedia.org/wiki/Dutch_language
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Figure 3.2 Termite mound before cutting and spreading out on field in Lubumbashi (Photo courtesy: 

Erens, H.). 

and April). The mean annual precipitation is 1,270 mm with extreme values of 717 mm and 1,770 

mm. The mean annual temperature is about 20 °C, the minimum monthly average of 15.6 °C is found 

in July, the maximum of 23 °C in October (Malaisse, 1974; Mujinya, 2012 ). In this region, the 

primary miombo woodland has undergone strong anthropogenic degradation, mainly due to charcoal 

production, resulting in woodland being substituted by a secondary grass savannah in the peri-urban 

zone of Lubumbashi (Mujinya, 2012). Lubumbashi lies at around 1,208 m (3,963 ft) above sea level. 

The bedrock consists of a ~10,000 m thick sedimentary succession that belongs to the 

Neoproterozoic Katangan Super group (Kampunzu and Cailteux, 1999; Kampunzu et al., 2000; 

Mujinya, 2012). The economical activities carried out in the area are farming and animal husbandry 

on the plateau parts and mining in the eastern part of the province. 

3.2  Site selection 

Potential study areas for assessing influence of spreading out termite mound material in cultivated 

Ferralsols were identified on examination of high-resolution satellite imagery of the entire study area 

made available by Google Earth
 
(Figure 3.3 a). A field was selected where termite mounds had been 

levelled to enable mechanical agriculture with a central pivot irrigation system. 
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Figure 3.3 (a) Google Earth image (May, 2010) of the study area, termite mound clearing is in 

progress (b) Clear difference between termite mound debris and adjacent soils (Photo courtesy: 

Mujinya, B.B.) and (c) Google Earth image (June, 2013) of the study area showing the transects and 

sampling locations (Photo courtesy: Erens, H.).  

 

The former mound locations and the surrounding zones where mound material has been spread are 

clearly recognizable by their lighter colour (Figure 3.3 b). In this circular field, 11 transects 

composed of four sampling points (Figure 3.3 c) were established, each extending from the centre of 

a former termite mound location to the surrounding area that received no admixture of termite 

mound material. Between these two end points i.e., termite mound material and control soil, the 

interface as well as the mixing zone were marked and spread out termite mound material presumably 

has been mixed with the topsoil underneath.  

a b 

c 
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3.3 Soil sampling and field survey 

A handheld GPS (Garmin 60 CSx, accuracy ~5 m) was subsequently used to record the coordinates 

of sampling sites (Appendix Table 1). Mixed vegetables were being cultivated on the field at the 

time the measurements started. Five transects were situated between onions, three between potatoes 

and three between cabbages.  

 

A bulk soil sample of the topsoil (0-25 cm) was collected and brought to the Laboratory of Soil 

Science at Ghent University for subsequent analysis. 

 

3.4  Laboratory procedures 

Analyses were conducted on air-dried fine earth (< 2 mm and < 0.5 mm). The samples were 

grounded manually to pass through a 2 mm sieve prior to the analyses summarized below.  

 

3.4.1 Soil acidity 

The soil pH was measured potentiometrically in a 1:2.5 (W/V) suspension of H2O and 1 M KCl. The 

pH of the solution was measured using a calibrated calomel-glass electrode.  

 

3.4.2 Water dispersible clay (WDC) 

The water dispersible clay (WDC) content was determined on ca. 10 g of finely ground earth (<2 

mm) without pretreatments to remove cementing compounds and without using a dispersing agent. 

After weighing the sample in a 1 l bottle, 400 ml of distilled water was added. The bottles were then 

placed overnight in an end-over-end shaker at about 30 rpm. Samples are then transferred to a 1 l 

sedimentation cylinder and made to volume using distilled water. After settling for 5 and ½ hours, a 

20 ml aliquot is pipetted from the cylinder and transferred to tarred moisture tin. The excess water is 

dried overnight at 105 °C. Samples are then removed from the drying oven, closed and cooled in a 

desiccator. After cooling, samples are weighed with 0.001 g accuracy. 

 

3.4.3 Carbonate (CaCO3) content  

Carbonate (CaCO3) content was determined by use of a calcimeter and reference method ISO 

10693:1995 "Soil quality-Determination of carbonate content-Volumetric method". The pulverized 

soil sample (Pulverisette 6) was treated with HCl (2 M). The volume of carbon dioxide produced 

was measured using the calcimeter and was compared with the volume of carbon dioxide produced 
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by pure calcium carbonate. The carbonate content is expressed as equivalent CaCO3 content which 

is expressed as g/kg soil. 

 

3.4.4 Cation exchange capacity (CEC) and exchangeable base cation 

Cation exchange capacity (CEC) was measured by leaching samples with a 1 N NH4OAc at pH 7 

using a mechanical vacuum extractor. A 1 g ball of filter pulp is pressed against the bottom of a 

syringe tube after which 2.5 g of fine earth material is added. Two blanks are also added. After 

saturating the samples with 25 ml, another 45 ml of NH4OAc is added and extracted overnight (16 h 

period), after which extracts are transferred to a 100 ml volumetric flask. This extract is used to 

determine exchangeable base cations, using inductively coupled plasma-optical emission 

spectrometry (ICP-OES, Varian, 720-ES). 

 

Excess ammonium acetate in the sample is removed by washing the samples with ethanol repeatedly. 

Samples and pulp are then transferred to a distillation tube together with 6 g of NaCl. The distillation 

unit automatically adds 10 ml of H2O and 20 ml of NaOH to the tube. The distilled NH4
+
 is collected 

in 50 ml of a boric acid solution. This distillate is then back-titrated using 0.05 N HCl solutions to 

calculate the amount of NH4
+
 held by the soil, which corresponds to soil’s CEC. 

 

3.4.5 Mineral nitrogen (Namm and Nnitrate) 

The amount of mineral nitrogen in the form of both NH4
+
 and NO3

-
 was determined after shaking in a 

1 M KCl extract (ratio 2:1) for 1 h using a continuous flow auto-analyzer (Skalar, Chemlab). 

 

3.4.6 Total nitrogen (Ntot) content  

Total nitrogen (Ntot) content was determined using an elemental analysis - isotope ratio mass 

spectrometer (IRMS, 2020, SerCon).  

 

3.4.7 Total organic carbon (Corg) content  

Total organic carbon (Corg) content was measured with a TOC-analyser (TOC-5050A, Shimadzu). 

The device measures total organic carbon as the difference of CO2 produced from burning a sample 

at 900 °C (Total C) and the CO2 produced from adding 2 M HCl to a similar sample at 200 °C 

(inorganic C). 
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3.4.8  Total phosphorus (Ptot) 

Determination of total phosphorus (Ptot) was done by the method of Bowman (1988) that entails the 

solubilization of phosphorus through the digestion of phosphorus containing materials. The method 

involves wet acid digestion of a finely ground soil sample, whereby 0.5 ml of concentrated H2SO4, 3 

ml of H2O2 (30%), and 1 ml of HF (37%) were added to a 100 ml Teflon beaker containing 0.5 g of 

finely ground soil. The H2O2 promoted the oxidation of organic material. The excess H2O2 was 

removed by placing the beaker on a hot plate (150 °C) for ten minutes. The digestate was diluted to a 

volume 50 ml, mixed and filtered before determination of phosphorus in the solution was done by 

ICP-OES. 

 

3.4.9 Available phosphorus (Pav) 

The resin strip procedure of Sharpley (2009) was followed to determine available phosphorus (Pav). 

This phosphorus sink approach involves shaking (end-over-end) 1 g of fine earth in 40 ml of water 

for 16 hours at 25 °C, with an anion exchange resin strip (4 cm²) that was stored in 1 M HCl solution 

and rinsed with distilled water prior to analysis. After shaking, the square resin strips were removed, 

rinsed so no soil remained on them, and the phosphorus retained in the resin was removed by 

shaking the resin end-over-end with 40 ml of 1 M HCl for 4 hours. The phosphorus concentration in 

the HCl desorption solution was measured using ICP-OES.  

 

3.4.10 Sequential inorganic phosphorus fractionation  

For determining different fractions of inorganic phosphorus i.e., weakly sorbed phosphorus, 

reductant or occluded soluble phosphorus and Ca bound phosphorus, the fractionation method of 

Zhang and Kovar (2009) for calcareous soils was used. It involves sequential extraction based on 

differential solubility of the various inorganic phosphorus forms in various extractants. The initial 

NaOH / NaCl extraction was used to remove soluble and 1oosely bound phosphorus as well as a 

fraction of both aluminum bound (Al-P) and iron bound (Fe-P) phosphorus. Reductant-soluble 

phosphorus within the matrices of retaining aggregates / minerals was subsequently removed using 

DCB (sodium dithionite - sodium citrate - sodium bicarbonate) extraction. Lastly, the Ca bound 

phosphorus (Ca Pi) is extracted with 1 M HCl. The following flow chart (Figure. 3.4) was used for 

this sequential extraction as our sample is a calcareous soil. Phosphorus measurement in the extracts 

was done colorimetrically, quantifying the absorbance of phospho-molybdate at a wavelength of 712 

nm using a UV-VIS spectrophotometer. 
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3.4.11 Organic phosphorus 

The method of Mikkelsen (1997) was used for determination of organic phosphorus (Po) based on 

the assumption that Po is stable in medium strong to strong acids. By heating a soil sample to 550 °C, 

the Po is transferred into inorganic phosphate. The Po can therefore be calculated as the difference 

between an unheated and a heated sample. 2 x 0.500 g fine earth were weighed and transferred into 

two porcelain crucibles. One was heated at 550 °C for one hour. After cooling, the rest of the steps 

were similar for both the heated and the unheated samples. Five ml of 12 M H2SO4 were added to 

each crucible and were placed in a water bath for 10 minutes, which had been brought to 70 °C. 

After addition of another 5 ml H2SO4 and cooling for one hour, the extract was filtered into a 100 ml 

volumetric flask and made to volume. Phosphorus measurement in the filtrate was done 

colorimetrically, quantifying the absorbance of phospho-molybdate at 712 nm wavelength. 

 

3.5 Statistical analyses  

Statistical methods were used to correlate and interpret numerical data, using SPSS statistical 

software (IBM, ver. 21). Box plots were drawn and a Shapiro-Wilk test was done to verify the 

normality in the distribution of all variables. As several soil variables appeared to have a non-normal 

distribution, non-parametric tests were used for the rest of the analysis. Spearman’s correlation 

analysis was executed to find out which soil variables are related within sampling locations. To 

identify differences in soil properties between sampling locations, Friedman’s related samples two-

way analysis of variance by ranks was used when all sampling locations could be compared, while 

Wilcoxon’s related samples signed rank test was performed when only two locations could be 

compared. 
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4 Results 

Macrotermes termites modify soil properties by using soil in constructing their elaborate nests. This 

section will try to establish to what extent spreading out Macrotermes mound material will modify 

soil properties of cultivated Ferralsols. The sampling was done along 11 transects composed of four 

sampling points (Former termite mound = FTM, Mixed = Mix, Interface = Int and Control = Ctrl). 

The mean results are presented in Table 4.1 followed by boxplots for every variable separately. 

However in appendices all laboratory and statistical data with correlation and hypothesis test are 

presented in a tabular and figure format. 

 

Table 4.1 Mean values of physico-chemical soil properties at the four sampling locations (n=11, SE 

in parentheses). (former termite mound, mixed, interface and control). 

Soil properties 

Sampling location* 

FTM Mix Int Ctrl 

pH (H2O) 6.97 (0.37) 6.78 (0.24) 6.18 (0.16) 5.73 (0.11) 

pH (KCl) 6.09 (0.35) 5.78 (0.26) 5.20 (0.14) 4.76 (0.10) 

WDC (%) 10.00 (1.04) 9.73 (0.73) 7.96 (0.38) 6.95 (0.32) 

CEC (cmolc/kg) 15.34 (1.19) 13.87 (0.50) 15.18 (0.58) 15.50 (0.85) 

Ca
2+

 (cmolc/kg) 7.55 (1.15) 5.27 (0.41) 5.41 (1.09) 6.07 (0.92) 

K
+
 (cmolc/kg) 0.61 (0.16) 0.54 (0.69) 0.61 (0.17) 1.00 (0.29) 

Mg
2+

 (cmolc/kg) 1.74 (0.24) 1.19 (0.11) 1.08 (0.17) 1.39 (0.20) 

CaCO3 (g/kg) 1.56 (0.79) 0.33 (0.18) 0.03 (0.02) <0.01 (<0.01) 

Namm (mg/kg) 4.14 (1.21) 3.13 (0.35) 4.24 (0.69) 5.40 (1.50) 

Nnitrate (mg/kg) 19.99 (11.43) 23.16 (9.41) 12.34 (3.07) 23.78 (7.55) 

Ntot (%) 0.07 (0.01) 0.09 (0.01) 0.10 (0.01) 0.13 (0.01) 

Corg (%) 0.62 (0.08) 1.12 (0.13) 1.43 (0.15) 2.03 (0.15) 

Pav (mg/kg) 19.43 (6.21) 29.56 (13.13) 8.31 (2.79) 11.61 (5.66) 

Ptot (mg/kg) 829.07 (27.63) 847.55 (47.46) 814.54 (12.64) 911.98 (32.48) 

*  FTM: Former termite mound sites; Mix: Mixed zones; Int: Interface zones and Ctrl: Control / reference sites. 

4.1 Soil acidity and delta pH 

Soil acidity varies highly among the four sampling locations (Figure 4.1 a). It shows a gradual 

decreasing pattern from FTM over Mix and Int to Ctrl. The highest variability was found in FTM 

and the lowest is in Ctrl. Most of the variations are found in low pH range in FTM whereas Ctrl 

shows very little variation in slightly acidic to neutral range with an outlier. Significant differences 

were identified between FTM and Ctrl (p = 0.030) and Mix and Ctrl (p = 0.006). The delta pH was 
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negative for all tested samples (Figure 4.1 b), with both the lowest average and highest variability 

found for the Mixed zone. No significant differences were found between the locations. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1  Box plots for four locations along 11 sampled transects of (a) soil acidity (pH-H2O) and 

(b) delta pH. 

Within the samples from the former termite mound location, the pH was found to be significantly 

positively correlated with CaCO3 (r = 0.925) as well as WDC (r = 0.682) and Ca Pi (r = 0.682) and 

negatively correlated with organic P (r = - 0.709). 

4.2 Water dispersible clay (WDC) and carbonate (CaCO3)  content  

Water dispersible clay (WDC) and carbonate (CaCO3) content are the two major soil properties that 

are related with aggregate stability, compaction, permeability, soil crusting, inhibition of root growth 

due to high percentage of CaCO3 etc. In order to better understand how these physico-chemical 

properties were altered after spreading out termites mound material in soil, analyses were carried out 

and the results are presented in Figure 4.2.  

 

 

 

 

 

 

Figure 4.2 Box plots for four locations along 11 sampled transects of (a) water dispersible clay 

(WDC) and (b) carbonate (CaCO3) content.  

a b 

b a 
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The average water dispersible clay (WDC) content shows a gradual decreasing pattern along the four 

sampling points i.e., from FTM to Ctrl. The variability was found to be the highest for Mix and FTM 

(Figure 4.2 a). The amount of WDC significantly differs between FTM and Ctrl locations (p = 

<0.001) and between Mix and Crtl (p = 0.006). WDC within the Mix sites is significantly negatively 

correlated with Corg (r = -0.818) but from the interface site it is significantly positively correlated 

with exchangeable Ca
2+

 (r = 0.700).  

The highest amounts of carbonates were found for FTM samples and to a lesser extent for Mix 

samples. Int samples only sporadically contained measurable amounts of carbonates, while they were 

found to be completely absent from Ctrl locations (Figure 4.2 b). Within the FTM samples, CaCO3 is 

significantly positively correlated with pH (r = 0.925) and Ca Pi (r = 0.639). 

4.3  Cation exchange capacity (CEC) and exchangeable base cations 

Cation exchange capacity and the content of exchangeable base cations are some of the prime 

chemical properties indicating nutrient status for soil fertility. Figure 4.3 shows the variation in 

concentrations of the CEC and exchangeable base cations at the four sampling locations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3  Box plots for four locations along 11 sampled transects of (a) CEC and exchangeable 

base cations, i.e.,  (b) Ca
2+

, (c) Mg
2+

 and (d) K
+
 . 

 a b 

c d 
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There is no definite pattern found for CEC and exchangeable base cations along the eleven sampled 

transects. FTM exhibits the highest values for CEC as well as for Ca
2+ 

and Mg
2+ 

(Figure 4.3 a, b and 

c).
 
However, Ctrl exhibits the highest K

+ 
content

 
(Figure 4.3 d). Both Ca

2+
 and Mg

2+
 show a 

decreasing trend from FTM over Mix to Int and a slight increase again for Ctrl (Figure 4.3 b and c). 

No significant differences in CEC nor exchangeable base cation contents were found between 

sampling locations. The amounts of exchangeable Na
+
 were negligible and similar for all locations, 

and are therefore not shown. 

4.4 Mineral nitrogen (Namm and Nnitrate) 

Ammonium nitrogen (Namm) and nitrate nitrogen (Nnitrate) are the two most important plant-available 

forms of nitrogen. They act as an important indicator for soil fertility determining the activity of 

microorganisms and enzymatic reactions in soil. Figure 4.4 shows the mean concentrations of both N 

forms at the four sampling locations.  

 

 

 

 

 

 

Figure 4.4 Box plots for four locations along 11 sampled transects of mineral nitrogen content in the 

form of (a) ammonium nitrogen (Namm)  and (b) nitrate nitrogen (Nnitrate).  

 

The average Namm content follows a gradual increasing pattern showing the lowest content for FTM 

and the highest content for Ctrl (Figure 4.4 a). No concise pattern is found for Nnitrate. Ctrl exhibits 

the highest content of Nnitrate, followed by Mix and Int, while the lowest content was found for FTM 

(Figure 4.4 b). A large amount of outliers is observed for all locations for both Namm and Nnitrate. No 

significant differences were found among the locations for Namm, whereas Nnitrate shows a marginally 

significant difference between FTM and Ctrl (p = 0.10). 

4.5 Total nitrogen (Ntot) and organic carbon (Corg) content 

The amount of total nitrogen (Ntot) and organic carbon (Corg) are an indication of soil organic matter 

content, which plays a role in regulating the soil’s pH buffering capacity, contributes to the CEC, 

a b 
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represents a nutrient reservoir, and stabilizes soil aggregates. The results from laboratory for these 

two major components are presented in Figure 4.5. 

 

 

 

 

 

 

Figure 4.5 Box plots for four locations along 11 sampled transects of (a) total nitrogen (Ntot) content 

and (b) total organic carbon (Corg) content. 

 Figure 4.5 a indicates that among the four sampling points, Ntot follows a gradual increasing pattern 

from FTM to Ctrl. In the case of the Corg content (Figure 4.5 b), a consistent rising pattern 

comparable with that of Ntot is observed. For both Ntot and Corg, significant differences were found 

between FTM and Ctrl, between Mix and Ctrl and between FTM and Int. Unsurprisingly, Ntot and 

Corg were found to be significantly correlated within the FTM (r = 0.655), Mix (r = 0.855), Int (r = 

0.936) as well as Ctrl samples (r = 0.618). Furthermore within the Ctrl samples, CEC was 

significantly positively correlated with Ntot (r = 0.609) as well as with Corg (r = 0.809). 

4.6 Total P (Ptot) and available P (Pav) 

Phosphorus is one of the macronutrients for crop plants that is usually limited in Ferralsols. The 

results of the total and available phosphorus analyses are presented in Figure 4.6. 

 

 

 

 

 

 

Figure 4.6 Box plots for four locations along 11 sampled transects of amount of phosphorus in terms 

of (a) total phosphorus and (b) available phosphorus.  

a b 

a b 
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The amount of Ptot increases from the lowest mean value found at FTM to the highest found for Ctrl. 

Pav shows the opposite trend, with values decreasing from FTM to Ctrl. Only marginally significant 

differences are identified (p = 0.67) between transects for Ptot when comparing all four sampling 

points. However, when comparing only former termite mound (FTM) with control (Ctrl) site, their 

Ptot contents were found to be significantly different (p = 0.007). For Pav, no significant differences 

could be identified, presumably due to the large amount of outliers. Within the FTM and Mix 

samples, Ptot is strongly positively correlated with Pav for termite mound and mixed zone (r = 0.927 

and 0.964 respectively). Within the Int samples, Ptot is significantly negatively correlated with CaCO3 

(r = -0.607) while Pav is strongly positively correlated with pH (r = 0.955). 

4.7 Sequential inorganic phosphorus fractionation  

Based on sequential extractions, inorganic phosphorus fractions in the name of weakly sorbed Pi, 

reductant-soluble or occluded Pi, Ca bound Pi and Po were quantified for FTM and Ctrl samples and 

presented in Figure 4.7. 

 

 

 

 

 

 

Figure 4.7  (a) Stacked bar and (b) clustered bar charts for former termite mound (FTM) and 

control (Ctrl) locations along the 11 sampled transects of different fractions of soil phosphorus i.e., 

weakly sorbed Pi, reductant-soluble or occluded Pi, Ca bound Pi and Po. 

At FTM as well as at Ctrl sites, P sorbed by Al and Fe oxides is the most important fraction of P in 

the soil, followed by Po, occluded Pi and Ca bound Pi. However, the relative size of these fractions 

differed between FTM and Ctrl locations. The mean amount of weakly sorbed Pi is significantly 

higher at Ctrl, whereas that of the Ca bound Pi is significantly higher at the FTM locations. At both 

locations, weakly sorbed Pi was found to be significantly correlated with Ptot (FTM: r = 0.936, Ctrl: r 

= 0.755) and Pav (FTM: r = 0.891, Ctrl: r = 0.655). Furthermore within the FTM samples, Ca bound 

Pi correlated significantly with pH (r = 0.682) and CaCO3 (r = 0.639), while Po is significantly 

correlated with pH (r = -0.709).  

a b 
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5 Discussion 

In this section our consideration is to focus on how and to what extent Macrotermes mound materials 

modify soil fertility after spreading it out in cultivated Ferralsols, with emphasis on phosphorus 

content, forms and availability.The study area is characterized by the recent advent of large-scale 

pivot-irrigated agriculture, which necessitates the levelling of termite mounds using bulldozers. 

Because of their fine texture, high pH, and elevated amounts of exchangeable base cations, mound 

materials are sometimes used as an amendment for chemically poor Ferralsols by small-scale farmers 

(Watson, 1976). As past research in the same study area pointed out differences in soil-related 

properties between mound materials and reference soil, the spreading out of mound material is 

expected to have an impact on the soil properties of the receiving cropland. 

 

5.1 Soil acidity and carbonate (CaCO3) content 

In spite of some controversy about the optimum soil pH range, most plant nutrients are in their 

optimally available state between pH 6.5 and 7.5 (Jensen, 2010). A pH within this range prevents Al 

toxicity and assures proper nutrient availability for growth, cell division, cell wall formation, 

enzymatic activity and root growth of most crop plants (Smith and Doran, 1996; Rout et al., 2001;  

Jensen, 2010; Hansson et al., 2011). This pH has an optimum control on cation availability as well as 

aggregate stability since multivalent cations, such as calcium, act as bridges between organic colloids 

and clays. It facilitates high organic matter mineralization, high mobility and degradation of 

herbicides and insecticides through microbial activity, low solubility of heavy metals (Smith and 

Doran, 1996). 

 

Results from this study show that along transects (from FTM to Ctrl) pH-H2O varies gradually from 

neutral (mean 7.0, SE 0.37) to acidic (mean 5.7, SE 0.11) range. The pH seems closely related to the 

CaCO3 content, which ranges from high values at FTM sites (mean 1.56 g/kg, SE 0.79) to nil at the 

Ctrl locations. Other studies also reported a relation between the elevated pH and CaCO3 content 

commonly found in mound material compared to the control soil (Lee and Wood, 1971; Watson, 

1975; Jouquet et al., 2004; Abe et al., 2009a; Jouquet et al., 2011; Mujinya, 2012; Kobusinge, 2013). 

The origin of CaCO3 in termite mounds was confirmed to be pedogenic, resulting from elevated 

concentrations of CO2 and Ca in the mounds (Mujinya et al., 2011). This finding contradicts 

previously postulated theories for the origin of these carbonate accumulations by Hesse, 1955; 

Watson, 1975, 1976; Trapnell et al., 1976 and Liu et al., 2007. Furthermore, the upward transport by 

termites of less weathered soil with higher levels of base cations may also contribute to a higher pH 

(Kobusinge, 2013). 



  5  Discussion 

31 

At the Mix locations, the pH is in the neutral to slightly acid range (mean 6.8, SE 0.24), whereas at 

Int locations, which received less termite mound material, the pH is in slightly acid range (mean 6.2, 

SE 0.16). Even though the entire study area had been limed, no measureable amounts of carbonates 

were found at the Ctrl locations, and the average pH is still suboptimal. However at the locations that 

received termite mound material, carbonates were found and the pH is increased to optimal levels for 

crop production. It can be concluded that spreading out this termite mound material has a liming 

effect. 

 

5.2 Cation exchange capacity (CEC), exchangeable base cations and water dispersible clay 

(WDC)  

The study shows an increasing trend from FTM to Ctrl in terms of CEC and exchangeable base 

cations, though the difference between locations was not significant. Kobusinge (2013) and Mujinya 

et al. (2010) amongst others reported the CEC and exchangeable base cation contents of termite 

mound material were elevated compared to the control soil. According to Kobusinge (2013), the 

observed increase in CEC levels is mostly associated with a higher clay content, which ensures 

larger amounts of negatively charged clay surfaces due to high surface area per unit mass. 

Furthermore, the increased CEC of the mound material could also be due to upward transport of less-

weathered material containing 2:1 layer clay minerals with a high negative charge and high contents 

of exchangeable base cations. The other major reason for the higher exchangeable base cations in the 

mound material is most likely due to the accumulation of decomposition products of organic matter 

brought in the mound by termite activity. These cations are neither taken up by plants (Coventry et 

al., 1988) nor leached out due to the steep and smooth mound walls that limit water infiltration 

(Watson, 1976). Furthermore, Mujinya et al. (2011) reported that dissolution of carbonates (Mg-rich 

calcite) during the extraction of the exchangeable base cations, results in an overestimation of the 

exchangeable Ca
2+

 and Mg
2+

 in termite mound material.  

 

Within the Ctrl samples, a strong correlation was found between Corg and the CEC (r = 0.809), which 

suggests that organic matter contributes considerably to the CEC at Ctrl locations (CEC of Corg = 100 

to 300 cmolc/kg (Miller and Donahue, 1990)). The lower organic matter content in the FTM, Mix 

and Int locations is compensated by the high clay content of the termite mound material, which 

increases the CEC (Mujinya, 2012; Kobusinge, 2013).  

 

In Mix, WDC content is high (mean 9.73; SE 0.73) and significantly negatively correlated with Corg 

content (r = -0.818). Due to less organic matter as a cementing agent in the termite mound material, 

aggregate stability may be poor, resulting in a  high water dispersible clay content in Mix locations. 
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High WDC contents may lead to clogging the pores with fine clay particles hindering aeration and 

infiltration, causing water-logging, run-off, slaking and crust formation which is not conducive to 

healthy root growth and thus a healthy crop. For Int, the WDC content (mean 7.96, SE 0.385)  is 

closer to that of Ctrl (mean 6.95, SE 0.32) and no correlation is found with any analyzed parameters.  

 

5.3 Total organic carbon (Corg), total nitrogen (Ntot) and mineral nitrogen (Namm and Nnitrate) 

The contents of  Corg are lower at the FTM locations compared to the Ctrl sites. Kobusinge (2013), 

Contour-Ansel et al. (2000), Fall et al. (2001) and Jouquet et al. (2004) also reported lower values of 

organic carbon in the mound material of Macrotermes spp. whereas Jouquet et al. (2002, 2005, 2007) 

reported the opposite findings in this regard. Kobusinge (2013) also reported a high variability for 

the organic carbon content within a cross-section of a Macrotermes mound. This is attributed to 

different termite activities in different zones of the mound, combined with continuous cycles of 

construction, abandonment, erosion and recolonization of mounds. In general, the outer layer of large 

mounds contains similar quantities of organic matter as the surrounding topsoil, while the deeper 

parts of the mounds and the soil underneath the mounds contain much less. This explains the very 

low Corg (mean 0.62, SE 0.08) concentrations at the FTM sites compared to the Ctrl sites (mean 2.03, 

SE 0.15). The fact that the Mix locations received more termite mound material than the Int locations 

explains the increase of Corg content along the transects from FTM to Ctrl.  

 

Organic carbon, a source and sink for nutrients, plays a vital role in soil fertility maintenance 

(Bationo et al., 2007). It positively influences nutrient holding capacity (cation and anion exchange 

capacity), nutrient turnover and stability, aggregate stability, water retention and release, aeration and 

workability by reducing the risks of soil compaction, surface crusting and soil erosion (Schnitzer, 

1991; Bot and Benites, 2005). The locations receiving termite mound material would therefore 

benefit greatly from the addition of organic matter. 

 

5.4 Available (Pav), total (Ptot) and fractions of total phosphorus 

The results of this study show elevated levels of Pav at FTM locations compared to Ctrl locations. 

Kobusinge (2013), Debruyn and Conacher (1995), and Mamo and Wortmann (2009) also reported 

increased levels of Pav in mound material compared to control soil. However, López-Hernández et al.  

(2006) reported the opposite findings. Although the Pav is higher at FTM sites, Ptot level is higher at 

Ctrl in comparison to FTM. Kobusinge (2013) and Diaye et al. (2003) also reported higher levels of 

Ptot in the control soil in comparison to the mound samples and described the reason for the 

increment. Continuous incorporation of organic residue, release of plant nutrients as decomposition 

products, combined with fixation of  phosphorus by aluminium due to the low pH (mean 5.7, SE 
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0.11) may be the reason for the higher Ptot and lower Pav concentrations at Ctrl locations compared to 

the FTM locations. The higher Ptot in the control soil as compared to mound samples may have 

resulted from the larger amounts of organic matter and retention of the P released from its 

decomposition over time. Moreover, Diaye et al. (2003) suggested that termite activities stimulate 

the microbial decomposition of organic residues in the termite mounds, which releases plant 

nutrients including P. Because of the favourable soil pH at the FTM sites (mean 7.0, SE 0.37), this P 

remains relatively more available.  

 

The knowledge of soil P fractions is important for soil fertility in terms of P availability, as not all 

fractions are equally available for crop production. Study results show that weakly sorbed Pi is the 

largest inorganic phosphorus fraction and also varies significantly between FTM and Ctrl. Guo et al. 

(2000) also reported that weakly sorbed Pi is the dominant P fraction in highly weathered soils and 

declined in response to plant P removal. Most of the P added as inorganic P fertilizer will end up in 

this fraction. As this fraction is associated with Al / Fe oxides / hydroxides, any changes in soil pH 

will have an influence on the strength of adsorption. The lower pH at the Ctrl sites increases the 

amount of positively charged surfaces of Al / Fe oxides / hydroxides, hence increasing the adsorption 

of the negatively charged phosphate compared to the FTM sites where the pH is neutral. Hence, even 

though the amount of weakly sorbed Pi is lower at the FTM sites, it will be adsorbed less strongly 

than at the Ctrl sites, which helps explain the higher amount of Pav at the FTM sites compared to the 

Ctrl sites. In support of this, a significant correlation found between weakly bound Pi and Pav (r = 

0.891) was found at the FTM sites, while at the Ctrl sites, this correlation was lower (r = 0.655).  

 

Results from this study show that occluded/reductant phosphate is the second largest inorganic P 

fraction, but no significant difference was found between FTM and Ctrl sites. Occluded Pi is the P 

trapped between soil mineral and Fe / Al oxide / hydroxide layer forming a mantle around the 

phosphatic core where adsorbed Pi subsequently diffuses into the aggregates or crumbs and becomes 

occluded. Under anaerobic conditions, the Fe
3+

 may be reduced by microbes with release of 

phosphate, thereby making it plant-available again (Sah and Mikkelsen, 1989; Sah et al., 1989a, 

1989b; Chesworth, 2008). In the studied field however, occurrence of anaerobic conditions for a 

prolonged period of time is unlikely, and the occluded Pi fraction will not influence the amount of Pav 

in the short term. 

 

Results from this study show that although Ca bound Pi is the smallest of the three inorganic 

fractions but it is significantly larger at FTM locations than at Ctrl sites. Due to the prevailing high 

pH and presence of CaCO3 in the mounds, much of the P mineralized by the termites will precipitate 

as calcium phosphates in the mounds. In support of this, a significantly positive correlation between 
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Ca bound Pi and pH (r = 0.682) and between Ca bound Pi and CaCO3 (r = 0.639) was found for the 

FTM sites. Cultivation and fertilizer application may have slightly lowered the pH compared to the 

original pH when the mound was still on top, thereby increasing the solubility of the calcium 

phosphates and hence also increasing the availability of the P in that fraction. In support of this, the 

correlation between Ca bound Pi and Pav at the FTM sites was found to be marginally significant (r = 

0.536; p = 0.089) 

 

After the weakly sorbed Pi, Po is the second largest P fraction at the FTM as well as the Ctrl 

locations. Despite the higher amount of Corg at the Ctrl locations compared to the FTM locations, the 

difference in Po between these two sampling points was not significant.  

 

Unlike the outer layer of the mounds and the surrounding topsoils, the deeper parts of the mounds 

and the soil underneath the mounds lack a continuous addition of organic matter. The older organic 

matter in the inner mound material will therefore be in a more advanced state of decomposition. This 

implies that the Po in the inner part and beneath the termite mound will be more resistant to further 

mineralisation and will therefore contribute little to the Pav in the short term. On the other hand, the 

younger OM found at the Ctrl locations will likely still contain more labile Po that will mineralise in 

the short term and become plant-available as long as the pH is favourable.  
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6 Conclusions 

Spreading out termite mound material locally affects the physico-chemical soil properties, as it  

increases the pH, CaCO3 content, water dispersible clay (WDC) content and the amount of available 

P (Pav), while decreasing the amount of Corg and Ntot. Pav concentrations at former termite mound 

locations are higher compared to the adjacent Ferralsols because of the elevated soil pH. Weakly 

sorbed Pi, the dominant P fraction in both sites, is more available at the FTM sites than at the Ctrl 

sites because of less strong adsorption with positively charged surfaces of Al / Fe oxides / hydroxides 

due to this elevated pH. Even though it is the second largest inorganic P fraction, the occluded Pi 

does not influence the availability of P, as the prevailing aerobic conditions in the study area hinder 

the occluded Pi fraction to be available for plants within a short time. Ca bound Pi is the smallest of 

the three inorganic fractions but it is significantly larger at FTM locations than at Ctrl sites due to 

prevailing high pH and presence of CaCO3 in the mounds. Cultivation and fertilizer application may 

have slightly lowered the pH thereby increasing the solubility of the Ca bound Pi phosphates as well 

as the availability of P of this fraction at FTM compared to the Ctrl sites. Organic P (Po) is not a 

significant contributor and no significant differences were found for these two sampling sites. Due to 

the advanced state of decomposition in the inner part and beneath the termite mound, Po at the FTM 

sites will likely be more resistant to further mineralisation and will therefore contribute little to the 

Pav in the short term. The younger OM found at the Ctrl locations likely contains more labile Po that 

will mineralise in the short term and becomes plant-available considering the favourable soil pH.  

The benefits for chemical soil fertility of spreading out mound material were found to be limited in 

the studied field, which received chemical fertilizer. For small-scale agriculture however, resources 

are not always adequately available and termite mound soil could markedly improve the chemical 

soil fertility, especially due to its liming effect. Caution remains necessary, since from a soil physical 

point of view, the fine-texture, high water-dispersible clay content and low organic matter content of 

the mound material are likely to cause problems like slaking and poor aeration. These may be 

prevented by providing additional organic inputs with the termite mound material and incorporating 

both thoroughly into the receiving soil. 
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8 Appendices 

Table 8.1  Data of different physico-chemical parameters of soil in 11 transects composed of four sampling points (former termite mound, mixed, interface and control). 

Location Notation pH(H2O) pH(KCl) WDC (%) 
CEC  

(cmolc/kg) 
Ca

2+
 

(cmolc/kg) 
K

+
 

(cmolc/kg) 
Mg

2+
 

(cmolc/kg) 
Na

+
 

(cmolc/kg) CaCO3 (g/kg) Pav (mg/kg) Ptot (mg/kg) 
Namm 

(mg/kg) 
Nnitrate 

(mg/kg) Ntot (%) Corg (%) 

Former termite mound 4 FTM 1 5.9 4.91 9.30 12.72 4.47 0.39 1.15 0.02 0.00 1.96 725.42 2.60 3.71 0.09 1.07 

Mixed zone 4.3 Mix 1 6.18 5.13 7.98 13.61 5.56 0.53 1.43 0.03 0.00 2.23 725.70 1.75 9.05 0.11 1.35 

Interface 4.3 Int 1 6.4 5.55 7.30 16.42 3.51 0.29 0.68 0.03 0.00 11.17 800.73 4.28 21.61 0.10 1.29 

Control 3 Ctrl 1 5.79 4.68 6.74 13.61 7.48 0.66 2.32 0.03 0.00 1.62 785.88 3.27 8.48 0.12 1.66 

Former termite mound 5 FTM 2 7.46 6.57 9.35 13.60 2.83 0.29 0.72 0.03 0.17 14.89 795.99 3.38 4.53 0.08 0.84 

Mixed zone 5.5 Mix 2 5.48 4.4 6.50 14.21 5.98 0.47 1.35 0.03 0.17 0.44 705.17 4.17 11.87 0.12 1.50 

Interface 5.5 Int 2 6.26 5.27 7.15 17.27 2.88 0.40 0.60 0.03 0.00 5.66 864.93 2.85 9.69 0.14 2.28 

Control 5 Ctrl 2 5.47 4.54 5.50 15.42 5.63 0.62 1.32 0.03 0.00 1.84 843.04 6.13 9.76 0.15 2.23 

Former termite mound 7 FTM 3 6.48 5.64 10.24 18.83 8.99 0.42 1.79 0.05 0.00 18.96 803.87 3.77 3.73 0.08 0.00 

Mixed zone 7.2 Mix 3 7.77 6.42 9.61 14.50 5.06 0.50 1.17 0.04 0.16 10.55 803.45 3.32 6.76 0.10 1.40 

Interface 7.2 Int 3 6.71 5.44 7.44 14.20 15.70 2.27 2.56 0.02 0.00 11.31 839.32 3.14 10.47 0.11 1.75 

Control 2 Ctrl 3 6.62 5.66 7.13 19.91 6.78 3.60 1.79 0.03 0.00 47.50 1062.36 12.23 51.76 0.21 3.19 

Former termite mound 9 FTM 4 8.38 7.5 11.23 14.56 12.83 0.89 3.15 0.04 8.02 8.10 770.64 3.07 5.67 0.05 0.71 

Mixed zone 9.9 Mix 4 6.33 5.05 7.09 14.24 3.81 0.41 0.69 0.04 0.23 3.61 781.99 4.69 9.59 0.11 1.63 

Interface 9.9 Int 4 5.77 4.62 7.55 14.86 4.02 0.47 1.03 0.04 0.00 1.17 855.10 3.86 4.30 0.11 1.90 

Control 9 Ctrl 4 6.13 4.96 7.22 16.24 13.58 1.02 2.52 0.03 0.00 4.00 812.22 3.03 13.02 0.12 2.09 

Former termite mound 11 FTM 5 8.23 7.26 10.52 14.09 4.34 0.43 0.95 0.03 4.00 14.66 849.75 2.49 3.48 0.05 0.57 

Mixed zone 11.8 Mix 5 6.02 4.84 7.19 14.85 4.27 0.42 0.85 0.03 0.00 8.05 812.76 4.62 4.64 0.11 1.60 

Interface 11.8 Int 5 5.93 4.9 6.34 14.87 2.50 0.41 0.50 0.03 0.00 3.27 805.67 8.11 6.11 0.11 1.85 

Control 8 Ctrl 5 5.45 4.34 6.05 15.96 4.32 0.93 0.98 0.05 0.00 3.14 941.75 3.50 6.86 0.12 2.06 

Former termite mound 16 FTM 6 5.26 4.6 0.55 12.11 8.08 2.09 1.83 0.05 0.00 0.29 769.55 6.73 60.07 0.06 0.62 

Mixed zone 16.12 Mix 6 7.04 6.55 13.91 16.76 3.48 1.15 0.83 0.04 0.41 123.44 1270.33 2.59 73.46 0.07 0.63 

Interface 16.12 Int 6 5.11 4.42 8.18 14.48 4.64 0.46 0.71 0.02 0.00 0.89 836.12 8.81 39.48 0.07 0.85 

Control 12 Ctrl 6 5.59 4.85 7.32 19.81 7.97 0.38 2.03 0.03 0.00 1.42 962.54 2.53 78.32 0.16 2.36 

Former termite mound 17 FTM 7 7.76 6.71 12.59 23.89 6.30 0.30 1.38 0.03 0.23 7.03 723.83 2.00 2.93 0.05 0.46 

Mixed zone 17.15 Mix 7 7.27 6.09 10.40 14.47 4.36 0.60 1.06 0.04 0.00 5.53 749.40 1.92 5.47 0.07 0.84 

Interface 17.15 Int 7 5.67 4.76 8.18 15.95 5.13 0.57 0.88 0.03 0.00 0.45 753.22 3.03 9.92 0.09 1.10 

Control 15 Ctrl 7 5.44 4.8 6.20 16.15 6.95 1.67 1.28 0.06 0.00 1.86 940.11 3.43 53.79 0.10 2.08 

Former termite mound 20 FTM 8 7.22 6.42 12.18 12.00 11.76 0.37 2.62 0.04 1.14 25.68 852.57 1.70 5.19 0.10 0.72 

Mixed zone 20.16 Mix 8 8.3 7.42 12.69 13.00 4.48 0.44 0.94 0.02 2.04 7.75 773.15 1.63 3.91 0.07 0.61 

Interface 20.16 Int 8 7.13 6.07 11.02 14.67 6.73 0.39 1.32 0.03 0.00 15.04 831.63 2.39 8.25 0.08 0.89 

Control 16 Ctrl 8 5.61 4.64 8.33 14.94 4.21 0.26 0.78 0.04 0.00 3.02 870.36 2.08 9.56 0.10 2.17 

Former termite mound 21 FTM 9 8.07 7.41 13.49 12.94 13.34 0.40 2.42 0.06 3.65 20.65 850.67 1.66 3.47 0.09 0.63 

Mixed zone 21.13 Mix 9 6.89 5.92 11.20 14.72 7.65 0.36 1.36 0.04 0.00 16.09 861.07 2.20 16.76 0.10 1.40 

Interface 21.13 Int 9 6.18 5.35 9.42 18.52 4.98 0.91 1.06 0.05 0.00 3.09 846.10 2.49 6.29 0.12 1.73 

Control 13 Ctrl 9 5.56 4.55 9.06 15.40 3.23 0.34 0.69 0.08 0.00 4.92 902.67 1.75 9.54 0.11 1.65 

Former termite mound 35 FTM 10 7.1 5.93 11.68 13.37 6.98 0.28 2.18 0.03 0.00 75.61 966.24 2.62 4.58 0.05 0.47 

Mixed zone 35.31 Mix 10 6.68 5.71 9.10 10.72 6.35 0.35 1.46 0.01 0.50 42.59 902.86 4.14 17.08 0.08 0.76 

Interface 35.31 Int 10 6.42 5.3 7.78 11.02 5.00 0.32 1.38 0.02 0.14 32.14 793.54 5.37 5.99 0.09 1.03 

Control 31 Ctrl 10 5.66 4.58 5.89 13.15 3.37 0.42 0.76 0.01 0.00 7.07 792.69 3.86 8.27 0.11 1.53 

Former termite mound 38 FTM 11 4.79 4.09 8.93 20.58 3.14 0.90 0.98 0.04 0.00 25.96 1011.23 15.49 122.48 0.08 0.73 

Mixed zone 38.34 Mix 11 6.64 6.05 11.34 11.45 6.97 0.71 1.91 0.03 0.14 104.79 937.17 3.41 96.13 0.07 0.58 

Interface 38.34 Int 11 6.39 5.53 7.24 14.73 4.39 0.22 1.12 0.03 0.23 7.21 733.61 2.32 13.61 0.08 1.01 

Control 34 Ctrl 11 5.75 4.77 7.05 9.92 3.26 1.12 0.88 0.04 0.00 51.27 1118.16 17.58 12.27 0.10 1.33 
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Table 8.2 Correlation table for the location of former termite mound (FTM) sites. 

FTM 
pH 

(H2O) 

pH 

(KCl) 

Delta 

pH 

WDC 

(%) 

CEC 

(cmolc/kg) 

Ca
2+

 

(cmolc/kg) 

K
+
 

(cmolc/kg) 

Mg
2+

 

(cmolc/kg) 

Na
+
 

(cmolc/kg) 

CaCO3 

(g/kg) 

Namm 

(mg/kg) 

Nnitrate 

(mg/kg) 

Ntot 

(%) Corg (%) 

Pav 

(mg/kg) 

Ptot 

(mg/kg) 

Weakly sorbed 

Pi (mg/kg) 

Reductant Pi 

(mg/kg) 

Ca Pi 

(mg/kg) 

Po  

(mg/kg) 

pH (H2O) r 1.000 .991
**
 -.223 .682

*
 .164 .309 -.191 .236 -.145 .925

**
 -.600 -.482 -.427 -.182 -.082 -.145 -.345 -.045 .682

*
 -.709

*
 

p . .000 .509 .021 .631 .355 .574 .484 .670 .000 .051 .133 .190 .593 .811 .670 .298 .894 .021 .015 

pH (KCl) r .991
**
 1.000 -.164 .727

*
 .136 .382 -.209 .300 -.073 .915

**
 -.627

*
 -.491 -.364 -.164 -.055 -.136 -.336 .027 .709

*
 -.655

*
 

p .000 . .630 .011 .689 .247 .537 .370 .832 .000 .039 .125 .272 .631 .873 .689 .312 .937 .015 .029 

Delta pH r -.223 -.164 1.000 -.200 -.273 .401 .651
*
 .273 .806

**
 .038 .205 .410 .456 .178 .059 .251 .278 -.132 -.128 .688

*
 

p .509 .630 . .555 .416 .222 .030 .416 .003 .911 .545 .210 .159 .601 .863 .457 .408 .699 .709 .019 

WDC (%) r .682
*
 .727

*
 -.200 1.000 .045 .536 -.509 .500 .155 .601 -.836

**
 -.564 -.127 -.364 .318 .127 -.027 .118 .791

**
 -.500 

p .021 .011 .555 . .894 .089 .110 .117 .650 .051 .001 .071 .709 .272 .340 .709 .937 .729 .004 .117 

CEC 
(cmolc/kg) 

r .164 .136 -.273 .045 1.000 -.300 .091 -.336 -.182 .057 .282 -.164 -.582 -.373 .064 -.064 .018 -.345 .073 -.073 

p .631 .689 .416 .894 . .370 .790 .312 .593 .867 .401 .631 .060 .259 .853 .853 .958 .298 .832 .832 

Ca
2+

 
(cmolc/kg) 

r .309 .382 .401 .536 -.300 1.000 .145 .927
**
 .709

*
 .353 -.382 -.018 .118 -.300 .055 .027 .009 .173 .409 .173 

p .355 .247 .222 .089 .370 . .670 .000 .015 .287 .247 .958 .729 .370 .873 .937 .979 .612 .212 .612 

K
+
 (cmolc/kg) r -.191 -.209 .651

*
 -.509 .091 .145 1.000 .064 .445 .038 .473 .455 -.064 .027 -.309 -.018 .027 -.545 -.264 .600 

p .574 .537 .030 .110 .790 .670 . .853 .170 .911 .142 .160 .853 .937 .355 .958 .937 .083 .433 .051 

Mg
2+

 
(cmolc/kg) 

r .236 .300 .273 .500 -.336 .927
**
 .064 1.000 .600 .296 -.309 .209 .100 -.191 .145 .109 .045 .200 .455 .109 

p .484 .370 .416 .117 .312 .000 .853 . .051 .378 .355 .537 .770 .574 .670 .750 .894 .555 .160 .750 

Na
+
 (cmolc/kg) r -.145 -.073 .806

**
 .155 -.182 .709

*
 .445 .600 1.000 -.010 .055 .273 .209 -.327 .245 .327 .409 -.027 .136 .545 

p .670 .832 .003 .650 .593 .015 .170 .051 . .978 .873 .417 .537 .326 .467 .326 .212 .937 .689 .083 

CaCO3 (g/kg) r .925
**
 .915

**
 .038 .601 .057 .353 .038 .296 -.010 1.000 -.591 -.296 -.248 .000 -.076 -.048 -.296 -.248 .639

*
 -.515 

p .000 .000 .911 .051 .867 .287 .911 .378 .978 . .055 .378 .462 1.000 .824 .889 .378 .462 .034 .105 

Namm (mg/kg) r -.600 -.627
*
 .205 -.836

**
 .282 -.382 .473 -.309 .055 -.591 1.000 .691

*
 -.100 .073 -.055 .036 .245 -.027 -.582 .473 

p .051 .039 .545 .001 .401 .247 .142 .355 .873 .055 . .019 .770 .832 .873 .915 .467 .937 .060 .142 

Nnitrate (mg/kg) r -.482 -.491 .410 -.564 -.164 -.018 .455 .209 .273 -.296 .691
*
 1.000 .200 .327 .200 .355 .382 -.018 -.227 .436 

p .133 .125 .210 .071 .631 .958 .160 .537 .417 .378 .019 . .555 .326 .555 .285 .247 .958 .502 .180 

Ntot (%) r -.427 -.364 .456 -.127 -.582 .118 -.064 .100 .209 -.248 -.100 .200 1.000 .655
*
 .300 .327 .309 .382 -.182 .500 

p .190 .272 .159 .709 .060 .729 .853 .770 .537 .462 .770 .555 . .029 .370 .326 .355 .247 .593 .117 

Corg (%) r -.182 -.164 .178 -.364 -.373 -.300 .027 -.191 -.327 .000 .073 .327 .655
*
 1.000 -.045 .036 -.118 .209 -.200 .209 

p .593 .631 .601 .272 .259 .370 .937 .574 .326 1.000 .832 .326 .029 . .894 .915 .729 .537 .555 .537 

Pav (mg/kg) r -.082 -.055 .059 .318 .064 .055 -.309 .145 .245 -.076 -.055 .200 .300 -.045 1.000 .927
**
 .891

**
 .327 .536 -.091 

p .811 .873 .863 .340 .853 .873 .355 .670 .467 .824 .873 .555 .370 .894 . .000 .000 .326 .089 .790 

Ptot (mg/kg) r -.145 -.136 .251 .127 -.064 .027 -.018 .109 .327 -.048 .036 .355 .327 .036 .927
**
 1.000 .936

**
 .155 .482 .009 

p .670 .689 .457 .709 .853 .937 .958 .750 .326 .889 .915 .285 .326 .915 .000 . .000 .650 .133 .979 

Weakly 
sorbed Pi 
(mg/kg) 

r -.345 -.336 .278 -.027 .018 .009 .027 .045 .409 -.296 .245 .382 .309 -.118 .891
**
 .936

**
 1.000 .191 .255 .173 

p .298 .312 .408 .937 .958 .979 .937 .894 .212 .378 .467 .247 .355 .729 .000 .000 . .574 .450 .612 

Reductant Pi 
(mg/kg) 

r -.045 .027 -.132 .118 -.345 .173 -.545 .200 -.027 -.248 -.027 -.018 .382 .209 .327 .155 .191 1.000 .164 -.109 

p .894 .937 .699 .729 .298 .612 .083 .555 .937 .462 .937 .958 .247 .537 .326 .650 .574 . .631 .750 

Ca Pi (mg/kg) r .682
*
 .709

*
 -.128 .791

**
 .073 .409 -.264 .455 .136 .639

*
 -.582 -.227 -.182 -.200 .536 .482 .255 .164 1.000 -.545 

p .021 .015 .709 .004 .832 .212 .433 .160 .689 .034 .060 .502 .593 .555 .089 .133 .450 .631 . .083 

Po (mg/kg) r -.709
*
 -.655

*
 .688

*
 -.500 -.073 .173 .600 .109 .545 -.515 .473 .436 .500 .209 -.091 .009 .173 -.109 -.545 1.000 

p .015 .029 .019 .117 .832 .612 .051 .750 .083 .105 .142 .180 .117 .537 .790 .979 .612 .750 .083 . 
 

 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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Table 8.3 Correlation table for the location of mixed (Mix) zones. 

Mix pH (H2O) pH (KCl) Delta pH WDC (%) CEC (cmolc/kg) Ca
2+

 (cmolc/kg) K
+
 (cmolc/kg) Mg

2+
 (cmolc/kg) Na

+
 (cmolc/kg) CaCO3 (g/kg) Namm (mg/kg) Nnitrate (mg/kg) Ntot (%) Corg (%) Pav (mg/kg) Ptot (mg/kg) 

                 pH (H2O) r 1.000 .936
**
 .164 .755

**
 .073 -.118 .164 -.145 .318 .312 -.618

*
 -.209 -.782

**
 -.509 .400 .218 

p . .000 .629 .007 .832 .729 .631 .670 .340 .351 .043 .537 .004 .110 .223 .519 

pH (KCl) r .936
**
 1.000 .406 .900

**
 .064 -.145 .418 -.100 .255 .326 -.673

*
 -.055 -.891

**
 -.700

*
 .518 .336 

p .000 . .215 .000 .853 .670 .201 .770 .450 .328 .023 .873 .000 .016 .102 .312 

Delta pH r .164 .406 1.000 .699
*
 -.224 .242 .265 .292 -.265 .329 -.379 .539 -.648

*
 -.813

**
 .571 .516 

p .629 .215 . .017 .508 .473 .431 .383 .431 .322 .250 .087 .031 .002 .067 .104 

WDC (%) r .755
**
 .900

**
 .699

*
 1.000 .091 .009 .427 .036 .245 .205 -.636

*
 .200 -.927

**
 -.818

**
 .700

*
 .555 

p .007 .000 .017 . .790 .979 .190 .915 .467 .546 .035 .555 .000 .002 .016 .077 

CEC (cmolc/kg) r .073 .064 -.224 .091 1.000 -.509 .164 -.618
*
 .700

*
 -.354 .073 -.145 .055 .418 .145 .182 

p .832 .853 .508 .790 . .110 .631 .043 .016 .286 .832 .670 .873 .201 .670 .593 

Ca
2+

 (cmolc/kg) r -.118 -.145 .242 .009 -.509 1.000 -.264 .909
**
 -.091 -.200 -.127 .391 .109 -.236 .118 .045 

p .729 .670 .473 .979 .110 . .433 .000 .790 .555 .709 .235 .750 .484 .729 .894 

K
+
 (cmolc/kg) r .164 .418 .265 .427 .164 -.264 1.000 -.018 .227 -.154 -.345 .155 -.409 -.445 .136 .036 

p .631 .201 .431 .190 .631 .433 . .958 .502 .652 .298 .650 .212 .170 .689 .915 

Mg
2+

 (cmolc/kg) r -.145 -.100 .292 .036 -.618
*
 .909

**
 -.018 1.000 -.236 -.219 -.182 .436 .009 -.400 .164 .073 

p .670 .770 .383 .915 .043 .000 .958 . .484 .518 .593 .180 .979 .223 .631 .832 

Na
+
 (cmolc/kg) r .318 .255 -.265 .245 .700

*
 -.091 .227 -.236 1.000 -.447 -.036 .100 -.100 .227 .236 .218 

p .340 .450 .431 .467 .016 .790 .502 .484 . .168 .915 .770 .770 .502 .484 .519 

CaCO3 (g/kg) r .312 .326 .329 .205 -.354 -.200 -.154 -.219 -.447 1.000 .088 .149 -.340 -.307 .195 .186 

p .351 .328 .322 .546 .286 .555 .652 .518 .168 . .796 .662 .307 .358 .565 .584 

Namm (mg/kg) r -.618
*
 -.673

*
 -.379 -.636

*
 .073 -.127 -.345 -.182 -.036 .088 1.000 .255 .618

*
 .591 -.018 .182 

p .043 .023 .250 .035 .832 .709 .298 .593 .915 .796 . .450 .043 .056 .958 .593 

Nnitrate (mg/kg) r -.209 -.055 .539 .200 -.145 .391 .155 .436 .100 .149 .255 1.000 -.173 -.318 .555 .609
*
 

p .537 .873 .087 .555 .670 .235 .650 .180 .770 .662 .450 . .612 .340 .077 .047 

Ntot (%) r -.782
**
 -.891

**
 -.648

*
 -.927

**
 .055 .109 -.409 .009 -.100 -.340 .618

*
 -.173 1.000 .855

**
 -.609

*
 -.464 

p .004 .000 .031 .000 .873 .750 .212 .979 .770 .307 .043 .612 . .001 .047 .151 

Corg (%) r -.509 -.700
*
 -.813

**
 -.818

**
 .418 -.236 -.445 -.400 .227 -.307 .591 -.318 .855

**
 1.000 -.555 -.400 

p .110 .016 .002 .002 .201 .484 .170 .223 .502 .358 .056 .340 .001 . .077 .223 

Pav (mg/kg) r .400 .518 .571 .700
*
 .145 .118 .136 .164 .236 .195 -.018 .555 -.609

*
 -.555 1.000 .964

**
 

p .223 .102 .067 .016 .670 .729 .689 .631 .484 .565 .958 .077 .047 .077 . .000 

Ptot (mg/kg) r .218 .336 .516 .555 .182 .045 .036 .073 .218 .186 .182 .609
*
 -.464 -.400 .964

**
 1.000 

p .519 .312 .104 .077 .593 .894 .915 .832 .519 .584 .593 .047 .151 .223 .000 . 

 

 

 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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Table 8.4 Correlation table for the location of interface (Int) zones. 

Int 
pH (H2O) pH (KCl) Delta pH WDC (%) 

CEC 

(cmolc/kg) 

Ca2+ 

(cmolc/kg) 

K+ 

(cmolc/kg) 

Mg2+ 

(cmolc/kg) 

Na+ 

(cmolc/kg) 

CaCO3 

(g/kg) 

Namm 

(mg/kg) 

Nnitrate 

(mg/kg) Ntot (%) Corg (%) Pav (mg/kg) 

Ptot 

(mg/kg) 

pH (H2O) r 1.000 .873
**
 -.455 .000 -.327 .382 -.355 .600 -.264 .283 -.373 -.036 -.064 -.100 .955

**
 -.109 

p . .000 .160 1.000 .326 .247 .285 .051 .433 .399 .259 .915 .853 .770 .000 .750 

pH (KCl) r .873
**
 1.00 -.073 .027 -.009 .264 -.436 .427 .009 .243 -.564 .182 -.109 -.209 .764

**
 -.255 

p .000 . .832 .937 .979 .433 .180 .190 .979 .472 .071 .593 .750 .537 .006 .450 

Delta pH r -.455 -.073 1.000 .164 .473 -.273 -.164 -.455 .200 -.040 -.009 .573 -.227 -.391 -.455 -.173 

p .160 .832 . .631 .142 .417 .631 .160 .555 .906 .979 .066 .502 .235 .160 .612 

WDC (%) r .000 .027 .164 1.000 -.182 .700
*
 .309 .464 .245 -.175 -.155 -.036 -.373 -.573 -.091 .055 

p 1.000 .937 .631 . .593 .016 .355 .151 .467 .606 .650 .915 .259 .066 .790 .873 

CEC (cmolc/kg) r -.327 -.009 .473 -.182 1.000 -.509 .100 -.627
*
 .627

*
 -.418 -.291 -.027 .609

*
 .491 -.445 .264 

p .326 .979 .142 .593 . .110 .770 .039 .039 .201 .385 .937 .047 .125 .170 .433 

Ca
2+

 (cmolc/kg) r .382 .264 -.273 .700
*
 -.509 1.000 .373 .827

**
 -.091 .054 -.282 .082 -.336 -.473 .255 -.155 

p .247 .433 .417 .016 .110 . .259 .002 .790 .875 .401 .811 .312 .142 .450 .650 

K
+
 (cmolc/kg) r -.355 -.436 -.164 .309 .100 .373 1.000 .109 .082 -.607

*
 .091 -.155 .436 .345 -.491 .509 

p .285 .180 .631 .355 .770 .259 . .750 .811 .048 .790 .650 .180 .298 .125 .110 

Mg
2+ 

(cmolc/kg) r .600 .427 -.455 .464 -.627
*
 .827

**
 .109 1.000 -.064 .431 -.364 -.118 -.236 -.355 .536 -.145 

p .051 .190 .160 .151 .039 .002 .750 . .853 .185 .272 .729 .484 .285 .089 .670 

Na
+
 (cmolc/kg) r -.264 .009 .200 .245 .627

*
 -.091 .082 -.064 1.000 -.040 -.609

*
 -.345 .300 .164 -.409 .073 

p .433 .979 .555 .467 .039 .790 .811 .853 . .906 .047 .298 .370 .631 .212 .832 

CaCO3 (g/kg) r .283 .243 -.040 -.175 -.418 .054 -.607
*
 .431 -.040 1.000 -.202 -.027 -.378 -.378 .418 -.607

*
 

p .399 .472 .906 .606 .201 .875 .048 .185 .906 . .551 .937 .252 .252 .201 .048 

Namm (mg/kg) r -.373 -.564 -.009 -.155 -.291 -.282 .091 -.364 -.609
*
 -.202 1.000 -.018 -.127 .036 -.164 .018 

p .259 .071 .979 .650 .385 .401 .790 .272 .047 .551 . .958 .709 .915 .631 .958 

Nnitrate (mg/kg) r -.036 .182 .573 -.036 -.027 .082 -.155 -.118 -.345 -.027 -.018 1.000 -.409 -.455 -.091 -.264 

p .915 .593 .066 .915 .937 .811 .650 .729 .298 .937 .958 . .212 .160 .790 .433 

Ntot (%) r -.064 -.109 -.227 -.373 .609
*
 -.336 .436 -.236 .300 -.378 -.127 -.409 1.000 .936

**
 -.145 .655

*
 

p .853 .750 .502 .259 .047 .312 .180 .484 .370 .252 .709 .212 . .000 .670 .029 

Corg (%) r -.100 -.209 -.391 -.573 .491 -.473 .345 -.355 .164 -.378 .036 -.455 .936
**
 1.000 -.136 .591 

p .770 .537 .235 .066 .125 .142 .298 .285 .631 .252 .915 .160 .000 . .689 .056 

Pav (mg/kg) r .955
**
 .764

**
 -.455 -.091 -.445 .255 -.491 .536 -.409 .418 -.164 -.091 -.145 -.136 1.000 -.173 

p .000 .006 .160 .790 .170 .450 .125 .089 .212 .201 .631 .790 .670 .689 . .612 

Ptot (mg/kg) r -.109 -.255 -.173 .055 .264 -.155 .509 -.145 .073 -.607
*
 .018 -.264 .655

*
 .591 -.173 1.000 

p .750 .450 .612 .873 .433 .650 .110 .670 .832 .048 .958 .433 .029 .056 .612 . 

                  
 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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Table 8.5 Correlation table for the location of control (Ctrl) sites. 

Ctrl 
pH 

(H2O) 

pH 

(KCl) 

Delta 

pH 

WDC 

(%) 

CEC 

(cmolc/kg) 

Ca2+ 

(cmolc/kg) 

K+ 

(cmolc/kg) 

Mg2+ 

(cmolc/kg) 

Na+ 

(cmolc/kg) 

CaCO3 

(g/kg) 

Namm 

(mg/kg) 

Nnitrate 

(mg/kg) 

Ntot 

(%) Corg (%) Pav (mg/kg) 

Ptot 

(mg/kg) 

Weakly sorbed 

Pi (mg/kg) 

Reductant 

Pi (mg/kg) 

Ca Pi 

(mg/kg) Po (mg/kg) 

pH (H2O) r 1.000 .600 -.405 .273 -.018 .209 .245 .382 -.718* . .191 .100 .345 .055 .409 -.100 -.073 .291 .073 -.218 

p . .051 .216 .417 .958 .537 .467 .247 .013 . .574 .770 .298 .873 .212 .770 .832 .385 .832 .519 

pH (KCl) r .600 1.000 .214 .382 .509 .591 .500 .582 -.364 . .055 .791** .245 .400 .100 .282 .036 .745** .536 .164 

p .051 . .527 .247 .110 .056 .117 .060 .272 . .873 .004 .467 .223 .770 .401 .915 .008 .089 .631 

Delta pH r -.405 .214 1.000 .000 .319 .046 .041 -.059 .314 . .109 .665* -.032 .487 -.282 .469 .132 .237 .487 .478 

p .216 .527 . 1.000 .339 .894 .905 .863 .346 . .749 .026 .926 .128 .400 .145 .699 .483 .128 .137 

WDC (%) r .273 .382 .000 1.000 .200 -.018 -.345 -.055 .291 . -.682* .309 -.082 .164 .073 .236 -.109 .264 .545 -.373 

p .417 .247 1.000 . .555 .958 .298 .873 .385 . .021 .355 .811 .631 .832 .484 .750 .433 .083 .259 

CEC (cmolc/kg) r -.018 .509 .319 .200 1.000 .645* .318 .555 -.036 . -.127 .618* .609* .809** -.236 .318 .064 .473 .373 .200 

p .958 .110 .339 .555 . .032 .340 .077 .915 . .709 .043 .047 .003 .484 .340 .853 .142 .259 .555 

Ca2+ (cmolc/kg) r .209 .591 .046 -.018 .645* 1.000 .309 .936** -.382 . -.136 .518 .482 .582 -.582 -.182 -.436 .318 -.073 .155 

p .537 .056 .894 .958 .032 . .355 .000 .247 . .689 .102 .133 .060 .060 .593 .180 .340 .832 .650 

K+ (cmolc/kg) r .245 .500 .041 -.345 .318 .309 1.000 .418 -.182 . .673* .355 .145 .055 .345 .373 .527 .736** .064 .091 

p .467 .117 .905 .298 .340 .355 . .201 .593 . .023 .285 .670 .873 .298 .259 .096 .010 .853 .790 

Mg2+ (cmolc/kg) r .382 .582 -.059 -.055 .555 .936** .418 1.000 -.464 . .055 .464 .600 .527 -.455 -.118 -.327 .373 -.173 .064 

p .247 .060 .863 .873 .077 .000 .201 . .151 . .873 .151 .051 .096 .160 .729 .326 .259 .612 .853 

Na+ (cmolc/kg) r -.718* -.364 .314 .291 -.036 -.382 -.182 -.464 1.000 . -.364 -.009 -.536 -.155 -.136 .409 .255 .082 .200 -.273 

p .013 .272 .346 .385 .915 .247 .593 .151 . . .272 .979 .089 .650 .689 .212 .450 .811 .555 .417 

CaCO3 (g/kg) r . . . . . . . . . . . . . . . . . . . . 

p . . . . . . . . . . . . . . . . . . . . 

Namm (mg/kg) r .191 .055 .109 -.682* -.127 -.136 .673* .055 -.364 . 1.000 .018 .209 -.091 .445 .318 .555 .291 -.136 .336 

p .574 .873 .749 .021 .709 .689 .023 .873 .272 . . .958 .537 .790 .170 .340 .077 .385 .689 .312 

Nnitrate (mg/kg) r .100 .791** .665* .309 .618* .518 .355 .464 -.009 . .018 1.000 .209 .573 -.155 .473 .073 .664* .582 .455 

p .770 .004 .026 .355 .043 .102 .285 .151 .979 . .958 . .537 .066 .650 .142 .832 .026 .060 .160 

Ntot (%) r .345 .245 -.032 -.082 .609* .482 .145 .600 -.536 . .209 .209 1.000 .618* -.136 .091 .027 .082 .027 .245 

p .298 .467 .926 .811 .047 .133 .670 .051 .089 . .537 .537 . .043 .689 .790 .937 .811 .937 .467 

Corg (%) r .055 .400 .487 .164 .809** .582 .055 .527 -.155 . -.091 .573 .618* 1.000 -.409 .182 -.264 .273 .164 .145 

p .873 .223 .128 .631 .003 .060 .873 .096 .650 . .790 .066 .043 . .212 .593 .433 .417 .631 .670 

Pav (mg/kg) r .409 .100 -.282 .073 -.236 -.582 .345 -.455 -.136 . .445 -.155 -.136 -.409 1.000 .327 .655* .282 .255 -.064 

p .212 .770 .400 .832 .484 .060 .298 .160 .689 . .170 .650 .689 .212 . .326 .029 .401 .450 .853 

Ptot (mg/kg) r -.100 .282 .469 .236 .318 -.182 .373 -.118 .409 . .318 .473 .091 .182 .327 1.000 .755** .718* .627* .191 

p .770 .401 .145 .484 .340 .593 .259 .729 .212 . .340 .142 .790 .593 .326 . .007 .013 .039 .574 

Weakly sorbed 
Pi (mg/kg) 

r -.073 .036 .132 -.109 .064 -.436 .527 -.327 .255 . .555 .073 .027 -.264 .655* .755** 1.000 .464 .473 .182 

p .832 .915 .699 .750 .853 .180 .096 .326 .450 . .077 .832 .937 .433 .029 .007 . .151 .142 .593 

Reductant Pi 
(mg/kg) 

r .291 .745** .237 .264 .473 .318 .736** .373 .082 . .291 .664* .082 .273 .282 .718* .464 1.000 .464 .009 

p .385 .008 .483 .433 .142 .340 .010 .259 .811 . .385 .026 .811 .417 .401 .013 .151 . .151 .979 

Ca Pi (mg/kg) r .073 .536 .487 .545 .373 -.073 .064 -.173 .200 . -.136 .582 .027 .164 .255 .627* .473 .464 1.000 .291 

p .832 .089 .128 .083 .259 .832 .853 .612 .555 . .689 .060 .937 .631 .450 .039 .142 .151 . .385 

Po (mg/kg) r -.218 .164 .478 -.373 .200 .155 .091 .064 -.273 . .336 .455 .245 .145 -.064 .191 .182 .009 .291 1.000 

p .519 .631 .137 .259 .555 .650 .790 .853 .417 . .312 .160 .467 .670 .853 .574 .593 .979 .385 . 
 

 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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Table 8.6 Data of different fractions of soil phosphorus of former termite mound and control sampling sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Location 
Weakly sorbed 

Pi (mg/kg) 
Reductant 
Pi (mg/kg) 

Ca bound 
Pi (mg/kg) 

Po 
(mg/kg) 

Ptot  
(mg/kg) 

Pav 
(mg/kg) 

FTM 1 74.51 106.08 19.81 125.26 725.42 1.96 

FTM 2 111.23 119.96 32.80 74.50 795.99 14.89 

FTM 3 143.50 104.97 26.05 126.05 803.87 18.96 

FTM 4 77.07 103.33 50.45 89.03 770.64 8.10 

FTM 5 124.80 50.96 50.10 63.66 849.75 14.66 

FTM 6 87.50 94.25 18.94 146.05 769.55 0.29 

FTM 7 67.49 78.13 36.69 80.79 723.83 7.03 

FTM 8 130.15 101.10 36.94 96.09 852.57 25.68 

FTM 9 129.90 113.81 91.95 105.35 850.67 20.65 

FTM 10 270.37 136.37 87.10 73.47 966.24 75.61 

FTM 11 392.35 87.44 36.67 179.53 1011.23 25.96 

Ctrl 1 112.06 78.74 15.86 48.10 785.88 1.62 

Ctrl 2 147.64 72.41 14.92 166.23 843.04 1.84 

Ctrl 3 364.31 118.78 33.18 134.62 1062.36 47.50 

Ctrl 4 114.66 92.35 22.49 139.09 812.22 4.00 

Ctrl 5 233.35 83.41 19.64 117.76 941.75 3.14 

Ctrl 6 158.81 85.17 41.11 208.46 962.54 1.42 

Ctrl 7 179.11 98.35 32.47 154.15 940.11 1.86 

Ctrl 8 70.65 81.39 23.04 79.01 870.36 3.02 

Ctrl 9 229.50 77.53 33.12 113.60 902.67 4.92 

Ctrl 10 172.26 57.34 24.24 176.27 792.69 7.07 

Ctrl 11 439.73 113.36 24.66 144.84 1118.16 51.27 
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Figure 8.1 (a) Hypothesis test summary of pH-H2O, (b) pair wise comparisons of pH-H2O, (c) 

hypothesis test summary of  WDC (%) and (d) pair wise comparisons of WDC (%) at four 

sampling points along 11 transects. 
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Figure 8.2  Hypothesis test summary of (a) delta pH , (b) CEC and (c) Ca
2+

 at four sampling points 

along 11 transects. 
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Figure 8.3  Hypothesis test summary of (a) K
+
, (b) Mg

2+
 and (c) Namm at four sampling points 

along 11 transects. 
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Figure 8.4 (a) Hypothesis test summary of CaCO3, (b) pair wise comparisons of CaCO3, (c) 

hypothesis test summary of Nnitrate and (d) pair wise comparisons of Nnitrate at four sampling points 

along 11 transects. 
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Figure 8.5 (a) Hypothesis test summary of Ntot, (b) pair wise comparisons of  Ntot, (c) hypothesis 

test summary of  Corg and (d) pair wise comparisons of  Corg at four sampling points along 11 

transects. 
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Figure 8.6 Hypothesis test summary of (a) Ptot, (b) Pav, (c) weakly sorbed Pi, (d) reductant Pi, (e) 

Ca bound Pi and (f) Po at two sampling points (former termite mound and control) along 11 

transects. 
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