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ABSTRACT

Potato (Solanum tuberosum L..) response to nitrogen forms and phosphorus

sources in different soil types
by
Simon Chege Kiongo
Supervisor: Dr D. Marais
Co - Supervisor: Prof. J.M. Steyn
Department: Plant and Soil Sciences

Degree: Master of Science (Agric) Agronomy

Potato (Solanum tuberosum L.) is one of the most important tuber crops globally and is
classified amongst the most crucial food crops in Africa. South Africa has a very vibrant potato
industry, producing about 2.5 million tonnes every year, with quantities bettered only by

Algeria and Egypt.

Potato production is very expensive (R150 000 ha't), with fertilizers contributing 20%. Potato
is highly reliant on steady nutrient supply and any deficiencies result in poor yield. Potato
fertilizer demand is higher than that of other crops such as cereals and it has a very unique
demand for phosphorus (P), which is vital from its early development to maturity. In addition,
potato has a very shallow root system, which compromises P uptake, making most potato
cultivars ineffective in nutrient uptake. Therefore, high P fertilizer rates are applied of which
<20% is utilized by plants within a few days after application and about a further 4% within

the next 10 days, mostly due to fixation.

The production of P fertilizer, such as super phosphate (SP) is energy-consuming, costly and
emits fluorine. There is also a risk of cadmium (Cd) accumulation in soils and plants due to the
heavy fertilisation, posing a risk to human health, animals and aquatic life. Runoff phosphorus

leads to eutrophication of water bodies. In addition, P fertilizer production is severely
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threatened by declining rock phosphate (RP) reserves, expected to hit a low by 2200. This will
result in a hike in P fertiliser prices as miners move to low concentration ores. The high demand
of P in potato, the environmental and human health risks, the high costs and declining reserves,

all call for prudent and sustainable management of P in potato production.

Nitrate and ammonium results in contrasting plant metabolism and growth. Most importantly
through rhizosphere modification where ammonium supply results in reduced soil pH while
nitrate results in increased soil pH. The pH reduction in ammonium supplied soils increases P
dissolution and availability while the opposite is noted in nitrate. Most of the studies in this
phosphorus-nitrogen interaction have been conducted on tree species, grasses and cereal crops
with little done on tuber crops. In addition, the application of RP directly to plants could help
cut the emissions, processing costs and environmental contamination associated with chemical
P fertiliser production. There is, therefore, an urgent need to develop P fertilizer management
systems to effectively manage this finite resource by improving its use efficiency for maximum

yield at optimum application rates.

To attain this objective, two experiments were conducted, namely a laboratory study to
investigate the interaction between nitrogen forms and phosphorus sources in soil columns
without a test crop, and a glasshouse pot trial to investigate the same interaction with potato as

test crop.

The column study treatments comprised of two soil types, N supplied as ammonium or nitrate
and three P sources (SP, RP and a Po) to give 12 treatments that were replicated four times to
give 48 columns. Mechanical dry packing method was used. The columns were leached with
one pore volume over four watering events (1, 21, 42 and 63 days) and terminated on day 90.
The leachate was collected in glass bottles at the column bases and analysed for pH,

phosphorus, calcium, potassium and magnesium contents.

A glasshouse pot trial was set up at the University of Pretoria Experimental Farm with potato
cultivar Mondial as the test crop over two seasons, with a high and low initial soil P in season
one and two, respectively. One minituber was planted per 10 litre pot. Watering was done using

a pressure compensated drip irrigation system. Data was collected at tuber initiation (TI) and
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at the end of the season (ES). Parameters assessed included plant height, dry masses, number

of tubers initiated, yield, leaf tissue and soil P status.

Significant phosphorus-nitrogen interactions occurred on most assessed parameters in both
trials. The exceptions were pH, potassium, phosphorus, calcium and magnesium levels, at some
stages of the column study. Significant phosphorus-nitrogen interactions were noted at all
watering events for both soil and leachate pH, phosphorus, potassium, calcium and magnesium
concentration. In the pot trial, significant phosphorus-nitrogen interactions were noted for most
of the plant measurements at both the Tl and ES assessment periods with a few exceptions.
Ammonium + SP produced the highest tuber initiation rate and final yield, as well as highest

tissue and plant available P levels in both seasons.

In the leachate and soils at the end of the column study, as well as at both stages assessed in
the pot trial, ammonium treatments tended to have higher P contents. In the pot trial,
ammonium treatments gave taller plants, but with lower dry mass compared to nitrate. Nitrate
treatments had higher soil and leachate pH compared to ammonium treatments in both trials.
Plants supplied with SP tended to have longer haulms and roots, higher haulm and root biomass

and higher yield compared to treatments with RP and Po.

The findings of these trials indicated that ammonium results in higher phosphorus dissolution
(with or without a crop) and uptake by plants due to increased soil acidity. The resulting effect

on potato crop is an increase in the number of tubers initiated and higher yields.

However, the positive effect of ammonium was mostly achieved in combination with
superphosphate. Rock phosphate, despite the increased yields, compared to treatments without

P, gave inferior plant performance and is therefore not a worthy substitute for superphosphate.

Keywords: phosphorus — nitrogen interaction, column study, pot trial, leachate
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CHAPTER 1

GENERAL INTRODUCTION

Potato (Solanum tuberosum L.) is the fifth most produced crop (388 190 674 tons) after sugar
cane, maize, wheat and rice (FAOSTAT 2017). Potato is also considered amongst the most
important food crops in almost all countries in Africa (Tshisola 2014). In South Africa, the
crop is produced roughly throughout the year in all provinces under various climatic conditions
(Department of Agriculture 2013). The contribution of potato to the South African horticultural
sector has experienced an upsurge; rising from R1.2 billion to R5.1 billion in the period
between 1996 to 2010 (DAFF 2010).

The sustainability of this increase, however, faces a struggle due to increased nutritional
demand with increased productivity. Potato is highly dependent on constant nutrient supply,
the disruption of which leads to the production of low quality and quantity of tubers (Stark et
al. 2004, Laboski and Kelling 2007). In addition, potato has an inefficient and shallow root
system, compromising its uptake of nutrients such as phosphorus (P) (Sattelmacher et al. 1990,
Munoz et al. 2005, Pack et al. 2006).

Phosphorus is a fundamental nutrient for plants and plays a major role in most plant metabolic
processes such as energy transfer, photosynthesis, signal transduction, respiration,
macromolecular biosynthesis (Khan et al. 2010) and leguminous nitrogen fixation (Kouas et
al. 2005).

Despite being abundant in most soils and its critical importance for optimal crop growth, P is
often unavailable for plant uptake as it is fixed into complex minerals (Rengel and Marschner
2005). Phosphorous is fixed by either aluminium and/or iron in acidic soils and calcium and/or
magnesium in alkaline soils (Havlin et al. 2005). Some of the P in soils results from continued
injudicious chemical phosphatic fertilizer applications by farmers. Roughly, 0.1% of all P in
the soil is accessible by plants for uptake (Zou et al. 1992). Approximately 1 018 million
hectares of tropical soils are classified to be of a high P fixation nature (Sharma et al. 2013). A
study by Khan et al. (2009) implied that the P already accumulated in farm soils could sustain

crop production globally for at least 100 years at maximum production— if only it was available.
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Under P deficiency conditions, farmers respond by applying phosphatic fertilizers (Alori et al.
2017) of which less than 20% is utilized by plants within a few days after application. The
levels go down further to about 4% within just 10 days. In dry soils, the percentage can be as

low as 0.6% because of reduced soil microbial activities (Koopmans et al. 2004).

Phosphatic fertilizer production is a high energy-consuming and costly process. Its production
furthermore emits fluorine, a greenhouse gas that is highly volatile and poisonous. The
continued cadmium accumulation in both soil and most probably in plants due to plant
competition for P and continued P fertilizer application also poses a health risk to humans,
animals and aquatic life (Alori et al. 2017). Runoff P leads to eutrophication of water bodies
(Alori et al. 2017). Phosphatic fertilizer use is severely threatened by declining rock phosphate
(RP) reserves, expected to hit a low by 2200 (Cordell et al. 2009). Prices of P fertilizers will,
therefore, increase as miners concentrate on low concentration ores, hence resulting in high
processing costs (Elser and Bennett 2011). Therefore, there is an urgent need to develop
fertilizer management systems to effectively manage this finite resource by improving its use

efficiency for maximum yield at optimum application rates.

Past studies indicate that nitrate and ammonium forms of nitrogen (N) result in contrasting
plant metabolism and eventual growth responses varying from one species to another and even
within cultivars of the same species (Gojon et al 1998, Matt et al. 2001). The different N forms
affect soil pH through acidification under ammonium supply and increased soil pH under
nitrate supply (Thomson et al. 1993). This effect on soil pH affects the availability of soil
nutrients, including P. Past studies, have suggested a positive interaction between N form and
P in the soil (Ruan et al. 2000) where ammonium enhances P dissolution and availability.
Ammonium has also been reported to enhance P availability when supplied together with RP
(Ruan et al. 2000). Most of these studies are confined to tree species, grasses and cereal crops
with little done on tuber crops and even lesser done in potato. Thus, literature is scanty on the
recommendations of N form and P source in potato production. This current study was aimed
at investigating the effect of the phosphorus- nitrogen interaction and how it affects P

availability.

To investigate this interaction, two trials were conducted. The first one was a soil column study

using no test crop, but packing two soil types in soil columns and leaching the soils. The
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following hypothesis was tested: ammonium will enhance P availability, regardless of soil type
and P source, due to increased acidity, while nitrate will reduce P availability regardless of soil

type and P source, due to reduced soil acidity.

The second study was a pot trial to investigate the P - N interaction using potato as a test crop.
the following hypothesis was tested: ammonium will enhance P availability, regardless of soil
type and P source, due to increased acidity as a result of nitrification and H* extrusion from the
roots, while nitrate will reduce P availability regardless of soil type and P source, due to reduced

soil acidity due to uptake of H* and the extrusion of OH".

The objective of the column study was to determine the effect of different P sources and N
forms on P availability in different soil types without a test crop. The objective of the pot trial
was, to determine the effect of different P sources and N forms on P availability in different

soil types on potato.
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CHAPTER 2

LITERATURE REVIEW

2.1 Forms of phosphorus available in the soil for plant uptake

Phosphorus (P) is found in the soil in two distinct forms, i.e., organic and inorganic. In most
soils, about 30 to 60% of P is found in the inorganic state. However, this can, range between 5
to 95%. The availability of P is determined by precipitation, solubilisation of inorganic
phosphates and the immobilization and mineralization of the organic P fraction (Sims and
Pierzynski 2005). Phosphorus is found in the soil in four distinct fractions; the first one is P in
its non-labile state, which is part of the soil mineral’s crystal structures such as aluminium, iron
and apatite compounds; this fraction is unavailable to plants. The second fraction is in the form
of labile precipitates of phosphates and P that is adsorbed on particles of clay; this form is
unavailable to plants, but only becomes bioavailable gradually over time. The third fraction is
in soil microorganisms and organic forms, which make up between 10 to 60% of topsoil P; it
is immobilized and temporarily unavailable to plants. The fourth fraction is the P in solution
(inorganic and organic forms) (FSSA 2007). Both HPO4% and H,PO4" found in solution are
the only fractions of P available for plant uptake and are the only forms with quantifiable
mobility in the soil (Mundus et al. 2013).

2.2 Phosphorus reserve availability and sustainability

Phosphatic fertilizer is produced directly from rock phosphate (RP). The RP reserves available
worldwide are roughly around 67 000 Tg (Jasinski 2013). Despite the relatively large reserves,
there is about 16 000 Tg which have the proper quality for economic processing (Butusov and
Jernelév 2013). About 200 Tg are mined annually, which means that the stock available to be
processed economically can only last about 80 years. The total 67 000 Tg can only last for
about 350 years further. This limited resource, coupled with the increasing world P demand as
the population grows and demands more food, means that we might even deplete it earlier. The
annual mining of RP is expected to rise to about 250 to 280 million tons by 2050, this could

further accelerate the depletion of the existing resources (Mew 2011). In 2013, China (world
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leader in RP mining) extracted about 40% of the total P, while the USA and Morocco followed
with 13% each (Jasinski 2013). China and the USA have very little resources and are projected
to be depleted in about 60 years as reported by Butusov and Jernelév (2013). According to
Jasinski (2013), Morocco has about 77 to 85% of the world’s reserves. Phosphorus is a scarce
resource as RP deposits are available in very few locations globally and RP is a finite naturally

occurring resource that must be utilized sustainably (Mundus et al. 2013).
2.3 Uptake and translocation of phosphorus in plants

Plants absorb P from soil solutions at extremely low P concentrations. Plant roots (xylem sap
and root cells) have about 100 to 1000-fold higher P concentrations relative to the soil solution,
which by implication means that plants take up P through active transport systems due to the
high concentration gradient and mediated by hydrogen ion co-transport. The optimum
physiological pH for P uptake by plants ranges between 5 to 6 (Pandey et al. 2013). It is
noteworthy that the plant cell plasma membrane is negatively charged and so is the inorganic
forms of P and for that reason, they cannot be taken up by the plant with that charge due to the
resulting effect of plasma membrane hypersensitization. That withstanding, P uptake leads to
plasma membrane depolarization. It is for this reason that the uptake of P entails the hydrogen
ion co-transport system, as well as the hydrogen ion-ATPase, pumps to pump hydrogen ions
into the apoplast to enhance P carriers (Ullrich-Eberius et al. 1984). Adenosine triphosphate
(ATP) is also reported to have an effect on the uptake of P due to the relationship between the
uptake of P and plant root respiration (Ullrich-Eberius et al. 1981). Inorganic P reaches the
rhizodermal cells and the root hairs through diffusion as the major movement mechanism
(Ullrich and Novacky 1990). Inorganic P is uploaded to the xylem vessels through a
combination of water potential and hydrostatic pressure. Phosphorus enters specific cells
through different routes, the first route is into the cytoplasm as well as the organelles in the
cytosol, which is the main P pool. The inorganic P in this pool is specifically for making organic
compounds e.g. ATP. The second route is into the biosynthetic pathways where it is used in
making nucleic acids as well as phospholipids. The third route is the storage in the cell vacuole
with the chief role being the regulation of inorganic P homeostasis (Mimura 1999). The final
route is in the event where P goes into the parenchyma cells of the xylem and is then conducted
into the xylem vessels (apoplast) ready for the long-distance translocation to other plant organs.
The movement of P differs under varying conditions; i.e., in the instance where the soil solution

5
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has high P concentration, inorganic P is taken up into the xylem and subsequently translocated
to the young plant leaves and later transported to the roots through the phloem (Mengel and
Kirkby 1979). However, under P deficiency conditions, the stored inorganic P is mobilized
from the older plant leaves to the growing roots as well as the young leaves. Phosphorus can
also be remobilized through the degradation of the stored organic compounds in the cytoplasm
(Bouma 1967).

The ability of plants to actively take up P varies from one species to another and can differ
amongst cultivars of a similar plant species as Barber and Thomas (1972) discovered for
different maize cultivars, which exhibited different rates of P uptake. They argued that it is a
genetically fixed trait. The ability of plants to take up P is advantageous in conditions of limited
P supply (Brown et al. 1977).

Upon uptake by plants, P is rapidly converted from its inorganic forms into various organic
forms. Approximately 30% of P after uptake is assimilated into nucleotides after just 10
seconds while about 70% of the total is assimilated after just 50 seconds (Hall 1976).

2.4 Role of phosphorus in the growth and development of plants

Phosphorus is a plant macro element that is needed in abundance by plants for normal growth
(Mengel et al. 2001). Phosphorus is the second most used plant nutrient after N, yet it is the
least available resource globally out of all the other plant macro-elements (Hilton et al. 2010).

Phosphorus is an active element in plant cell division, flowering, fruit ripening, root growth,
respiration, photosynthesis, maintaining plant genetic identity as well as reproduction (Vance
et al. 2003, FSSA 2007). Phosphorus is also a key component of organic compounds, for
example in adenosine triphosphate (ATP), phytine, phospholipids and adenosine diphosphate
(ADP) (Mundus et al. 2013, Wall et al. 2013). Past studies indicate that P application
significantly increased yield (Buresh et al. 1997, Amanullah et al. 2010) through increased root
growth and thus increased water and nutrient uptake. Phosphorus deficient soils lead to less
adventitious root formation and a lower leaf area index (LAI) resulting in reduced
photosynthetic active radiation (PAR) interception (Amanullah et al. 2010). Plants grown
under limited P supply exhibit stunted growth, with the stems and underside of the leaves at

times developing a deep purple colour.
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2.5 Factors influencing phosphorus availability to plants

There are various factors influencing P content and its availability to plants in the soil. These
include pH, temperature, profile, texture, depth, absence or presence of various other nutrients,
plant species, climate, soil water, organisms and microorganisms present in that particular soil
as well as the cultivation practices (Schoenau 1989). It is understood that under conditions of
moist soil, increased temperatures consequently increase microorganism and enzyme activity
as well as their effectiveness. This increases mineralization and consequently the inorganic P
concentrations (Javid and Rowell 2003). Soils with pH < 5.5 are most likely to experience P
deficiencies, as the soluble aluminium and iron at this pH are higher and end up forming
insoluble complexes with available phosphate. Conditions where high pH prevails also lead to
deficiencies in P (Carrow et al. 2001). This indicates that anything that affects soil pH when
applied to the soil will definitely influence P levels (McDowell et al. 2002). Past studies
indicate that application of various chemicals to the soil can influence rhizosphere pH while
the pH of the rest of the soil is left unchanged, which may affect P availability (Armstrong and
Helyar 1992). Soils below or at field capacity may have superior levels of inorganic and organic
P as a result of microbial activity. Microbial activity deteriorates with decreasing soil moisture.

The availability of P also declines in soils that are flooded and poorly drained (Horner 2008).

Soils high in organic matter and clay content have shown an increased ability of P adsorption.
Contrastingly, sandy soils are known to contain little organic matter, which in turn reduces
their ability to adsorb inorganic P (Beard 1973, Horner 2008). Organic amendments enhance
P solubility in sandy/ low clay content soils (Ohno et al. 2006). Biological activity (in the short
term) is the main factor affecting P distribution in soils as the largest portion of P available to
plants is obtained from organic matter (Cross and Schlesinger1995). Even though organic
matter breakdown by soil microorganisms leads to higher available P, this leads to concomitant
increases in both iron and aluminium ions that in turn fix the inorganic P, therefore, again
rendering it inaccessible to plants (Ohno et al. 2006). Previous studies indicate that earthworms
have a huge impact on mineralization and affect the availability of P and its eventual
distribution in the soil (Le Bayon and Binet. 2006).

Weather events, for example, freezing and thawing as well as drying and rewetting results in a
flushing of soil P. Freezing makes cells lyse and, in the process, cell constituents, P included,
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flows into the soil solution and when plant cells intake a lot of water too quickly after a

prolonged dry span, they might burst and in the process release P (Turner et al. 2005).

Soil P content reduces with increase in soil depth, as it is immobile in the soil (Beard 1973).
Organic P is highly soluble as compared to inorganic and travels much in the soil (Havlin et al.
2005). Various nutrients affect P cycling differently. Magnesium and calcium adsorb P in
alkaline soils while aluminium and iron adsorb P in acidic soil conditions. Phosphorus is
deemed more available when it is fixed to magnesium and or calcium as compared to when it
is fixed to aluminium or iron as the reversal of the process is easier (Foth 1990). Nitrogen
concentration affects P availability in the soils by encouraging the growth of plants leading to
increased root mass and surface area, which enables plant roots to efficiently explore the soils
for P. Nitrogen is also a main component of phosphatases (enzymes taking part in P
mineralization) indicating that N must be present for the production of phosphatase enzymes

to occur and the N available determines the subsequent enzyme production (Wang et al. 2007).
2.6 Soil phosphorus solubilizing microorganisms

A huge number of soil microorganisms comprising fungi, bacteria, algae and actinomycetes
have proven ability to solubilize and mineralize P. Bacteria that are known to mobilize fixed P
include, Bacillus circulans, Pseudomonas spp. as well as Agrobacterium spp. (Babalola and
Glick 2012), Azotobacter spp. (Kumar et al. 2014), Erwinia spp. and Enterobacter spp.
(Chakraborty et al. 2009), and Paenibacillus spp. (Bidondo et al. 2011).

Fungi known to solubilize P include various strains of Alternaria, Aspergillus, Cladosporium,
Fusarium, Mortierella, Paecilomyces, Penicillium, Rhizoctonia, Pythium, Sclerotium and
Trichoderma (Sharma et al. 2013). Fungi population in the soil are understood to traverse great
distances as compared to bacteria and they also produce greater amounts of acids including
gluconic, citric, 2-ketogluconic, lactic, oxalic, acetic and tartaric acids (Sharma et al. 2013).
Approximately 20% of actinomycetes have the ability to solubilize P. Some cyanobacteria
algae are also known to solubilize P (Sharma et al. 2013).
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2.7 Plant responses to phosphorus deficiency in the soil

Phosphorus is an immobile nutrient that does not readily translocate from the point of
application in the soil. After inorganic P is applied in the form of fertilizer, it literally moves
only 3 to 5 cm (Havlin et al. 2005). The P is rapidly adsorbed onto minerals and soil particles,
rendering it unavailable to plants despite being within the rhizosphere (Javid and Rowell 2002).
As plants deplete inorganic P along the root zone, inorganic P in the surrounding area enters
the rhizosphere through simple diffusion. In situations where there is not enough available P in
the area surrounding the rhizosphere, soil-living organisms and phosphatase enzymes free the
fixed P in the larger soil volume (Stewart and Tiessen 1987). In P-deficient soils, plants develop
unique P acquiring ways to thrive under the limited supply. Firstly, by the proliferation of the
roots to cover a wider soil surface through basal root development, improved root hair
development, while some species develop proteoid roots (Haling et al. 2013, Jin et al. 2015).
Secondly, plants initiate associations with mycorrhiza, particularly developing symbiotic
relationships with abascular mycorrhizae fungi where the hypha of the fungi increases the P
absorption surface area of the plant root (Facelli et al. 2010, Brown et al. 2013). Plants can
modify the environment around them (rhizosphere) in order to improve mobilization of P. This
is attained through rhizosphere acidification by efflux of protons, carboxylate exudation that
dissolves amorphous P through ligand exchange and chelation, and through phosphatase
enzyme production into the rhizosphere to release fixed P from the soil (Pang et al. 2010).
Finally, plants can also alter their genetic network in response to P starvation as well as altering
the amount and concentration of phytohormones including auxins, cytokinin, ethylene and
gibberellic acid, which play major roles in both systemic, as well as the local response of plants
to P deficiency (Pandey et al. 2013).

2.8 Constraints associated with the use of chemical phosphate fertilizers

Large amounts of phosphatic fertilizers have consistently been applied from the onset of the
green revolution in order to realize sustainable agricultural production (Tilman et al. 2001).
This fertilization has, however, come with great disadvantages, including greenhouse gas
emissions (Haverkort et al. 2014). The greenhouse gas emissions due to synthetic fertilizer
application in South Africa stood at 3.0 million tonnes CO; - equivalent in 2012 (Tongwane et

al. 2016). Synthetic fertilizer use has also led to the contamination of surface water, thereby
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affecting ecosystem functioning (Tilman et al. 2001, Ruark et al. 2014). The use of synthetic P
fertilizer is also heavily threatened by the declining RP reserves, which are expected to decline
markedly by the 21% century (Cordell et al. 2009). Secondly, prices for P fertilizers will tend
to increase as the mineral ores continue to be depleted and miners concentrate on low
concentration ores, which will be more expensive to process due to low P concentrations,
coupled with increased demand (Elser and Bennett 2011). Thirdly, the rising concern due to
environmental pollution by P fertilizers will most definitely lead to more regulations to limit
this pollution, challenging its use (Thornton et al. 2014). Being a substantial contributor to
greenhouse gas emissions through ways such as fertilizer application, agricultural practices
will be duly regulated in relation to climate change, both globally and locally in South Africa
such as the carbon tax, with the agricultural sector only exempted up to 2020 (Tongwane et
al.2016).

Despite these challenges associated with P nutrition in plants, past research findings have
indicated that N fertilization has a direct effect on soil P availability as well as the effectiveness
of P fertilizers after application. This can be achieved through the application of nitrogen which
will increase the plants' roots foraging ability for P. Ammonium as a form of N has been
reported to enhance P availability and absorption by plants when compared to nitrate (Thomson
et al. 1993). Ammonium has been reported to increase P solubility in the soil due to increased
acidity while nitrate raises soil pH (Gahoonia 1992). Despite some of these findings being
several decades old (Grunes 1959), there exists no clear crop guidelines on the optimal N — P

combination for specific crop.
2.9 Nitrogen (N) forms and mechanism of nitrogen uptake by plants

A study by Brady and Weil (2008) indicated that plants contain about 1 to 5% nitrogen (N) by
mass. Nitrogen is absorbed by plants in the form of nitrate (NO3") and ammonium (NH4")
through the process of diffusion and mass flow. In moist and aerated soils, NO3™ is present in
high concentrations and its uptake is favoured by low pH. An increase in organic anions has
been noted with increased NO3™ uptake in plants. Generally, NH4" uptake is preferred against
nitrate as it saves energy during protein synthesis. Plants supplied with NH4* are inclined to
increase their protein and carbohydrate synthesis as compared to NOs™ (Havlin et al. 2005). The
uptake of NH4" is favoured under neutral soil pHs and decreases as the pH decreases.
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Ammonium application lowers the soil pH, reducing calcium (Caz*), magnesium and
potassium uptake while enhancing P uptake in the form of H2PO4™ as well as chloride uptake.
Uptake of ammonium also increases the tillering ability of plants but results in retarded growth
(Havlin et al. 2005). The preference of plants for ammonium or nitrate is dependent on the crop
type, age and the environment (Brady and Weil 2008).

2.10 Effect of different nitrogen forms on phosphorus acquisition by plants

Different forms of N affect cation balance and uptake of anions by plants and consequently
alter the pH of the rhizosphere. This change in rhizosphere pH, because of differential anion
and cations uptake is more dominant as compared to changes in pH because of plant root
exudates e.g. anions of organic acid and protons (Jaillard et al. 2003, Marschner 2012).
Ammonium results in preferential cation uptake thus net excretion of protons by the roots
resulting in acidification of the rhizosphere. Supply of NO3" leads to the secretion of hydroxyl,
raising the pH of the rhizosphere (Gahoonia and Nielsen 1992, Tang et al. 2011). In leguminous
plants, nitrogen fixation acidifies the rhizosphere because of excess cation uptake as compared
to anion uptake (Tang et al. 1997, Jaillard et al. 2003). Nitrogen is among the greatest factors
influencing plant P supply. Ammonium supply stimulates the uptake of P through acidification
of rhizosphere (Miller 1974, Marschner 2012). Low rhizosphere pH may lead to an increased
H2PO4 /HPO4* ratio. This will also result in increased calcium phosphates’ solubility. The
interaction between P and different N forms and the influence of the rhizosphere pH are not
well understood. This is because P deficiency may increase, decrease or not be affected when
plants are supplied with different N forms (Dinkelaker et al. 1989, Tang et al. 2009) and this
indicates that plant response to P deficiency and various N forms greatly vary from one plant

species to another and even among cultivars.
2.11 Geographical distribution, value and use of potato crop

Potato crop (Solanum tuberosum L.) is the world’s fourth most produced and utilized crop
ranked after maize, rice and wheat (CIP 2010). Potato was first cultivated in the Andean
highlands in South America for its starch-rich tubers well over 7000 years ago. The crop was
then produced in Europe in the 1600s (Hawkes 1999). Later, potato production spread all over

the world and at present, it is produced nearly in every country (CIP 2006).
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Potato is produced due to its rich and quality nutrition, notably its food energy, potassium,
protein, vitamin C and dietary fibre (Horton and Sawyer 1985). Potato produces higher food
calories on a per hectare basis while at the same time uses substantially less water as compared
to both wheat and rice (Horton and Sawyer 1985, CIP 2013). Potato has a relatively brief
production cycle and yields food faster than cereals and legumes. Potato is a useful hunger-
breaker crop for most of the smallholder farmers as is the case for East Africa (Daniels-Lake
2013). Potato tubers have to be cooked before they are eaten and this can be through boiling,
baking or alternatively they can be fried. Potato is a versatile food and can be served as the
main dish, as accompaniment, or as an ingredient in mixed dishes (Salunkhe et al. 1991).

Potato tubers can also be processed or be semi-processed into products such as frozen chips,
flakes and mashed potatoes. The tubers can also be used in making of snacks such as potato
crisps. Potato tubers are rich in starch, which has various industrial uses such as ethanol

manufacturing (Daniels-Lake 2013).
2.12 Potato production in South Africa

Potatoes are cultivated in a wide range of environments in Africa, ranging from commercial
irrigated farms in countries such as South Africa and Egypt to intensive cultivation in central
and eastern Africa in smallholder farms. The top five potato producing countries in Africa are
as indicated in Table 2.1.

Table 2. 1. Top five potato producing countries in Africa in 2017 (FAOSTAT 2017)

Country Production (tons)
Algeria 4 606403
Egypt 4 325 478
South Africa 2 450 541
Morocco 1924 871
Tanzania 1749 213

About 50 000 ha are under potato production in South Africa per year and about 2.45 million
tons were produced in 2017 (Table 2.1). Over 92% of South Africa’s total potato production is
produced under irrigation (Franke et al. 2018). Potatoes are among the most essential
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vegetables in South Africa. Potato tubers have a relatively lengthy keeping quality as compared
to other cultivated vegetables in the country, with good post-harvest care. The potato industry
is continually increasing its contribution to the horticultural sector in South Africa with an
increase from R1.2 billion in 1996 to R5.1 billion in 2010 (DAFF 2010). South Africa’s potato
producing zones are indicated in Figure 2.1.

EVIS BmEsaz
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Figure 2. 1. Potato production zones in South Africa (circle size is relative to production area)
(PSA 2012)

Three provinces; Free State, Western Cape and Limpopo produce well over 50% of the total
amount of potatoes produced in South Africa (PSA 2016). Production in SA is split into two,
table and seed potatoes. Most farmers produce table potatoes, which includes processing
potatoes, while about 100 registered growers handle seed (certified) potato production with the
Potato Certification Service (PCS) supervising the production. The processing and table
potatoes constitute 88% of the entire potato crop, with the remaining 12% made up of seed
potatoes (PSA, 2012).

13
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2.13 The role of phosphorus in potato

Potato has a high P demand and is classified as a P inefficient crop (Pursglove and Sanders
1981). Phosphorus is actively involved in the metabolism of potato plants by taking part in
photosynthesis, energy transfer and respiration (Ozanne 1980, Grant et al. 2001). Phosphorus
forms part of the structure of nucleic acids, phospholipids and coenzymes as well as
phosphoproteins. Phosphorus also plays a role in nutrient storage in the form of phytic acid in
seeds (Bundy et al. 2005). A stable P supply is paramount from the very early growth stages,
all the way to maturity (McCollum 1978, Grant et al. 2001). Phosphorus is actively involved
in potato growth through the increased growth of literally the whole plant for a number of
weeks as soon as it emerges (Dyson and Watson 1971). The addition of P greatly affects leaf
area index within eight weeks after shoot emergence, resulting in an increase in the leaf area
duration by about 17% (Dyson and Watson 1971). Dubetz and Bole (1975) reported that P
deficiency leads to reduced root growth due to its role in the division of cells (Westermann and
Kleinkopf 1985). Phosphorus affects tuber starch synthesis (Stark and Love 2003). In some
soils, the number of tubers is increased with the addition of P (Jenkins and Ali 2000, Rosen
and Bierman 2008). Past research has also indicated that P addition leads to an increase in the
number of large tubers (Benepal 1967, Freeman et al. 1998). Mohr and Tomasiewicz (2011)
noted an increase in yield but no effect of P on tuber numbers. Phosphorus also fastens potato
maturity (McCollum 1978, Stark and Love 2003).

2.14 Unrivalled phosphorus demand by potato

Potato has a unique requirement for phosphorus management due to the limitation of P
availability in the soil as a result of iron and aluminium fixation in acid soils and the plant-
driven demand for P (Fixen and Bruulsema 2014). Potato production is costly with the costs
averaging $4 397 to $6 644 per hectare (Patterson 2012) with 20% of these costs being
fertilizer. In South Africa, potato production costs average R150 000 per hectare. Potato
fertilizer demand is higher than that of other crops (Stark et al. 2004, Munoz et al. 2005). In
fact, potato crop is highly dependent on a steady supply of nutrients and its disruption leads to
poor quality tubers (Stark et al. 2004, Westermann 2005, Laboski and Kelling 2007). Adequate
P is crucial during early development of the potato crop (Jenkins and Ali 2000), tuber set and

thus the number of tubers (Jenkins and Ali 2000, Rosen and Bierman 2008) and tuber maturity

14



e

" UNIYERSITEIT YAN PRETORIA

QP TUNIBESITHI YA PRETORIA
(Stark and Love 2003). Low P supply greatly reduces the size, quality and the yield of tubers
(Westermann and Kleinkopf 1985, Stark and Ojala 1989, Hopkins et al. 2010). Phosphorus
uptake is challenging in shallow-rooted plants with an inadequate root system, such as potato
(Sattelmacher et al. 1990, Love et al. 2003, Pack et al. 2006). Tanner et al. (1982) indicated
that most roots of potato plants are found on the top 60 cm, and 90% of their length found in
the upper 25 cm, compared to most crops whose roots are much deeper. Potatoes have high
nutritional demand, especially for P (Stark et al. 2004, Westermann 2005). Most potato
cultivars have ineffective water as well as nutrient uptake structures (Sattelmacher et al. 1990,
Love et al. 2003). This means that P fertilizer in potato has to be applied at higher rates (Stark
et al. 2004). A study carried out in Idaho, USA, showed that daily P demands are 0.8 to 0.9 kg
per hectare per day at tuber bulking (Westermann 2005). To supply in the high potato P
requirements, fertilizer recommendations are normally high (Stark et al. 2004), in some
instances exceeding 400 kg hat. For example, in the USA, the maximum P recommendation
for maize stands at 134 kg ha* (Brown et al. 2010), while the potato demand lies between 252
to 493 kg ha™* depending on soil P status (Stark et al. 2004).

2.15 Phosphorus deficiency in plants and its impact on plant growth

The optimal P required for optimal plant growth ranges between 3 to 5 mg/g dry mass in the
vegetative phase. Some plant species growing in low P soils may require an even lower P
concentration and still attain optimal growth (Lambers et al. 2010). Phosphorus toxicity in
plants is infrequent as plants normally down-regulate their Pi transporters in the event of too
high P concentration in the soils than is required by the plant (Dong et al. 1999, Lambers et al.
2010).

Plant responses to P deficiency are regulated through sugar signalling (Karthikeyan et al. 2007)
and also involves specific microRNA molecules (Doerner, 2008). Under limiting P conditions,
plants suffer reduced expansion of the leaves (Fredeen et al. 1989) and reduced leaf number
(Lynch et al. 1991). Assuero et al. (2004) reported reduced cell production and division in
maize due to a reduction in the length of the cell division region under limited P supply.
Epidermal cell expansion could also be affected by low P due to reduced root hydraulic
conductivity. This is solely as a result of reduced expression of aquaporins- encoding genes
(Clarkson et al. 2000). Protein concentrations are hardly influenced by low P supply (Rao and
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Terry, 1989, Hawkesford et al. 2012). On the contrary, chlorophyll concentration is increased
under low P supply (Rao and Terry, 1989). The dark green colouration of the leaves due to P
deficiency is due to increased chlorophyll formation and reduced leaf expansion (Hecht-
Buchholz, 1967).

In relation to haulm growth, roots tend to be marginally inhibited under low P supply, thus
lower haulm to root ratio. This can be attributed to increased carbohydrate allocation to the
roots (Hawkesford et al. 2012). The elongation rate of the roots, as well as the individual root
cell enlargement, increases under P deficient conditions (Anuradha and Narayanan, 1991). This
continued root growth even under low P can be attributed to reduced P transport to the haulm

tissues and the translocation of P to the roots from the haulms (Smith et al. 1990).

Despite the various plant responses to P starvation (Lambers et al. 2006), shoot growth and
reproductive organ formation by plants is inhibited. Flower initiation is delayed as well as a
reduction in the number of flowers formed (Rossiter, 1978, Bould and Parfitt, 1973). This
further inhibits the formation of seeds (Barry and Miller, 1989). Another evidence of P

deficiency in the early senescence of plant leaves.

The leaf underside and the stems turn purple as a characteristic P deficiency indicator (Fig 2.2).
Yield, however, may be lost due to P deficiency without necessarily identifying these

symptoms on the plant (Bennett 1993).
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Figure 2. 2. Phosphorus deficiency on potato leaves (Steyn and Du Plessis 2012).

2.16 Rock Phosphate (RP) and its reactivity

Rock phosphate refers to any geological material occurring naturally and has a single or
multiple mineral phosphate (Notholt and Sheldon 1986). This forms the raw material for P
fertilizer production (Brady 1980, Das 2005). Rock phosphate occurs in four distinct apatite
forms: carbonate, hydroxy, fluoro and sulpho (Kumari and Phogat 2008). Apatites of
metamorphic and igneous origin are less reactive due to their complex crystalline form as
compared to sedimentary rock whose structure is soft microcrystalline, making them fit for
application to plants without processing (Narayanasamy and Biswas 1998). About 75% of the
total P reserves are sedimentary marine deposits while weathered and igneous deposits account
for 15 to 20%. Biogenic reserves (bat and bird) guano forms 1 to 2% (Van Straaten 2002).
Different forms of RP differ in texture, chemical composition and mineralogy. About 200

phosphate minerals are known, with the main one being apatite (Van Kauwenbergh 2010).

Rock phosphate has prolonged residual effects, resulting in great P recapitalization in the soil.
The solubility or chemical reactivity of RP refers to its ability to release P into the soil for

uptake by plants (Ghosal and Chakraborty 2012). Moreover, the reactivity of RP is a
17
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combination of its properties determining the rate at which the RP dissolution occurs in a
certain soil type under specific field conditions (Rajan et al. 1996). Minerological and chemical
characteristics of RP are the major determinants of its reactivity and the eventual effectiveness
(Ghosal and Chakraborty 2012). Studies conducted by Hammond et al. (1986) indicated that
RP effectiveness as a P source when evaluated under similar field conditions varied with the

changing agro-edaphic and climatic conditions.

2.17. Rock phosphate and factors affecting its dissolution

Soil physicochemical properties

Rock phosphate availability for plant use depends primarily on its properties, the plant species
and characteristics of the specific soil as well as the general soil fertilization management
(Kumari and Phogat 2008). Similarly, RP efficiency is highly dependent on its reaction and
retention when applied, chemical composition and the soil type (Chien et al. 2010). Past studies
indicate that the declining pH of the soil enhances the effectiveness of RP (Prochnow et al.
2006, Rivaie et al. 2008, Chien et al. 2010). In addition, RP dissolution decreases linearly or
exponentially as soil pH increases (Rajan et al. 1991, Ghosal and Chakraborty 2012). The
dissolution of RP in acidic soils is expressed as as Ca,o(P04)¢ F2 + 12H,0 - 10Ca®t +
6H,P0, + 2F ~ + 120H " (Rajan et al. 1996). The ability of soil to hold P (Chien et al. 1980,
Babare et al. 1997) and moisture content in the soil (Kanabo and Gilkes, 1988, Bolland 1994)
also affect RP dissolution. Rock phosphate dissolution is enhanced when the soil is adequately
wet (Kanabo and Gilkes, 1988). Organic acids, including tartaric, oxalic gluconic and citric
acid have been reported to have a positive influence on the dissolution of RP (Rashid et al.
2004, Kumari and Phogat 2008, Khan and Sharif 2012).

Plant species

Plants affect RP dissolution rate through alkaline or acidic secretions as well as citric, 2-
ketogluconic and malic acid production (Kumari and Phogat 2008). Different plant species
vary in demand, uptake and P absorption from the soil (Helyar 1998, Baligar et al. 2001).
Different plant species manifest different abilities to obtain the scarce P that could be available
(Hocking et al. 1997, Hasinger 1998, Hocking 2001). Previous studies showed that RPs can be
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applied on alkaline media/soil when rapeseed (Brassica napus) - an organic-acid producing
plant is grown (Ae et al. 1990, Hoffland, 1992, Adams and Pate 1992, Montenegro and Zapata
2002, Chien 2003).

Partial acidulating of RP

Rock phosphate can be acidulated with either phosphoric or sulphuric acid with a lower
stoichiometric quantity as that of making single superphosphate or triple superphosphate
(Rajan and Watkinson 1992). The effectiveness of low reactivity RP can be enhanced through
acidulation using either 40 to 50% sulphuric acid or 20% phosphoric acid (Chien and Menon
1995).

Mechanical activation

Gock and Jacob (1984) conducted a test on a rotary vibrating chamber mill for mechanical
activation of sedimentary Egyptian RP. This process reduced the size of RP grains considerably
and opened the defect sites of P minerals. This influenced the solubility characteristics of RP
relative to the time of milling. A test using infrared light and diffraction using X-ray together
with solubility tests using citrate against time proved mineralogy adjustments that improved
RP solubility (Gock and Jacob 1984). Rock phosphate obtained from Burkina Faso (Kodjari
RP) was mechanically activated and evaluated in several greenhouse trials which showed a

significant increase in yield (Kantor and Schwertmann, 1990).
Chemical dissolution of RP

The wet blending of low concentration/grade RP with half the amount of oxalic acid is as
efficient as commercially available phosphatic fertilizers (Singh and Ruhal 1993) because
oxalic acid solubilizes P and the same time chelates calcium in the form of calcium oxalate.
Ammal et al. (2001) combined low P concentration ores with elemental sulphur in a 5:1 ratio
and found increased dissolution and a substantial upsurge in P availability because of sulphur
microbial oxidation, which leads to H* production, hence increased dissolution of RP. Rock
phosphate dissolution can be influenced by pyrite addition (Rastogi et al. 1976). Adding iron
pyrite to RP decreases P>Os concentration in the RP due to dilution and solubilization. Adding

pyrite to RP improves its solubility and increases soil Sulphur content (Mishra et al. 2002).
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lon exchange activity of the soil

As Ca?* is freed during RP dissolution it is sequestered by zeolites, which hastens further RP
dissolution (Lai and Eberl 1986, Chesworth et al. 1987). For ion exchange to occur, the zeolites
must be charged by NH4*, which then reacts with the RP. The already charged zeolite acts as a
Ca?" sink in the exchange process, releasing ammonium while taking up calcium ions. This

process lowers Ca®* concentration thus increase RP dissolution (Lai and Eberl 1986).
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CHAPTER 3

THE EFFECT OF DIFFERENT NITROGEN FORMS AND
PHOSPHORUS SOURCES ON PHOSPHORUS AVAILABILITY IN
DIFFERENT SOIL TYPES

3.1 Introduction

The long-standing view of Liebig’s Law of the minimum that crop production is only limited
by one element at a time has been discredited by a wide range of findings on nutrient co-
limitations, where crop growth can be derailed by more than one limiting element at a time
(Harpole etal. 2011, Fay etal. 2015). Nutrient co-limitation can be simultaneous or
independent (Harpole et al. 2011). Independent co-limitation is depicted by positive influence
on crop growth by two or more nutrients individually, while a simultaneous co-limitation is
where positive growth response is evident only when two elements are applied together.
Hedwall et al. (2017) reported simultaneous N and P limitation in forest vegetation in Sweden.
A meta-analysis by Elser et al. (2007) noted a synergistic relationship as the simultaneous
application of N and P resulted in higher crop responses than the application of either of the

elements alone across various ecosystems.

Potato has been classified as an ‘inefficient utiliser’ of P fertiliser (Hopkins 2015), resulting in
over-application by farmers to ensure crop response. This has been attributed to a shallow and
ineffective potato plant root system (Peralta and Stockle 2002, Love et al. 2003, Munoz et al.
2005, Pack et al. 2006). Potato has a shallow, less dense and branched root system and a lesser

root hair density (Iwama 2008) compared to other crops such as maize.

Plants combat P deficiency via mechanisms such as specialized carrier proteins activation
(Schachtman et al. 1998), increased root hairs and cluster root formation (Lamont 2003, Shane
et al. 2003), enzyme and acid exudation (Kamh et al. 1999, Dakora and Phillips 2002) and
improved mycorrhizal infections (Jayachandran et al. 1992). There has been a wide array of
findings indicating varying effects (direct/indirect) of the different N forms (primarily due to
their ability to influence soil pH) on P availability as well as different P sources. This study
ascertained this interaction using different P sources and N forms in varying soil types with
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limited P supply to possibly improve the understanding of P dynamics in the soil. The trial was

done in a soil column set up to investigate the chemistry of these elements without a test crop

with two soil types with a high and a low P content.

The primary hypotheses of this study were that ammonium will lead to increased P dissolution
in different soil types due to its ability to acidify the soil. Secondly, nitrate will result in P
adsorption in the two different soil types due to a rise in pH in the soil columns. Finally, it was
that superphosphate as a P source will result in increased phosphorus dissolution and

availability compared to rock phosphate and the treatments without P application.

Therefore, the objectives of this study were to examine the effect of ammonium and nitrate on
the dissolution and adsorption respectively, of P in two soil types in soil columns. In addition,
it was to examine the effect of rock phosphate and superphosphate on the dissolution and

adsorption respectively, of P in two soil types in soil columns
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3.2 Materials and methods

3.2.1 Study site

The study was set up in the Soil Physics Laboratory, Hatfield Campus of the University of
Pretoria, South Africa, starting November 2018 and terminated in February 20109.

3.2.2 Experimental setup and treatments

The experiment was set up on wooden laboratory benches with each bench holding exactly 44
columns. The treatments included different sources of P namely superphosphate (SP), rock
phosphate (RP) and zero phosphorus (Po) and different N forms (ammonium and nitrate) and

two soil types (clay and sandy soil, table 3.1).

Table 3. 1. Treatment combinations for the soil column experiment

Treatment Soil type N source P source/ level
1 Clay NO3z~ Superphosphate
2 Clay NO3z~ Rock phosphate
3 Clay NO3z~ Zero phosphate
4 Clay NH4* Super phosphate
5 Clay NH4* Rock phosphate
6 Clay NH4* Zero phosphate
7 Sandy NOs™ Superphosphate
8 Sandy NO3~ Rock phosphate
9 Sandy NOs™ Zero phosphate
10 Sandy NH4* Super phosphate
11 Sandy NH4* Rock phosphate
12 Sandy NH4* Zero phosphate

The clay soil was obtained from within zero to 15 cm depth from the University of Pretoria
Experimental Farm while the second soil was a sandy soil with < 0.6 mm particle size and was
sourced from a supplier of silica sand. The experiment was laid out in a 3x2x2 factorial set up

in a completely randomized design (CRD). Each treatment combination was replicated four
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times to give a total of 48 columns. The treatments were evenly spread over two benches with

24 columns per bench.
3.2.3 Soil analysis prior to the start of the experiment and fertilisation rates

Soil chemical and physical analyses were done at the soil analysis laboratory of the University

of Pretoria. The results of the soil analysis were as shown in Table 3.2.

Table 3. 2. Soil nutritional status at the start of the experiment for both soil types

Element (mg/kg) | P (Brayl) K Ca Mg Na S Clay | pH
Clay 9.94 53.60 | 26.34 | 437 | 0.00 7898 | 22 @ 3.69
Sandy 5.19 3.72 6.73 0 0 0 267 | 47

Ammonium was applied as ammonium sulphate, while nitrate was applied as potassium nitrate.
Phosphorus was applied as superphosphate, while RP was supplied as Langfos. Potato fertilizer
application rates were adopted for a 60 ton ha™ yield potential (Steyn and Du Plesis 2012).
Each column received fertilizer quantities (Table 3.3) as per the soil analysis results. The N
application was uniformly done in the two soil types despite the variations in the clay content

for uniformity purposes for a 60 ton ha™* yield potential

Table 3. 3. Fertilizer application rates for per column

Nutrient quantities
Application rate
N P K Ca Mg
kg/ha 237.5 130 270 805 75
g/column 0.32 0.18 0.36 1.08 0.10

The actual amount of fertilizer applied per pot was calculated as follows:
Soil volume per hectare (top 15 cm) =100 000 000 cm”2 X 15 cm (Eq. 3.1)
=1500 000000 cm3

The approximate bulk density of soil = 1.5 g/cm?
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Fertilizer applied per pot = (Rate per ha X mass of soil per pot)/(2 250 000 kg/ ha)

Exactly 1.5 g ammonium sulphate and 2.4 g potassium nitrate and 1.3 g SP and 1.9 g Langfos

RP were applied per column. Approximately 0.2 g of magnesium hydroxide was applied per

column meet magnesium demands.

The pH of both soils was adjusted to 5.5 using calcium hydroxide. The amount of lime to be

applied was determined as follows:

Approximately 10 g of soil was weighed out into a 50 mL centrifuge tube. Calcium hydroxide

stock solution (0.02 M) was prepared by weighing 0.37 g of Calcium hydroxide into a 250 mL

conical flask and then filled up to the 250 mL mark with deionised water. The ratio of the stock

solution to deionised water was added as indicated in Table 3.4.

Table 3. 4. Liming quantity determination using different ratios of Calcium hydroxide to

deionised water to determine the desired pH after liming

Sample Calcium hydroxide Deionised water pH
1 25 0 9.80
2 20 5 9.17
3 15 10 8.58
4 10 15 7.49
5 5 20 5.42
6 0 25 3.67

A graph was then plotted for the pH against the volume of the stock solution added to

approximate the amount of calcium hydroxide required to raise the soil to pH 5.5 (Fig 3.1)
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Figure 3. 1. Calcium hydroxide concentration plot against the pH
y = 0.2455x + 4.2881 (Eq. 3.2)
where X = the concentration needed to raise the pH to the desired point
while y = the target pH
Therefore,
For pH 5.5 = (0.2455 * X) + 4.2881 (Eg. 3.3)
x = (5.5 - 4.2881)/ 0.2455
X = 4.94 mmol/ kg of Calcium hydroxide was needed

To convert mmol/ kg to mg/kg the (Eq. 3.3) was multiplied by the molar mass of calcium
hydroxide (Eg. 3.).

4.94 mmol/ kg x 74 g/mol = 365.56 mg/kg (Eq. 3.4)
To convert mg/kg to kg/kg

= 365.56 mg/kg/1 000 000 (Eq. 3.5)
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= 0.000366 kg/kg

The application per hectare based on 15 cm soil depth and a bulk density of 1400 kg/m?® was;
= 0.000366 kg/kg x 2,100,000 (Eq. 3.6)
= 767.676 kg/ha.

The actual amount applied per column was thereafter determined using a similar formula as
that of fertiliser determination (Eqg. 3.1). Calcium hydroxide was applied to the soil prior to the
start of the trial and incubated for three days (Liu et al.2004, 2005). Approximately 2.0 g

calcium hydroxide applied per column for liming and supply the calcium requirements.
3.2.4 The components of the full column assembly

The column assembly constituted of a 30 cm long transparent Plexiglas tube with a 10.05 cm

internal diameter (Fig 3.2 A).
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(A) Transparent Plexiglas column (length: 30 cm, internal diameter: 10.5 cm). B) The five-layered mesh placed at the base of the column, C)

The depth filter secured on the column base. (D) the Plexiglas at the column base with the Schott bottle attached.

Figure 3. 2. The components used to set up the complete soil column

A five layered mesh was placed at the outflow boundary of the column at the base of the column
(Fig 3.2 B) to form a ‘depth filter’ with three nylon meshes of 20, 10 and 5 um sandwiched
between two 2000 um polypropylene mesh disks. A 250 mL Schott Duran glass bottle was
screwed at the bottom part of the column base (Fig 3.2 D).

The column base was made of polypropylene material with an internal diameter of 11.1 cm
and 4.5 cm internal depth (Fig 3.3 A- D).
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A) The column base side view, B, C) Top view of column base showing grooved ‘floor’, drainage outlet and embedded O-ring and D) Bottom

view of column base showing drainage outlet and the threaded section for Schott Duran glass bottle screwing.

Figure 3. 3. The pictorial view of the column base used in the column set up

The complete column assembly with all the stated components was assembled on two
laboratory benches in a completely randomised design (CRD) (Fig. 3.4).
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Figure 3. 4. An illustration of the complete column set up showing the two soil types

3.2.5 Determination of the soil porosity

The amount of water to be added to each column was approximated by calculating the pore

volume of the mixture (Tan, 2005) prior to the start of the experiment (Eqg. 3.7).

Total porosity =1 - pb / ps (Eq. 3.7)

Where:

Dry bulk density (pb) = M solids / V total

Particle size density (ps) = M solids / V solids

Pore volume = (1 - pb / ps) x 100

To determine the porosity, the particle density of each soil was first est