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CHAPTER 1
INTRODUCTION

1.1. General Introduction
Achieving food security is a key agenda that many governments in sub-Saharan Africa (SSA)

are struggling to accomplish (Shapouri et al., 2010). Low productivity of food crops as a
result of little or no nutrient application in the region is one of the major contributors to food
insecurity (IFDC, 2006; Mueller et al., 2012; Shapouri et al., 2010). As much as mineral
fertilizers are widely used globally in attempts to overcome nutrient deficiencies, their use in
SSA remains very low (IFDC, 2006; Mortris et al., 2007; Liu et al., 2010) despite the
resolution to increase its use from 8 kg/ha to 50 kg/ha by 2016 in the Africa Fertilizer
Summit in 2006 in Nigeria. Furthermore, the fertilizer is often not targeted to specific crop,
soil and agro-ecological conditions and application rates are based on ‘blanket’
recommendations (Giller et al., 2011).

Soils are known to be highly variable both spatially and temporally because of land use and
management strategies and this variability is expressed in soil physical and chemical
properties (Jin and Jiang, 2012) at macro- and micro-scales (Vieira and Gonzalez, 2003).
Under such conditions, crop yields are often varied and less than optimum due to nutrient
deficiencies as well as excessive fertilizer application that may potentially result in
environmental degradation (Mzuku et al., 2005).

In a food security review by Godfray et al, (2010), it was noted that the continuing
population and consumption growth would mean that the global demand for food would
increase. However recently, world food production increased from the expansion of
agricultural land and to a lesser extent from increase in yield per unit area, which was
accomplished by agricultural developments such as Green Revolution (Bindraban et al.,
2000). Nonetheless, Alexandratos and Bruinsma, (2012) argued that expansion of arable land
is not desirable; and increased food production is likely to be achieved only from increased
crop productivity. Crop productivity is an amalgamation of all factors relating to crop growth
such as environment, genotype and agricultural management; thus it is essential to understand
any limiting factors for crop productivity in target fields. Soil is the medium for plant growth
and is one of the important factors influencing crop productivity (Brady and Weil 2014).

In many parts of Kenya, crop yields are low due to declining soil fertility from continuous

cropping with minimal or non-application of fertilizers; thus ways of increasing and



maintaining crop yields has been a key national problem (Ayuke et al., 2004). The
importance of rice has significantly increased in SSA (Seck et al., 2010) and in Kenya, it
forms an important diet for many families; ranking third among cereals after maize and wheat
(MoA, 2009). Unfortunately, the country is only able to produce about a fifth of its national
needs (MoA, 2009). Rice production is influenced by climate, soil, crop characteristics and
management practices such as fertilizer use and water management thus yields are highly
variable (Dobermann et al., 2003, Kyuma, 2004).

Statistics indicate that rice consumption in the country soared from 294, 000 tons to 548, 000
tons between 2007and 2013 (Figure 1.1), while production increased only from 62,000 ton to
129, 000 ton of paddy rice over the same period (MoALF, 2014). The wide gap between
production and consumption has become a burden to the country’s economy costing between

2.2B KES to 7.1B KES over the period.
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Figure 1. 1: Rice production, consumption and import trends in Kenya

In Kenya, lowland irrigation schemes contribute the most rice produced with about 95%
coming from government managed schemes and the remaining 5% from under rain-fed
conditions (USAID, 2010). There are currently seven irrigation schemes namely Mwea,
Perkerra, Hola, Ahero, West Kano, Bunyala and Bura that are managed by the National
Irrigation Board (NIB). Current data indicates that a total of 425, 000 acres (170,000ha) are
under irrigation in Kenya (www.nib.or.ke). Of the seven national irrigation schemes, Mwea,
Ahero, West Kano and Bunyala are involved in paddy production while the others have

diversified in crop production. Rice productivity in the schemes is below optimum



(www.nib.or.ke); yet it is known that lowland environment provide water resources and have
relatively fertile alluvial soils compared to the upland areas (Buri et al., 1999). Moreover,
such lowland plains are unlikely to cause competition with other food crops (Tsujimoto et al.,
2013); thus they should be the focus rather than the upland ecosystem to help meet the
increasing demand for rice. A suitability study conducted in the Mwea region indicated that
the scheme is appropriate for rice production (Kihoro et al., 2013) and an earlier study
indicated that it has the ability to sustain continuous and intensive rice cropping because the
soil nutrient status was rated as medium to high in terms of essential elements except K
(Kondo et al., 2001) while no soil information is available on West Kano and Ahero.

Despite this, low rice yields from farmers’ fields have been continuously reported and
farmers tend to apply fertilizers irrespective of soil nutrient status (Kondo et al., 2001).
Nonetheless, improved crop yields can be achieved if soil and nutrient variations are
established and properly managed through variable fertilizer application rates. Although the
schemes could be similar in terms of agricultural activity, the fact that soil basic information
including soil fertility status is lacking yet required is a common and imperative issue.
Determining soil nutrient concentrations through soil tests provide the means of monitoring
the soil so that any deficiencies, extremes and imbalances can be avoided. The objectives of
this study were to provide basic soil information and to discuss soil properties and fertility
status and assess the effect on rice nutrient status of irrigation schemes in Kenya for enhanced
productivity.

In this context, a general introduction is provided in this chapter to help in understanding the
importance and the objective of this thesis. Subsequently in Chapter two, paddy soils of
Mwea irrigation scheme in central Kenya are assessed to ascertain their fertility status. In
Chapter three, rice nutrient status in grain and straw is correlated with the soil nutrient
concentration from Mwea fields and in Chapter four, the paddy soils of the lake-zone
irrigation schemes of West Kano and Ahero are characterized in terms of nutrient

concentration. In the fifth Chapter, all findings obtained in this study are summarized.
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CHAPTER 2

Paddy Soil Characteristics of Mwea Irrigation Scheme in Central
Kenya

2.1. Introduction
Agricultural production in most sub-Saharan countries has been under threat due to

diminishing soil fertility (Sanchez, 2002) and feeding the bulging population has been a
serious challenge. Kenya has not been spared and in the recent years has experienced food
shortages arising from declining farm productivity, high input costs and unreliable weather in
the face of rising population (Nyang’au et al., 2014). A major factor in soil degradation is the
soil chemical fertility and in particular its decline as a result of the lack of nutrient inputs
(Hartemink, 2010). Smaling (1993) described tropical soils as often having negative soil
nutrient balances and in addition to lack of inputs causing soil degradation while Bationo et
al., (2006) highlighted the inherently low fertility status, inappropriate land use, poor
management, erosion and salinization as other factors. On the other hand, the Global Rice
Science Partnership [GRiSP], (2013) noted that the major constraints to production are poor
crop management, lack of disease-resistant varieties and unavailability of labour at critical
times.

Paddy soils are naturally heterogeneous in their physico-chemical properties which impact on
rice productivity. This means that uniform management of fields will often result in over-
application of inputs in areas with high nutrient levels and under-application in areas with
low nutrient levels (Ferguson et al., 2002). However, good agricultural practices can be
achieved if soil and nutrient variations within a farm are established and properly managed
(Chan et al., 2008). Soil chemical properties form the basis for soil fertility evaluation and
chemical concentrations in the soil must be regularly tested to develop fertilizer

recommendations and site- specific management considerations for optimum crop production

(Omonode and Vyn, 2006).

In tackling poverty, food security crises and minimizing environmental degradation among
others, rice is one crop that can be effectively used under improved technological innovations
in order to improve smallholder livelihoods. Low rice yields from farmers’ fields have been
continuously reported (MoA, 2009) but the variability in soil fertility and rice growth for
formulating soil fertility recommendations has not been investigated in a long time (Kondo et

al., 2001).



Understanding the link between livelihoods and managing essential services provided by
natural ecosystems is critical for achieving sustainable economic growth and poverty
reduction. Degradation of natural resources in many developing countries reduces the
productivity of the poor households who mostly rely on these resources. In a commentary,
Sanchez (2010) stated clearly that too much emphasis has been placed on the development of
high yielding crop varieties with little attention given to the ecology on which the plant
survives. He further stated that crop yields in Africa can be tripled through proper
management of the soil environment, use of fertilizer and appropriate crop varieties.

About 80% of the rice consumed in Kenya is imported from Asian countries mainly Pakistan,
Vietnam, Thailand and India (USAID, 2014) yet the country has rice growing irrigation
schemes that when well managed can ensure and sustain enough rice production for the
country (Kondo et al., 2001; Rosemary et al., 2010). The Mwea irrigation scheme soils have
been earlier rated as having medium to high fertility and are highly suited for rice cultivation
(Kondo et al., 2001; Kihoro et al., 2013). Despite this great potential, there has been a
marked fluctuation of the mean crop production which has been attributed to soil chemical
and physical degradation due to continuous mono-cropping, production techniques that are
inefficient among many other factors (Nyamai et al., 2012). Improving the yield of rice in
existing irrigated areas rather than further expansion is more likely to be the main source of
growth for the crop in Kenya only if proper soil and water management is taken into account
especially during the vegetative phase of the crop (Nyamai et al., 2012).

Within-field variations in soil fertility and rice growth are not desirable for rice production
thus accessing within field variation is necessary for identifying and quantifying the limiting
factors for rice growth and addressing the spatial variability of rice yield. Spatial variability
of rice yield in a paddy field results from differences in management practices and soil
properties coupled with their complex interaction (Casanova et al., 2002).

Because Kenya needs to raise her rice production levels, increasing rice yields must be
achieved with low production costs to ensure that the farmers increase their food and incomes
from rice farming. Thus soil fertility and nutrient monitoring in rice production systems needs
to be given key consideration. Research has shown that when fertilizer is applied at the
proper stage of the crop and in the right amount to match location-specific conditions, the
fertilizer is more effective, resulting in more rice yield per unit area, consequently increasing
farmer incomes. The purpose of this study was to assess and understand the soil fertility
status within the Mwea irrigation scheme for the purpose of management recommendations

for enhanced productivity.



2.2. Materials and Methods

2.3.1. Site description

The Mwea Irrigation Scheme is located on the lower slopes of Mt. Kenya in Kirinyaga

County in Central Kenya (Figure 2.1).
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Figure 2. 1: Location and layout of Mwea Irrigation Scheme

It is one of the oldest public irrigation schemes in Kenya (Mati et al., 2011). It lies within
latitudes 37° 13'E and 37° 30'E and longitudes 0° 32'S and 0° 46'S with an annual average
precipitation of about 950mm. The area experiences bimodal rainfall with the long rains
falling between March and May and short rains between October and December (Kihoro et
al., 2013). As per Kenya’s agro-climatic zoning by Sombroek et al., (1982), the scheme
traverses three agro-climatic zones, with maximum moisture availability ratios ranging from
0.65 for zone III towards the highland slopes to 0.50 for the vast area covered by zone IV and
to 0.4 for the semi-arid zone V. The area is generally hot, with average temperatures ranging
between 23 and 25°C, with about 10°C difference between the minimum temperatures in
June/July and the maximum temperatures in October/March. The predominant soils of the
rice-growing areas of Mwea are Vertisols characterized by imperfectly drained clays, very
deep, dark grey to black, firm to very firm and prone to cracking (Sombroek et al., 1982)
with Alfisols occurring at higher elevation (Kondo et al., 2001).



Vertisols popularly known as ‘black cotton soils’ occupy approximately 2.8 million ha which
constitutes about 4.9% of Kenya’s total land area and are found under different climatic
conditions although about 80% are in the semi-arid to arid areas (IBSRAM, 1987). According
to Muchena and Gachene (1985), these Vertisols are developed on parent materials ranging
from Precambrian Basement System rocks (ferrornagnesian gneisses, etc.), volcanic rocks
(basalts, etc.) to alluvial/colluvial deposits derived from various rocks. The Vertisols in the
Mwea-Tebere area are reported to have developed on olivine basalt (IBSRAM, 1987).
Studies in Mwea irrigation scheme by Mukiama and Mwangi (1989) observed that the most
appropriate season for rice cultivation is from August to December when temperatures are
opportune for grain filling and with less risk of disease incidence. However, this same period
is also when the river flows are at their lowest, coinciding with the dry season thus straining
on availability of irrigation water.

Data from MoA (2009) indicate that the entire irrigation scheme covers an area about 12,282
ha of which about 9,000 ha has been developed for paddy production. It is divided into five
sections/units located at different topographical elevation namely Mwea (M) and Tebere (T)
covering 1300 and 1400 ha respectively and Thiba (H), Wamumu (W) and Karaba (K)
covering 1200, 1200 and 1100 ha respectively (Njagi, 2012) (Figure 2.1).

Mwea and Tebere sections are the largest and oldest to be developed while Karaba, the
smallest located at the end of the scheme was the last to be developed in 1973 (Kabutha and
Mutero, 2002). The irrigation scheme gets its waters from two rivers; the Nyamindi and
Thiba which have no storage facilities. The Nyamindi mainly serves the Tebere section,
while the Thiba serves Mwea, Thiba, Wamumu and Karaba sections (Figure 2.1). Water is
drawn from the rivers by gravity through dikes and distributed via unlined open channels into
and out of the farms. Rice is grown as a mono-crop for only one season in a year and uses the
flooded-paddy irrigation method. A link canal between the rivers transfers surplus water from
the Nyamindi to Thiba River mostly in cases of shortage (Kabutha and Mutero, 2002;
Abdullahi et al., 2003).

2.2.2. Soil Sampling and Analysis

Soil samples were collected from five production units of Mwea irrigation scheme namely
Mwea, Wamumu, Karaba, Thiba and Tebere. Benchmark sampling was applied with our
benchmark farms marked with a global positioning system (GPS). Several benchmark fields
were identified across the five units for soil sampling and surface 0-15cm soil samples

collected. Representative samples were collected from each plot, mixed thoroughly and a



composite sample per field taken for evaluation. The composite samples collected were air-
dried, ground and passed through a 2mm sieve for laboratory analysis. Soil samples were
analysed for pH, electrical conductivity (EC), total carbon (TC), total nitrogen (TN),
available silica (SiO2), available sulphur (S), available phosphorus (P>Os), available
micronutrients (Fe, Mn, Cu and Zn) and exchangeable cations (Ca®", Mg?*", Na" and K*)
using standard procedures for soil analysis.

Soil pH was measured potentiometrically using a glass electrode pH meter (HORIBA D-51)
in 1:2.5 soil-water ratio suspensions as described by the International Institute of Tropical
Agriculture [IITA], (1979) and McLean (1982). EC was measured with the conductivity
meter (HORIBA D-24) after a soil suspension was prepared with a soil-water ratio of 1:5.
Exchangeable Ca?*, Mg?*, K and Na" in the soil were extracted with 1M neutral ammonium
acetate (IM NH4OAc pH 7.0) according to Thomas (1982) and cation concentration
determined by Inductively Coupled Plasma-Atomic Spectroscopy (ICPE-9000, Shimadzu Co.
Ltd., Kyoto, Japan). Micronutrients Cu, Fe, Zn and Mn in the soil were extracted by 0.IN
HCI as described by Osiname et al., (1973) and the concentration determined by Inductively
Coupled Plasma-Atomic Emission Spectroscopy (ICPE-9000 Shimadzu Co. Ltd., Kyoto,
Japan).

TC and TN contents were determined by the dry combustion method (Nelson and Sommers,
1982) using an Automatic High Sensitive N-C analyzer (SUMIGRAPH NC-22F). Available
P20s and SiO2 were determined colorimetrically by the molybdenum blue method after
extraction by Bray II method (Bray and Kurtz, 1945) and 1M acetate buffer at pH 4
(Imaizumi and Yoshida, 1958) respectively. Available S was extracted by 500ppm KH>PO4
solution (Fox et al., 1964) and concentration determined by Inductively Coupled Plasma-

Atomic Spectroscopy (ICPE-9000, Shimadzu Co. Ltd., Kyoto, Japan).
2.2.3. Data Analysis

All data obtained for the measured soil parameters were subjected to an analysis of variance
using R software version 3.4.0 for windows and statistically significant differences between
means compared at p<0.05. Soil fertility status was evaluated basing on the concentrations of
the respective parameters obtained from the laboratory analyses compared with established

ratings for rice production.
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2.3. Results and Discussions
2.3.1. Soil pH and EC

Soil solution pH in the scheme ranged from 4.5 to 8.1 with unit differences. In the Mwea unit,
values varying from 4.6 to 8.1 were observed while in Thiba the values ranged from 4.5 to
7.0. In Tebere unit, soil solution pH ranged between 4.7 and 7.7 and further down in
Wamumu and Karaba, values were between 4.9 and 8.0.

EC on the other hand had values ranging from a minimum of 0.08 to 1.52 dS/m in the entire
scheme and was 0.46 dS/m on average. At unit level, it varied from 0.08 to 1.12 dS/m in
Mwea, 0.11 to 0.60 dS/m in Thiba, 0.10 to 1.52 dS/m in Tebere, 0.10 to 1.34 dS/m in
Wamumu and from 0.13 to 1.22 dS/m in Karaba unit. High significant differences (p<0.05)
were observed in soil pH and EC across the units. Values observed for soil pH and EC across
the production units are presented in Table 2.1.

Table 2.1: Soil solution pH and EC range (mean+SD) across Mwea irrigation scheme

Unit pHwater EC (dS/m)

Mwea 4.6-8.1 (6.0+0.8)* 0.08-1.12 (0.36+0.21)"¢
Thiba 4.5-7.0 (5.7£0.8)° 0.11-0.60 (0.30+0.18)°
Wamumu 4.9-7.9 (6.3+0.8)%° 0.10-1.34 (0.55+0.25)®
Karaba 5.0-8.0 (6.6+0.7)? 0.13-1.22 (0.54+0.28)®
Tebere 4.7-7.7 (6.3+0.8)% 0.10-1.52 (0.56+0.38)*
Overall 4.5-8.1 (6.2+0.8) 0.08-1.52 (0.46+0.28)
CV (%) 13 61

Means followed by the same letter within a column are not significantly different at p<0.05

As pointed out in soil solution pH results in Table 2.1, soil pH tended to increase from being
acidic in Mwea to towards neutral in Karaba while the soil salt concentration was negligible
(<4dS/m). High soil pH was observed in Karaba and the lowest was in Thiba unit. In terms of
salt concentration, Tebere unit had the highest value while Mwea unit had the lowest.

Soil pH is a major driver of soil fertility because it influences the availability and uptake of
many elements both nutrients and toxins by plant roots (Brady and Weil, 2014). As per the
ratings for Kenyan soils by the KSS, (1987), the soil pH in the Mwea scheme was found to
range from medium acid in Thiba unit to slightly acid in Karaba on average. This medium
level condition of soil pH is attributed to the basaltic parent material and the dry climate
which favour the formation of Vertisols that largely occupy the scheme (Kondo et al., 2001).
In crop production, soil pH ranging from 5.5 to 7.0 is said to be appropriate for satisfactory

provision of plant nutrients mostly for grain and vegetable crops (Brady and Weil, 2014).
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However, given the values of pH observed, there is possibility of insufficient or excessive
supply of certain nutrient elements in cases where the pH values were below 5.5 or above 7.0.
Our results showed that topographical elevation had an influence on soil pH and averagely,
lower values were observed at higher elevation and higher values at lower elevation unit.

The concentration of soluble salts in the Mwea scheme soils is low given the low EC values
recorded. The tolerance of rice to salt varies with growth stage and variety. It is said to be
very tolerant to salinity during germination but very sensitive at 1-2 leaf stages (seedling
stage). Its salt tolerance progressively increases during tillering and elongation and decreases
at flowering. At the ripening stage, it appears to be little affected by (Yoshida, 1981; Kyuma,
2004). Soil EC followed similar pattern observed for soil pH increasing down the elevation;
although Tebere unit recorded highest EC. Even so, the soils in the Mwea irrigation scheme
have negligible salt concentration and are considered non-saline as the values were way

below 4 dS/m.
2.3.2. Soil TC, TN and C to N ratio

Surface soil TC content varied from 9.6 to 35.5 g/kg in the scheme and was 19.0 g/kg on
average. At unit level, soil TC ranged from 11.5 to 35.5 g/kg in Mwea and from 15.1 to 27.3
g/kg in Thiba. In Tebere unit, TC values varied from 17.4 to 32.0 g/kg while further down in
Wamumu and Karaba the values ranged from 11.2 to 24.4 g/kg and from 9.6 to 25.9 g/kg
respectively. On the other hand, soil TN ranged from 0.5 to 3.2 g/kg in the scheme with a
mean of 1.14 g/kg. Unit-wise, TN varied from 0.6 to 3.2 g/kg in Mwea, 0.7 to 1.8 g/kg in
Thiba and from 1.1 to 2.6 g/kg in Tebere. Lower in the scheme, TN values recorded were
between 0.6 to 1.6 g/kg in Wamumu and 0.5 to 1.6 g/kg in Karaba. The ratio of soil carbon to
nitrogen (C:N) in the scheme ranged from 10.6 to 24.5 with an average of 17.6. Observed
ranges for TC, TN and C:N ratio together with the average values in the units and the whole
scheme are shown in Table 2.2.

Table 2.2: Soil TC, TN and CN ratio range (mean+SD) across Mwea irrigation scheme units

Unit TC (g/kg) TN (g/kg) C:N ratio

Mwea 11.5-35.3 (19.0+5.2) 0.6-3.2 (1.17+0.55)" 10.6-22.4 (17.4+2.53)°
Thiba 15.1-27.3 (20.8+4.0)° 0.7-1.8 (1.21+0.33)" 14.9-21.7 (17.5+1.78)°
Wamumu 11.2-24.4 (17.5+3.8)4 0.6-1.6 (0.99+0.27)°¢  15.6-22.0 (18.0+1.73)®
Karaba 9.6-25.9 (15.6+4.3)¢ 0.5-1.6 (0.86+0.33)° 14.6-24.5 (19.0£2.11)
Tebere 17.4-32.0 (26.1£3.7)? 1.1-2.6 (1.73£0.43)? 11.9-20.2 (15.5+2.14)°
Overall 9.6-35.5 (19.0+5.4) 0.5-3.2 (1.14+0.49) 10.6-24.5 (17.6£2.38)
CV (%) 28 43 14

Means followed by the same letter within a column are not significantly different at p<0.05
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Our results showed a decrease in TC down the elevation being lower in Wamumu and Karaba
(17.5 and 15.6 g/kg) and higher in Mwea and Thiba (19.0 and 20.8 g/kg), although Tebere
unit recorded the highest soil TC content. Soil TN content followed the trend observed for
soil TC and production units low in soil TC were also low in TN. The ratio of carbon to
nitrogen however showed a reverse trend increasing with decreasing elevation with higher
ratios in Wamumu and Karaba compared to Mwea and Thiba (Table 2.2).

Total carbon is a measure of carbon contained within soil organic matter (SOM) defined as
the sum of both organic and carbonate carbon in a soil (Batjes, 1996). Soil carbon levels vary
widely with climate, parent material, topographic position, textural class, natural vegetation
and land use history (Batjes, 2010). On hill slopes, differences have been attributed to
topographic variations in plant inputs, decomposition rates, soil texture, nutrients, water,
erosion and deposition (Brejda et al., 2001; Burke et al., 1999; Garten and Ashwood, 2002;
Hook and Burke, 2000).

An analysis of soil TC in our site revealed medium to high contents on average. The
moderately high soil TC observed could be as a result of stubble left in the fields as straw is
harvested and removed from the field. Soil TC and TN revealed that the concentration tended
to decrease with decreasing elevation along the Mwea, Thiba, Wamumu and Karaba while
the CN ratio increased. The significant differences observed in soil TC in our site can be
attributed to textural differences along the topography as well as the differences in cultivation
history that could have resulted in organic matter accumulation. Soil textural analysis showed
higher silt content in Wamumu and Karaba at lower elevation (8.3% and 8.2% respectively)
compared to Mwea (7.5%) at higher elevation. Clay on the other hand was higher in Mwea at
59.2% whereas Wamumu and Karaba in the lower elevation contained 54.8% and 39.0% clay
respectively. Sand particles were higher in Karaba at 55.8% compared to Mwea at 33.4%.
Soil pH and mineralogy are also found to affect soil carbon humification and accumulation
(Djukic et al., 2010; Rassmussen et al., 2006). Soils with higher clay content are known to
contain higher organic matter because of slow degradation rates and complexion of clay-
humus (Brady and Weil, 2014; Kaiser ef al., 1996; Aweto and Enaruvbe, 2010). The high silt
and low clay content in the lower elevation Wamumu and Karaba could have possibly
negated accumulation of organic matter relative to the upslope with low silt and high clay
content.

Apart from clay minerals playing a role in the sorption of organic matter, aluminium (Al) or
iron (Fe) oxides/hydroxides; particularly hydrous iron oxides have been found to be effective

in sorbing and stabilizing organic matter in soils (Kaiser et al., 1996; Kaiser and
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Guggenberger, 2000; 2003). Surface properties of colloidal clays and mostly Fe oxide
particles play a major role in the formation, arrangement and strength of aggregates in soils
and it has been shown that iron oxides specifically haematite and magnetite adsorb more
humic acids than clay minerals (Tombacz et al., 2004).

Carbon sorption by Fe oxide or clay minerals is further influenced by pH being highly
favoured under acid conditions (Meier et al., 1999) and the capacity drops as pH increases
above 6 (Gu et al., 1994). In our results, higher elevation areas of Mwea and Thiba had soil
pH values <6 which could have possibly led to higher sorption of organic matter thus higher
TC as observed. Furthermore, the units contained higher soil available Fe (see soil
micronutrients results) compared to lower elevation units. The soil TC trend observed in our
results can therefore be attributed to elevation differences in soil texture, pH and soil Fe
concentration.

In rice production, N has been regarded as the most limiting nutrient because of the various
biochemical processes in paddy soils (Fageria et al., 2003; Ishii et al., 2011). In our site,
despite the widespread use of N fertilizers and some organic manure (Kihoro et al., 2013),
soil TN contents were generally low. This could be probably due to low and improper
application methods that often lead to N losses because surface application of ammoniacal
fertilizers enhances their losses through nitrification and denitrification (Ishii et al., 2011). In
addition, high pH of Vertisols has been shown to favour gaseous loss and leaching of
ammonia especially when urea or ammonium fertilizers are applied to the surface (Sahrawat,
1980; Fillery et al., 1986). In our study site, the calcareous nature of the soil thus moderately
high pH especially at lower elevation and improper fertilizer application are likely to
exacerbate N losses thus low soil TN as recorded. While assessing the suitability of effluents
from Mwea irrigation scheme, Onderi, (2016) observed that the waste water was high in
nitrate (>5 mg/l), an indication that much of the ammonium nitrate applied is lost through
irrigation water. Removal of plant material also contributes to N removal (Brady and Weil,
2014) and this common practice in the Mwea scheme for ease in land preparation (Kondo et
al., 2001) further contributes to N mining.

Rice yield and N uptake efficiency was shown to increased when green manure was
incorporated in soil or applied on the surface (Asagi and Ueno, 2009). According to Olk et al.,
(2007), anaerobic decomposition inhibits N mineralization in continuous rice cropping
systems; therefore soil aeration and aerobic residue decomposition or crop rotation practices

can be adopted to improve N supply in lowland soils. In this regard, alternating between
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aerobic and anaerobic soil conditions could help enhance stubble decomposition and thus N
supply.

Soil carbon to nitrogen ratio gives information about the degree of organic matter
decomposition as a result of microbial activity and the quality held in the soil (Kaiser and
Guggenberger, 2003). In our results, average C:N ratios varied from 15.5 to 18.4 which is
considered to be moderately high; an indication that decomposition rates are lower. In
addition, the low soil TN as observed compared to TC could result in the moderately high
ratios. There is thus need to enhance soil N concentration probably through combined organic
and inorganic fertilization in addition to sustainable management practices like plant residue

return for better N efficiencies and thus lower the C:N ratio to acceptable ranges of 10 to 15.
2.3.3. Soil Available P>Os

Values from 6.3 to 549 mg/kg were recorded for soil available phosphorus and varied
statistically across the units (p<0.05). In the upper elevation units of Mwea and Thiba,
available P2Os ranged from 10.7 to 417.4 mg/kg and from 22.8 to 178.6 mg/kg respectively.
In Tebere unit, values from 20.3 to 549.0 mg/kg were recorded and further down in Wamumu
and Karaba, values from 6.3 to 292.2 mg/kg and 19.3 to 272.9 mg/kg respectively were
recorded. On average, no clear trend was observed along the elevation and from the
coefficient of variation (CV) statistic of 101%, there is an extremely high variation in soil
available P>Os in the scheme as some fields seem severely deficient while others are highly
enriched. Such high variability in soil phosphorus was also observed by Kondo et al., (2001).
Observed values for soil available phosphorus in the Mwea irrigation scheme ranged within
values shown in Table 2.3.

Table 2.3: Range of available P,Os (mean+SD) across Mwea irrigation scheme units

Unit Available P2Os (mg/kg)
Mwea 10.7-417.4 (52.2+61.8)"
Thiba 22.8-178.6 (98.2+47.1)®
Wamumu 6.3-292.2 (41.6+46.5)°
Karaba 19.3-272.9 (107.0£71.4)*
Tebere 20.3-549.0 (96.4+104.7)®
Overall 6.3-549 (71.1£71.6)

CV (%) 101

Means followed by the same letter within a column are not significantly different at p<0.05

In rice production soil P2Os less than 12-20 mg/kg is regarded as being deficient (Dobermann
and Fairhurst, 2000). Values observed in our sites seem sufficiently high except for some

parts in Mwea and Wamumu units where values below 12 mg/kg were observed. Nonetheless,
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averagely at unit level, Bray II extractable P>Os revealed high concentrations of available
phosphorus in the soil (Table 2.3).

In many alkaline and neutral soils, phosphate anions are immobilized through sorption and/or
precipitation with cations such as Ca?" and Fe or Al in acid soils exhibiting very slow
dissolution and thus very little are available for plant use and as a result, there is low response
to added P (Gough, 1961; Syers et al., 2001; Garg and Bahl, 2008). Although diammonium
phosphate (DAP) fertilizers are widely used during planting in the area (Kihoro et al., 2013),
it is likely that much of it is easily transformed to insoluble Ca and Fe-phosphates as we
observed Ca** dominated the exchangeable cations and soil Fe was also reasonably high.
Such probable soil P transformations to insoluble Ca-phosphates have been reported in
Ethiopia where Ca was the dominant cation on Vertisol exchange complex (Beyene, 1988).
Bray II extractant (ammonium fluoride and hydrochloric acid) has been shown to dissolve
Ca-P that are abundant in Ca-rich soils such as Vertisols (Mamo et al., 1988), thus the
reasonably high Bray II P>Os observed in our surface soils could be because of the
dissolution of Ca-P and Fe-P. In this regard, there is need to increase phosphate fertilizer use
efficiency in these soils. Application of organic manures/crop residues has been shown to
result in direct P addition and acceleration of native P solubilization through mineralization
or solubilization (Garg and Bahl, 2008; Parham et al., 2002). Therefore addition of organic
manure/crop residues could likely assist in P availability apart from C and N in the soil, thus

should be encouraged.
2.3.4. Soil Available Sulphur

Highly significant difference (p<0.05) was observed in surface soil 500ppm KH2POs-
extractable sulphur in the scheme with values ranging from 8.1 to 168.5 mg/kg. Within the
units, soil S levels varied from 8.1 to 156.2 mg/kg in Mwea and from 28.1 to 85.1 mg/kg in
Thiba. In Tebere, soil S ranged from 28.8 to 129.0 mg/kg while further down in Wamumu
and Karaba the levels ranged from 33.0 to 143.4 mg/kg and from 39.3 to 168.5 mg/kg
respectively. A CV statistic of 43% indicates that the scheme is moderately heterogeneous in
terms of soil S concentration. It was observed that soil S was higher in lower elevation units
compared to upper elevation units. Table 2.4 shows the range of values recorded for soil

available S in the Mwea irrigation scheme.
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Table 2.4: Soil available S (mean+SD) across Mwea irrigation scheme units

Unit Avail. S (mg/kg)
Mwea 8.1-156.2 (49.0+23.1)°
Thiba 28.1-85.1 (49.1+14.3)°
Wamumu 33.0-143.4 (75.2£26.5)*
Karaba 39.3-168.5 (69.8+27.5)*
Tebere 28.8-129.0 (77.6+£25.5)*
Overall mean 8.1-168.5 (63.4+£27.4)
CV (%) 43

Means followed by the same letter within a column are not significantly different at p<0.05

Soil S concentration in our site exceeded the <9mg kg™ deficiency criteria for rice production
(Dobermann and Fairhurst, 2000) on average. According to Brady and Weil, (2014),
atmospheric dry and wet deposition, fertilizer application and soil organic matter comprise
the major additions in soil available S. On the other hand, leaching and plant removal form
major part of soil S losses. Although plant removal at harvest is a common practice in Mwea
(Kondo et al., 2001), the reasonably high S concentration observed is attributable to the
widespread use of sulphate of ammonium (SA) fertilizers (Kihoro et al., 2013). This fertilizer
is recommended as a convenient source of S in rice production (Yamaguchi, 1999) and S
deficiency is less frequent in rice since most of production occurs in lowland alluvial soils
where the availability of many plant nutrients is higher than in free-draining upland soils
(Dobermann and Fairhurst, 2000). Deficiencies have been observed on highly weathered soils
in many West African lowlands (Abe ef al., 2010; Yamaguchi, 1999).

In the Mwea irrigation scheme, additional S could be originating from atmospheric
deposition given the proximity to the volcanic Mt Kenya through wet and dry deposition.
Incorporation of straw rather than removal is said to return considerable amounts of S into the
soil (Dobermann and Fairhurst, 2000) and can reduce the need of chemical fertilizer
application. Although our site contain sufficient amounts of soil S with unlikelihood of its
deficiency, the aspect of straw management should be encouraged to sustainably maintain

high levels of S together with other essential elements like N and C.
2.3.5. Soil Available SiO:

The concentration of soil SiO; in the scheme ranged from 108 to 812 mg/kg with an average
of 413 mg/kg and showed significant differences between units (p<0.05). Unit-wise in the
Mwea unit, soil SiOz levels ranged from 108 to 729 mg/kg and from 252 to 812 mg/kg in
Thiba unit. In Tebere, the values varied from 260 to 765 mg/kg while further down in
Wamumu and Karaba the values ranged from 187 to 783 mg/kg and from 241 to 761 mg/kg
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respectively. The concentration of SiO: in the scheme varied slightly (CV= 36%) and
increased from 321 mg/kg in Mwea at higher elevation to 501 mg/kg in Karaba at lower
elevation on average. Ranges observed for available SiO» are shown in Table 2.5.

Table 2.5: Observed ranges for available SiO, (mean+SD) across Mwea irrigation scheme

Unit Avail. SiO2 (mg/kg)
Mwea 108-729 (321£127)°
Thiba 252-812 (419+131)*
Wamumu 187-783 (425+143)*
Karaba 241-761 (501£108)*
Tebere 260-765 (478+150)?
Overall mean 108-812 (413+148)
CV (%) 36

Means followed by the same letter within a column are not significantly different at p<0.05

The high silica contents observed in our site is attributed to Si-rich parent material. As a
component element of almost all parent material, rice plants take up silica from soils at levels
several-fold greater than N, P and K (Tsujimoto et al., 2014). Soil silica content in our site
exceeded the 86 mg/kg deficiency level for rice (Dobermann and Fairhurst, 2000). Studies on
clays from the MIS have also indicted that the clays contain 42-50% silica (Muriithi et al.,
2012). Apart from the Si-rich parent material, irrigation water is also known to supply
additional silica into the soil (Desplaques ef al., 2006).

In rice production, straw is said to contain about 86% of silica taken up from the soil, thus
return of rice straw is a crucial factor in rice soil SiO; (Klotzbiicher et al., 2015; Marxen et al.,
2016). Even though the Mwea irrigation scheme soils contain high silica and therefore
unlikely risks of its deficiency, the practice of straw removal after harvest reduces silica
concentration (Klotzbiicher et al., 2015); thus the aspect of crop residue management in soil

silica balance as well as other soil nutrient components remains critical.
2.3.6. Soil Exchangeable Cations

Variations were observed in the concentration of soil exchangeable cations except for soil
exchangeable Mg?" that did not show significant difference between units (p>0.05). Among
the exchangeable cations, exchangeable Ca®" occurred in higher concentration closely
followed by Mg?* as exchangeable Na" and K* were in lower concentration. In scheme, soil
exchangeable Ca®" ranged from 8.7 to 69.6 cmolc/kg, exchangeable Mg?" from 5.0 to 40.3
cmolc/kg, exchangeable Na™ from 0.3 to 5.0 cmolc/kg and exchangeable K ranged from 0.1
to 1.5 cmolc/kg.
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At unit level, exchangeable Ca®" ranged from 8.7 to 51.7 cmolc/kg while exchangeable Mg?*,
K" and Na' ranged from 5.0 to 40.3 cmolc/kg, 0.1 to 1.3 cmolc/kg and 0.3 to 5.0 cmolc/kg
respectively in Mwea unit. In Thiba unit, Ca*" ranged from 29.9 to 51.8 cmolc/kg, Mg?" from
15.2 to 38.3 cmolc/kg, Na* from 0.3 to 1.7 cmolc/kg while K varied from 0.1 to 0.6 cmol./kg.
In Tebere unit, exchangeable Ca** and Mg?" dominated the exchangeable sites and ranged
from 12.0 to 65.6 cmolc/kg and from 7.9 to 39.2 cmolc/kg of soil respectively. In the same
unit, the exchangeable Na" ranged from 0.4 to 3.3 cmolc/kg and exchangeable K* from 0.2 to
1.5 cmolc/kg. In Wamumu unit, exchangeable cation concentrations ranged from 17.2 to 66.4
cmolc/kg for Ca**, from 8.3 to 32.9 cmolc/kg for Mg**, from 0.5 to 2.6 cmolc/kg for Na* and
from 0.1 to 1.0 cmolc/kg for K'. In Karaba unit, cation concentration ranged from 32.5 to
69.6 cmolc/kg, 16.7 to 37.8 cmolc/kg, 0.6 to 1.7 cmolc/kg and 0.1 to 1.2 cmolc/kg for
exchangeable Ca?’, Mg?', Na" and K" respectively.

As the soil exchange site was dominated by divalent cations compared to monovalent cations,
there seems to be disproportionate exchangeable cation distribution. The high concentration
of Ca and Mg in relation to K brings about an antagonistic effect making K least available for
plant uptake. Average values recorded for soil exchangeable cations in the scheme are shown
in Table 2.6.

Table 2.6: Mean soil exchangeable cations (mean+SD) across Mwea irrigation scheme units

Exchangeable cations (cmolc/kg)

(Ca? +Mg?")/K*

Unit Ca’ Mg?* Na* K* ratio

Mwea 31.3£8.1°  25.0+6.8*  1.48+1.15® 0.22+0.16° 3224179
Thiba 39.5£7.1°  23.8+7.5°  0.68+0.35°  0.22+0.15° 3904235°
Wamumu 37.249.4%  21.1+6.8*  1.06+0.33% (.30+0.16" 223+101%
Karaba 46.9+7.3*  23.9+6.3*  0.95+0.23%  0.40+0.24° 231+134°
Tebere 38.7£12.0° 23.7+7.2%  1.49+0.72*  0.71+0.42° 121+79¢
Overall mean 37.7+10.4 23.6+6.7  1.20+£0.79  0.34+0.28 259+167

CV (%) 28 28 66 82 64

Means followed by the same letter within a column are not significantly different at p<0.05

In our site, the concentration of Ca?* and Mg®" exceeded the critical deficiency level and
hence sufficient for rice production besides, Ca and Mg deficiency is uncommon in lowland
soils because it is usually sufficient enough in the soil; is supplied from mineral fertilizers
and also from irrigation water (Dobermann and Fairhurst, 2000; Fairhurst et al., 2007).

Moreover, changes in their concentration in flooded soils negligible (Fageria et al., 2011).
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The soil exchange complex exhibits differential attraction and divalent cations are shown to
be have a higher selectivity coefficient being retained in higher concentrations and for longer
periods by the soil colloidal particles than the monovalent cations thus their higher
concentration (Giday et al., 2015).

Compared to Tropical Asian and Japanese paddy soils (Kawaguchi and Kyuma, 1974;
Kyuma, 2004), Mwea soils contain higher exchangeable Ca and Mg which could be
attributed to differences in parent material composition and climate. This high calcium and
magnesium levels contribute to the relatively high soil pH as observed. On average, soil Ca
and Mg content in our study site was very high according to KSS, (1987) criteria.

In terms of soil exchangeable K, the contents in our site varied from low to very low (KSS,
1987) on average and therefore insufficient; but according to Dobermann and Fairhurst,
(2000), the concentration exceeded the 0.2 cmolc/kg deficiency criteria for rice production.
Potassium has been acknowledged as an important crop production constraint including rice
in Kenya (Kondo et al., 2001; Smaling, 1993). This is because in many farming systems,
emphasis has been on N and P fertilizers only. Earlier in western Kenya, an annual depletion
of 112 kg ha!, 3 kg ha™! and 70 kg ha! for N, P and K respectively was observed majorly
through harvested products (Smaling, 1993).

Straw together with stubble retains 80-85% of K and other nutrients taken up at maturity
(Fairhurst et al., 2007). However, the common practice of straw removal after harvest for
livestock feed and to ease land preparation in our site (Kondo et al., 2001) contributes to
mining of K as well as other nutrients. In addition, negative K balance is also attributed to
the lack of fertilizer K use in line with the increasing N fertilizer use (Dobermann et al.,
1998).

In rice production, it is shown that where exchangeable (Ca+Mg):K ratio exceeds 100, K
availability for rice uptake becomes limiting (Dobermann and Fairhurst, 2000). Although soil
exchangeable K" exceeded the deficiency criteria for rice, the disproportionate distribution of
soil exchangeable cations in the soil brings about antagonistic effect causing K to be
unavailable for rice uptake. In Asia, studies under irrigated rice systems have shown that
excessive soil Ca and Mg compared to K reduces K uptake by rice (Dobermann et al., 1996a,
b). In our results as shown in Table 2.6, in all the production units, the ratio of divalent
cations to K" was rather high an indication that the divalent cations induce K deficiency. The
cation imbalance was notably higher in the upper elevation units of Mwea and Thiba at 322
and 390 respectively and tended to show a decreasing trend in the lower elevation units of

Wamumu and Karaba (Table 2.6).
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In our results, 86% of the sampled fields showed disproportionate cation distribution with
ratios exceeding 100; an indication of widespread soil K deficiencies induced by high Ca**
and Mg?". With the additions of Ca and Mg into the system through irrigation water and
fertilizers, their concentration increases and further aggravates K deficiency. Elsewhere in
Ethiopia, similar disproportionate distribution of soil exchangeable cations was reported on
wheat growing Vertisols where high Mg induced K deficiency (Hailu ef al., 2015).

Since much of K taken up in retained in straw, returning rice straw to the soil returns about
90% of K to the soil which considerably reduces the need for K fertilizer application
(Sahrawat, 2000); therefore the practice of straw return should also be advocated for.
Research has shown that long-term cropping declined soil K over time but with return of crop
residue or manure application, K depletion slowed down (Kapkiyai et al., 1999). The practice
of incorporating straw together with mineral fertilizer use helps in maintaining or increasing
soil K as well as P, N and Si reserves (Fairhurst et al., 2007). Given the predisposing K
deficiency factors in Mwea, efforts should be made to enhance soil K availability and to
correct the disproportionate concentration of exchangeable cations in the soil through
sufficient application of K fertilizers. Given the extreme cation imbalances in the scheme,
efforts should be made to enhance soil K availability through sufficient K fertilizer

application and appropriate soil management practices like straw return.
2.3.7. Soil Available Micronutrients

Soil micronutrients varied significantly (p<0.05) between units with Fe and Mn occurring in
very high concentrations compared to Cu and Zn. Soil Fe ranged from undetected to 2074
mg/kg, soil Mn from 1.5 to 859 mg/kg, Cu from undetected to 9.3 mg/kg and soil Zn from
0.1 to 8.0 mg/kg. At unit level, the concentrations varied from undetected to 1361 mg/kg, 1.5
to 849 mg/kg, undetected to 5.5 mg/kg and from 0.1 to 8.0 mg/kg for soil Fe, Mn, Cu and Zn
respectively in Mwea unit. In Thiba unit, soil Fe ranged from 22.1 to 795 mg/kg, Mn from
63.6 to 859 mg/kg while soil Cu and Zn ranged from 0.7 to 4.2 mg/kg and 0.1 to 4.1 mg/kg
respectively. In Tebere, soil Fe was high and ranged from 13.9 to 2074 mg/kg while Mn
ranged from 28.5 mg/kg to 465 mg/kg. On the other hand, Cu ranged from 0.2 to 7.1 mg/kg
while Zn ranged from 0.3 to 5.9 mg/kg. In Wamumu unit, Fe varied from 16.3 to 433 mg/kg,
Mn from 41.4 to 433 mg/kg, Cu from 1.0 to 9.3 mg/kg and Zn from 0.4 to 3.0 mg/kg. In
Karaba unit, Fe concentration ranged from 0.5 to 395 mg/kg, Mn from 1.5 to 859 mg/kg
while Cu and Zn ranged from 0.2 to 6.8 mg/kg and from 0.4 to 3.7 mg/kg respectively.

Mean values for soil micronutrient concentration at unit level is shown in Table 2.7.
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Table 2.7: Mean soil available micronutrients across (mean+SD) Mwea irrigation scheme

Soil available micronutrients (mg/kg)

Unit Fe Mn Cu Zn
Mwea 205+284% 193+167° 1.741.1¢ 1.541.32
Thiba 313+285° 349+2282 2.5+0.8% 1.9+1.6
Wamumu 100+97.0b° 141+108° 4.242.0 1.740.72
Karaba 59.7+69.0° 131+68.3° 2.8+1.5° 1.6+0.72
Tebere 25244302 146:+£104° 2.5+1.6° 1.9+1.6
Overall mean 1654258 175+148 2.7+1.7 1.7+1.1
CV (%) 156 85 63 65

Means followed by the same letter within a column are not significantly different at p<0.05

2.3.7.1. Soil Available Fe

In paddy soils, Fe is one of the most notable elements because it is abundant and undergoes
redox transformation (Kyuma, 2004). It is required for electron transport in photosynthesis
and its solubility is known to increase after flooding when it is reduced to a more soluble
form during organic matter decomposition (Dobermann and Fairhurst, 2000). In rice
production systems, Fe deficiency is likely to occur when the soil concentration is below 4-5
mg/kg and toxicities when the concentration is above 300 mg/kg (Dobermann and Fairhurst,
2000).

In Mwea scheme, stresses related to Fe deficiencies are likely to be experienced in the Mwea
and Karaba units where minimum values of below 4-5 mg/kg were recorded in about 3% of
samples from each unit. Apart from the low soil Fe concentration, high pH of calcareous soils
after submergence decreases solubility and uptake of Fe because of high bicarbonate
concentrations (Fairhurst et al., 2007). Soil Fe deficiency is said to occur on neutral,
calcareous and alkaline soils especially those with low organic matter. In lowland soils,
irrigation with alkaline water further exacerbates Fe deficiency (Fairhurst et al., 2007).
Furthermore, high soil P levels, excessive irrigation, poor drainage causing prolonged wet
soil conditions and low soil temperature are also associated with Fe deficiency (Zekri and
Obreza, 2015). In the United States, Fe deficiency was commonly observed on Florida’s
calcareous soils with high soil pH (Zekri and Obreza, 2015). In Mwea, apart from the low
soil Fe concentration and calcareous nature of the soils, poor drainage where in most cases
farmers tend to leave the fields flooded for longer periods of time (1-3 months) before
transplanting as observed by Kondo et al., (2001) could also aggravate Fe deficiency stresses.
While there have been no observations on Fe toxicity occurrence in Mwea paddy fields, the

conditions and soils present indicate likelihood of Fe toxicity occurring where about 17% of
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the sampled fields recorded over 300 mg/kg soil Fe. Soil and water conditions that prevail in
inland valley swamps and other wetlands such as irrigated lowlands and rain fed lowlands are
known to lead to the development of iron toxicity in rice (Becker and Asch, 2005; Abah et al.,
2012). Toxicity occurs as a result of excessive Fe uptake by rice plants because of a large
concentration of Fe in the soil solution and is known to occur on a wide range of soils with
pH values 4-7 although it is generally high in lowland rice soils with permanent flooding
during crop growth (Yoshida, 1981; Fairhurst ef al., 2007). Fe toxicity is associated with poor
water control, resulting in reducing soil conditions that promote the accumulation of soluble
ferrous iron in the soil solution. Under these specific water conditions, soluble Fe in the soil
solution (Fe?") is absorbed by roots and accumulates in leaves (Audebert and Fofana, 2009).
Unit-wise Fe toxicity stress could occur in a number of fields in Mwea unit (25%), Thiba unit
(44%), Tebere unit (25%) and to a lesser extent in Wamumu (5%) and Karaba unit (3%)
where soil Fe values exceeded the 300 mg/kg limit. Previous work by Muriithi et al., (2012)
in Mwea indicated Fe as the major contaminant in the clays occurring at between 12-16%.

It is acknowledged that Fe toxicity is likely to be a serious problem in many parts of the
world such as Africa, South America and Asia where rice is grown on acid soils that have
great potential for rice production (Fageria et al., 1990). Yield losses in rice associated with
Fe toxicity commonly ranges from 15% to 30%; but crop failure has been reported to occur
under severe toxicity (Auderbert and Sahrawat, 2000). In West Africa, a yield reduction of
40-45% was reported in rice though the extent depended on cultivar, intensity of toxicity and
crop management strategies in terms of water control and mineral fertilization (Auderbert and
Fofana, 2009).

Fe toxicity can be alleviated by application of potassium sulphate, introduction of tolerant
genotypes, adoption of ridge culture, improvement in soil drainage and water and nutrient
management practices (Auderbert and Fofana, 2009; Yamauchi, 1989; Sahrawat, 2005).
Elevated soil Fe has been shown to decrease the absorption of other plant nutrients especially
P and K by the rice (Yoshida, 1981; Olaleye et al., 2001) and as such, application of plant
nutrients that could be limiting such as P, K, Ca, Mg and Zn may possibly alleviate iron
toxicity effects by enhancing plant tolerance (Tanaka et al., 1966). Audebert and Fofana,
(2009) reiterated that the application of P, K and Zn in conjunction with N is an effective way
of reducing Fe toxicity effects on rice growth and yield. However, under high iron toxicity
stress an integrated use of tolerant cultivars and improved soil and nutrient management may

give the best results (Sahrawat et al., 1996).
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Micronutrient cations are most stable and available under low pH conditions and as the pH
increases, their ionic forms are changed into insoluble and unavailable forms (Brady and
Weil, 2014). In this study, the soils of Thiba unit recorded the lowest pH (5.7) and this could
be the reason for higher soil Fe concentration. The decrease in surface soil Fe concentration
down the elevation as observed is because in paddy fields as water percolates through soil, Fe
as well as Mn is known to accumulate below the plough layer in the subsoil. Leaching of
nutrients from the plough layer by water percolation and their accumulation in the subsoil has
been observed in paddy fields in Japan (Katoh et al., 2004a). The accumulation of leached Fe
occurs in the uppermost part of the subsoil (Katoh ef al., 2004b) therefore the decrease in top
soil Fe concentration in the depression areas is attributable to its percolation to the subsoil

through irrigation water and increase in surface soil pH.

2.3.7.2. Soil Available Mn

Mn as a micronutrient is important in mitigating Fe toxicity and its availability just like Fe
increases with flooding (Dobermann and Fairhurst, 2000). Deficiencies of Mn, together with
Cu and B are rare in rice but a concentration of 3-30 mg/kg is used as the optimum soil Mn
concentration and its application is said to be unnecessary in soils with above 40 mg/kg 0.1M
HCI extractable Mn (Dobermann and Fairhurst, 2000). Mn deficiency stress occurs because
of small quantities of soil available Mn and large concentrations of Ca*", Mg?', Zn?" etc as
well as large Fe in the soil (Dobermann and Fairhurst, 2000; Fairhurst et al., 2007). Mn
deficiency stress is uncommon in lowland rice as its solubility is said to increase in
submerged conditions when the redox potential is low and Mn is reduced to plant-available
forms (Dobermann and Fairhurst, 2000; Fairhurst et al., 2007; Tao et al., 2007).

Mn deficiency is however said to occur on both acidic and alkaline soils probably due to
leaching in acid soils and insolubility in alkaline soils. In addition, it is said to be associated
with deficiencies of Zn, Fe and Cu on both acid and alkaline soils and with Mg deficiency on
sandy acidic soils (Zekri and Obreza, 2015). In Iran, Mn deficiency is recognized as an
important nutritional problem in cereal production where it is known to occur on sandy soils
with neutral to slightly alkaline pH, soils from marine sediments and rich in carbonates as
well as soils rich in clay and organic matter (Aref, 2010; 2012). Preventive strategies to
prevent Mn deficiencies include application of farm yard manure or returning crop residues
which reduces Mn losses in the soil. The use of acid forming fertilizers such as ammonia
sulphate as a fertilizer management strategy is also recommended (Dobermann and Fairhurst,

2000; Fairhurst ef al., 2007). In scheme, results indicated that Mn deficiency is unlikely to be
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critical issue because less than the optimum soil Mn concentration was recorded in only 2%
of the sampled fields.

On the other hand, Mn toxicity has been reported in soil with readily reducible Mn of more
than 300mg/kg and such soils are said to occur in lowlands that have ground-water containing
elevated amounts of Mn (Kyuma, 2004). In a separate scenario, Mn toxicity has been
reported to affect plants where soil Mn contents exceeded 500 mg/kg (Kabata-Pendias, 2011).
Mn toxicity however is said to be rare in lowland rice even with large Mn concentrations
because rice is said to be comparatively tolerant to large Mn concentrations (Dobermann and
Fairhurst, 2000; Fairhurst et al., 2007). Mn toxicity is however expected to occur in field
crops grown on acid soils of pH around 5.5 or lower and with high Mn levels (Kabata-
Pendias, 2011). Nonetheless, the critical Mn content and unfavourable soil pH ranges depend
upon several other environmental factors and toxicity is also known to occur at higher pH
levels where soils are poorly aerated/drained (Kabata-Pendias, 2011). In rice production, Mn
toxicity is likely to occur on acid upland soils with pH values below 5.5 in combination with
Al toxicity; lowland soils with large amounts of easily reducible Mn, acid-sulphate soils and
on areas affected by Mn mining as found in Japan ( Dobermann and Fairhurst, 2000;
Fairhurst et al., 2007).

Although rice is said to be tolerant to Mn toxicity (Dobermann and Fairhurst, 2000; Fairhurst
et al., 2007), toxicity stress is likely to be experienced in 16% of Mwea and 44% of Thiba
unit sampled fields. In these cases, the soil solution pH recorded was below 5.5 and soil Mn
concentration was above the critical 300 mg/kg level for rice. To mitigate the negative Mn
toxicity stress effects, proper fertilizer management should be taken into account and
application of lime on acid soils to reduce the concentration of active Mn together with
proper straw management is recommended (Dobermann and Fairhurst, 2000; Fairhurst et al.,
2007).

Similar to soil Fe, soil Mn decreased in the surface soil down the elevation with Mwea and
Thiba units at higher elevation recording higher surface soil Mn compared to the lower
elevation Wamumu and Karaba units. This is because Mn and Fe together with other nutrient
elements in paddy fields tend to percolate through irrigation water and accumulate in the
subsoil (Katoh et al, 2004a). Furthermore, micronutrients in soil are known to be most
soluble and readily available under acid conditions and as the pH increases, they change into
insoluble hydroxides or oxides thus unavailable (Brady and Weil, 2014). The decrease in Mn

concentration down the elevation in our study site is thus attributed to its percolation through
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irrigation water and the increase in surface soil pH as the exchangeable bases particularly Ca

increased down the slope.

2.3.7.3. Soil Available Cu

Generally, Cu is accumulated in the upper few centimetres of soils; however, due to its
tendency to be adsorbed to soil organic matter, carbonates, clay minerals and oxyhydroxides
of Mn and Fe; it may be also accumulated in deeper soil layers (Kabata-Pendias, 2011). In
soils, Cu is present as oxides, carbonates, silicates and sulphides and its chemistry in
submerged soils is similar to that of Zn, forming sparingly soluble sulphides (Neue and
Mamaril, 1985). Cu is required for lignin synthesis and is a constituent of ascorbic acid and
as well as some enzymes. It is a regulatory factor in enzyme reactions and a catalyst in
oxidation reactions. As a micronutrient, it plays a key role in nitrogen, protein and hormone
metabolism, pollen formation and fertilization as well as photosynthesis and respiration
(Dobermann and Fairhurst, 2000; Fairhurst ef al., 2007; Kabata-Pendias, 2011). In our study,
Cu soil concentrations in the study area are sufficient as they are above critical deficiency
level of 0.1mg/kg (Dobermann and Fairhurst, 2000; Fairhurst ez al., 2007). Cu availability
decreases with flooding as a result of the formation of copper sulphides and ferrite and
further complexion with organic matter. As a result, its availability for plant uptake decreases
with increase in pH (Dobermann and Fairhurst, 2000; Fairhurst et al., 2007). In Mwea
irrigation scheme therefore there is neither risk of Cu deficiency nor toxicity given that its

solubility and availability decreases with flooding.

2.3.7.4. Soil Available Zn

Zn is an essential micronutrient required by both plants and animals including humans
(Alloway, 2009). Zn is essential for several biochemical processes in rice plant for instance
enzyme activation and chlorophyll production. It promotes seed and grain formation, plant
maturity and is essential for protein synthesis (Brady and Weil, 2014). It has been reported to
be generally of low mobility in soils and has a tendency of being adsorbed on clay size
particles (Kabata-Pendias, 2011; Alloway, 2008). As an essential plant micronutrient, Zn has
been shown to be the most critical yield limiting micronutrient to rice growth after N (Neue
and Mamaril, 1985; Alloway, 2008; Buri et al., 2000). Zn is accessible to plant as
exchangeable Zn?" ion most of which are bound to clay particles or inorganic constituents
like iron and aluminium oxides and thus unavailable for plant uptake. It is also known to

chelate and bind to organic matter which can be decomposed and release ions for plant
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uptake (Brady and Weil, 2014). With flooding, Zn availability generally decreases compared
to well-aerated soils and when prolonged, the potential for Zn deficiencies increase due to the
formation of sulphates and carbonates (Neue and Mamaril, 1985).

In rice production, 2.0 mg/kg 0.1N HCl-extractable is set as the critical level for deficiency to
occur (Dobermann and Fairhurst, 2000; Fairhurst et al., 2007). Under severe Zn deficiency,
tillering of rice is affected or may stop completely and spikelet sterility is also known to
increase (Dobermann and Fairhurst, 2000) which has a negative effect on grain yield (Mei et
al., 2009). Zn deficiency has been shown to decrease rice yields by as much as 50 % in
Burkina Faso (van Asten ef al., 2004). In Japan, Zn deficiency stress causes a disorder known
as ‘Akarage Type II' that damages rice throughout its growth cycle (Dobermann and
Fairhurst, 2000). Zn deficiency stress is said to occur on a wide range of soils with several
contributing factors. Soils with low Zn, high in available P and Si as well as leached, aged
acid-sulphate, sodic soils, saline-neutral soils, calcareous, peat, sandy, highly weathered acid
and course textured soils are said to be prone to Zn deficiency (Kyuma, 2004; Dobermann
and Fairhurst, 2000; Fairhurst et al., 2007; Alloway, 2008; 2009).

Results showed high variability in soil Zn concentration across the unit blocks and the
concentration was below the 2.0 mg/kg critical level on average. Overall in the larger scheme,
72% of our sampled fields had soil Zn concentration below the 2.0 mg/kg critical limit. Such
high incidences of Zn deficiency stress have also been reported on Ethiopian Vertisols
(Kebede and Yamoah, 2009; Hailu et al., 2015). In soil, small amounts of available Zn, high
carbonate concentration especially in calcareous soils, high pH under anaerobic conditions as
well as increased availability of Ca, Mg, Fe, Mn, Cu and P after flooding cause Zn
deficiencies (Dobermann and Fairhurst, 2000; Fairhurst et a/., 2007). In addition, large P
fertilizer application is also known to cause Zn immobilization in the soil thus making it
unavailable for plant uptake (Dobermann and Fairhurst, 2000; Fairhurst et al., 2007).

In Mwea apart from the low soil available Zn, the calcareous nature of soils, high soil Fe and
high P in the region exacerbate Zn deficiency. Famers in the scheme rarely use micronutrient
fertilizer and in most cases they apply only N and P fertilizers (Kihoro ef al., 2013). In this
regard, management practices to help alleviate Zn deficiency stress would be to introduce Zn-
based fertilizers and using fresh water for irrigation to help in leaching out cations and to
reduce on carbonate accumulation. The recommended Zn fertilizer dose for lowland rice is
generally between 5-10 kg Zn/ha (Dobermann and Fairhurst, 2000; Fairhurst ef al., 2007) and
therefore studies to determine the optimum Zn dose for Mwea is necessary. In addition,

selection of Zn-efficient varieties and application of organic manure or Zn fertilizers before
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seeding or transplanting (Fairhurst ef al., 2007) are helpful management strategies to explore.
Organic matter input as well as crop residue management are seen as keys to replenishing Zn

as well as S in the soil (Abe et al., 2010) and should be advocated for in the scheme.

2.4. Relationship between Soil Parameters

In order to detect the relationship between the studied parameters, Pearson’s correlation
coefficients (p<0.001, p<0.01 and p<0.05) were calculated and are shown in Table 2.8. From
the Pearson correlation analysis, results show that pH affected most of the parameters
negatively and positively. A highly significant negative correlation was found between pH
and TC (r=-0.54, p<0.001), TN (r=-0.51, p<0.001) and micronutrients Fe, Mn and Zn
(p<0.001) except Cu (p>0.05). On the other hand, the correlation was positive with C/N
ratio (r=0.44, p<0.001), exchangeable Na" ((r=0.42, p<0.001), exchangeable Ca>" (r=0.58,
p<0.001), Cat+tMg/K ratio (r=0.17, p<0.05) and soil available SiO> (r=0.68, p<0.001).
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The association observed in the correlation was clearly manifested in soil Mn, Fe, TC, TN
and CN ratio as our sites that had high soil pH recorded low TC and TN but with high CN
ratio. Similarly, where the soil pH was low, soil Mn and Fe was relatively high. Generally,
micronutrients Zn, Cu, Fe and Mn are said to be greatly available under acidic to neutral pH
soils but are much less available at pH above 7 (Fageria et al., 2003; 2011; Aref 2012; Brady
and Weil, 2014). Zn had very strong and highly significant positive correlation with Fe
(r=0.66, p<0.001) and Mn (r=0.34, p<0.001) but with Cu, it was relatively weak (r=0.16,
p<0.05). In addition, micronutrients showed negative correlation with soil exchangeable
bases; the strongest being between Fe and Ca*" (p=-0.52, r<0.001). The negative correlation
was also seen with SiOz and C/N ratio. On the contrary, soil exchangeable cations, SiO2 and
C/N ratio showed positive correlation with soil pH (Table 2.8).

Soil exchangeable cations correlated positively with each other while (Ca+Mg)/K ratio
showed the highest negative correlation with exchangeable K* (r=-0.59, p<0.001) with TC
(r=-0.33, p<0.001) and TN (r=-0.35, p<0.001). What’s more, exchangeable Ca**, Mg** and
Na' correlated negatively with soil TC and TN being significantly higher with Ca*" (1=-0.28
and r=-0.36 at p<0.001) an indication that high soil exchangeable Ca>" negates accumulation
of carbon in soil as revealed from our site where units with high exchangeable Ca?" in the
lower elevation had low TC and TN. Conversely, soil exchangeable K correlated positively
with TC and TN (r=0.31 and r=0.26 at p<0.001). Soil exchangeable cations correlated
negatively with soil micronutrients and positively with pH such that as micronutrients are

increased at low pH, exchangeable cations are decreased.

2.5. Extraction of Factors Characterizing Soil Properties

Factor analysis by Principal Component Analysis (PCA) was used to reduce
multidimensional datasets to interpretable sizes by identifying factors that contain most of the
variance of the associated variables (Barona and Romero, 1996). Factors that contained Eigen
values greater than 1 were retained. In the scheme, five principal components (PC1 to PC5)
with Eigen values exceeding 1.0 were derived which accounted for about 72 % of total
variance (Table 2.9).

The first component, PC1, showed high positive loadings for TN, Fe, Zn and TC while C/N
ratio, pH and Ca loaded negatively on the same component. Since N is related to soil and
fertilizer management, this first component can be referred to as “soil management factor”.
The factors that loaded positively on PC1 showed positive correlation between them but

correlated negatively with the negatively loading factors. The negative loading for C/N ratio
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is as a result of high carbon and low nitrogen together with slow decomposition rates under
prolonged anaerobic conditions that probably accelerate gaseous and hydrologic N losses and
hinder N mineralization. Furthermore, inappropriate N application methods that lead to
leaching losses are contributing factors to the low soil N accumulation. The negative Ca
loading effect, which is positively associated with high pH, showed a negative association
with TC and TN and the units that had higher soil exchangeable Ca*" and higher soil pH in
the lower elevation position of the scheme recorded lower soil TC and TN. Furthermore, the
high concentration of Ca?' in the soil seemed to negatively affect straw yield and
compromised grain quality by hindering accumulation of a number of nutrients in the grain
(Chapter 3).

PC2 showed high positive loading for K and EC which correlated well positively, thus can be
termed as the “K factor”. PC3 loaded negatively for S, an indication that probably limited S
utilization for rice growth. On the other hand, PC4 and PC5 loaded positively for P,Os and
Mn respectively.

Table 2.9: Factor loadings, eigen-values and cumulative contribution ratio

Variables PC1 PC2 PC3 PC4 PC5
pH -0.741 0.383 0.190 0.154 -0.326
EC 0.227 0.634 -0.373 0.036 0.385
TC 0.782 0.314 0.280 -0.293 -0.076
TN 0.842 0.283 0.270 -0.228 -0.199
C/N -0.779 -0.241 -0.129 0.245 0.285
Avail. P2Os 0.147 0.371 0.450 0.604 -0.182
Ex. K 0.095 0.817 0.094 -0.105 0.144
Ex. Na -0.332 0.439 0.001 -0.297 -0.237
Ex. Mg -0.478 0.132 0.173 -0.506 0.345
Ex. Ca -0.665 0.470 0.212 0.182 0.138
Ex. CatMg/K ratio -0.491 -0.544 0.209 -0.081 -0.116
Avail. Zn 0.802 0.038 -0.052 0.257 0.196
Avail. Cu 0.123 -0.002 -0.556 0.249 -0.433
Avail. Fe 0.814 -0.135 0.106 0.168 -0.087
Avail. Mn 0.422 -0.269 0.214 0.286 0.550
Avail. SiO» -0.456 0.570 0.186 0.253 0.032
Avail. S 0.084 0.518 -0.612 0.017 0.038
Eigen-value 5.30 3.00 1.45 1.29 1.18
Cumulative contribution (%) 31.1 48.8 57.4 64.9 71.9

A pictorial representation of results from factor analysis is presented in Figure 2.2. As the
figure shows, the variables S and P>Os that loaded highly on PC3 and PC4 respectively have
close association and show positive correlation with PC2 variables though with a lesser

contribution on component 2. They can probably be summed as ‘fertilizer management’
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factors as they form the essential nutrients required for high yields to be realized. Therefore
supplying them in adequate rates and application times are important factors that influence
their use efficiency for enhanced productivity and sustainability of rice.

Mn loaded highly and positively on PC5 and is closely associated with PC1 factors of TN, Fe,
Zn and TC. Since PCI is N factor related to its management and the relative efficiency of rice
utilization of N fertilizer is directly related to water management, thus rice growth stage at N
application, N source and the chemical transformations that occur to N after it is applied to
the soil need to be considered. Continuously flooded rice does not absorb NO3 because of
rapid losses via denitrification (Fageria et al., 2003) making it of little or no benefit to rice.
For N use efficiency, application on dry rather than wet soil is recommended to avoid losses.
Proper flood water management is critical for efficient N uptake which also aids in reducing

Fe and Mn accumulation to toxic ranges in the soil.
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Figure 2. 2: Variable loading on PC 1 and PC 2.

2.6. Conclusions and Recommendations

This results show clearly that the soils of Mwea irrigation scheme are highly variegated in

terms of nutrient concentration and therefore blanket fertility recommendation is not suitable.
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The wvariation could be linked to topographical differences, differences in
cultivation/establishment history as well as field management. With regard to topography,
there is a lot of surface downward movement of nutrients through irrigation water and
deposition in the lower elevation. Although fertilizer recommendations exist, they do not
capture differences in topography and are rather ‘blanket’. The variations in soil properties
require specific and adapted management practices for improved yields and sustainable use of
the irrigation scheme. Some of the deficiencies (Zn and K availability) identified are due to
the inherently low availability of nutrients in the soil as a consequence of non-application of
fertilizers or manures containing them coupled with inappropriate farm management practices
that lead to losses. Improvements in rice productivity in the scheme should be knowledge-
based arising from interactions and integrated management of agronomic inputs such as
nutrients and water management. With some improvement in the soil drainage situation,
correcting the deficiencies of K and Zn could increase rice productivity well above the
present level. Furthermore, efficient fertilizer application modes for instance nitrogen
fertilizer incorporation into the soil rather than wet surface application should be avoided to
reduce losses. Incorporation of straw into the soil as opposed to removal after harvest could
also help return some of the nutrients taken up by the crop and help conserve soil nutrient

reserves in the long term.
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CHAPTER 3

Relationship between Soil and Rice Nutrient Content

3.1. Introduction

The demand for rice in Kenya continues to increase owing to continued growth of population.
As such, yield increases in rice are likely to occur through fine-tuning of crop management
options. Plant growth and development is highly reliant on the uptake of nutrients from the
soil. According to the amount required by plants, nutrients can be divided into macronutrients
(N, P, Ca, P, Mg and S) and micronutrients (Fe, Cl, Mn, Zn, B, Cu, Mo and Ni) (Marschner,
2012). The amount of nutrients present in plant tissues is mainly dependent on the plant
demand and soil availability for each particular nutrient. Similar to plants, humans also
require most of the same nutrients, which are obtained from the daily diet. Unfortunately, not
all plant-derived food contains the necessary amounts of nutrients to meet the dietary
requirements of humans. This becomes even more critical when the diet is based on a poor
variety of plant derived food, and the majority of the plant derived food contains low amounts
of bioavailable nutrients. For instance, a diet based only on staple cereals like maize, rice,
wheat, etc is not able to cover the demand of many nutrients, since cereals are low known to
be in protein and micronutrients, such as Fe and Zn (White and Broadley, 2005; Cakmak,
2008; Newell-McGloughlin, 2008). Presently grown high yielding rice varieties even though
are a major staple food and energy source for a large world’s population are poor in essential
micronutrients such as Zn especially the white rice (Kennedy et al., 2002, Sharma et al.,
2013).

Understanding soil test results and plant tissue analysis is vital in developing nutrient
management. Soil and straw nutrient concentrations were positively correlated for most
nutrients since the concentration of a particular nutrient in the plant is generally greater when
the concentration in the soil is high. Studies have shown that there exists variability in soil
properties and yield in rice production systems, which may potentially lead to site-specific
management of paddy fields (Moritsuka et al., 2004; Shoji et al., 2005).

Grain quality after yield is the most important factor for rice production and rice nutritional
quality has been considered as one of the main objectives for rice improvement (Ning ef al.,
2009). Nitrogen supply commonly limits grain yield in irrigated rice systems. Rice plant
demand for other macronutrients mainly depends on N supply (Dobermann et al., 1998).

Environmental pollution by nutrient leaching or runoff from rice fields has become another
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concern. Application of other macronutrients such as potassium has lagged behind, leading to
imbalanced plant nutrition and negative potassium input-output balances (Dobermann et al.,
1998). As a result of negative nutrient balances, significant depletion of soil nutrients such as
K and P seem to occur in irrigated rice (Dobermann et al., 1996). There are considerable
reservations about crop N, P and K requirements because the internal efficiencies vary greatly
depending on variety, nutrient supply, crop management and climatic conditions. Several
investigators suggested that genetic variation in internal efficiency of P and K may exist in
rice (Fageria et al., 1988).

At the end of growing seasons, mass senescence typically occurs in leaves and other tissues.
These remobilized nutrients are most likely moved to developing seeds in annual crop species,
provided that the senescence and seed import are synchronized to provide source-sink
relationships (Waters and Sankaran, 2011). During this stage of plant development,
remobilization i.e. net export of stored or recycled nutrients of some nutrients occurs from
vegetative tissues, such as leaves and stems or there is continuous uptake by the plant roots,
therefore understanding soil test results and plant tissue analysis is vital in developing
nutrient management.

In rice production systems in Kenya, mineral fertilisation is mainly restricted to N and P
applications (Kihoro et al., 2013) and the relationship between soil minerals and grain quality
has not received any attention. This research thus focused attention on crop nutrient contents
while assessing soil nutrient supplying capacity. Furthermore, the relationships between the
plant nutrient content and chemical properties of the soil such as available P2Os, K, S, total N,
exchangeable cations and micronutrient contents were investigated. The investigation aimed
at analyzing the effects of soil nutrient supplying power on rice nutrient accumulation and

considering implications for efficient and sustainable management of paddy soil fertility.

3.2. Materials and Methods

3.2.1. Site description, sample collection and analysis

Details about site characteristics, soil sampling procedures and analysis are provided in
Chapter 1. At harvesting time, grain and straw samples were collected from selected fields

across the scheme, dried, ground and analysed for total straw and grain elements.
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3.2.2. Plant Nutrient Analysis

Plant digests were prepared using concentrated HNO3 and analyzed for total Ca, Mg, K, Cu,
Fe, Mn, P>0s, S and Zn according to Koyama and Sutoh, (1987). The concentrations were
thereafter determined by Inductively Coupled Plasma-Atomic Spectroscopy (ICPE-9000,
Shimadzu).

3.2.3. Statistical Analysis

All data were subjected to an analysis of variance using R software version 3.4.0 for windows
and statistically significant differences between means compared at p<0.05. Plant nutrient
concentration was evaluated basing on the concentrations of the respective parameters
obtained from the laboratory analyses compared with set standards for rice straw and grain

quality. Correlation between soil and plant nutrient concentration was also done.

3.3. Results and Discussions
3.3.1. Soil Parameters

Statistically significant differences (p<0.05) were observed across the units in selected soil
parameters. Results revealed that the selected fields were generally low in total nitrogen on
average and soil Zn was below the deficiency limit for rice production. Soil exchangeable
Ca?" and Mg?*" exceeded the deficiency criteria for rice according to Dobermann and
Fairhurst, (2000) while exchangeable K* was below the deficiency level in Mwea and Thiba
units. Soil available P2Os, S, Fe, Mn and Cu were also sufficiently high enough as they all
were above the deficiency level for rice as stated by Dobermann and Fairhurst, (2000). Mean

values for the selected soil parameters across the units is shown in Table 3.1.

Table 3. 1 : Selected soil chemical properties of plant sampled fields in the Mwea scheme

Exchangeable cations

Available (mg/kg) (cmole/kg) Available micronutrients (mg/kg)

™ (Ca+tMg)/

(g/kg) S P20s  Ca> Mg K' Kratio  Fe Mn Cu Zn
Mwea 1.30 48.2 87.0 33.0 20.6 0.08 625 134 72.9 2.10 0.22
Thiba 1.20 51.5 123 41.7 217 0.12 533 94.8 198 1.14 0.26
Wamumu 0.90 60.0 50.0 472 244 0.36 240 69.4 136 4.77 0.55
Karaba 0.87 90.1 36.4 51.7 354 0.40 226 68.5 112 5.64 0.62
Tebere 1.43 78.7 152 369 21.2 0.56 150 909 947 2.90 0.63
Deficiency
level 9 12-20 1 1 0.2 100 4-5 3-30 0.1 2

As pointed out in soil results in Table 3.1, soil TN decreased down the elevation from Mwea

to Karaba and the contents are somewhat low. Soil exchangeable Ca?’, Mg?" and K*
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increased in Karaba from Mwea due to accumulation in the lower depression area. However,
soil K" is very low when compared to Ca** and Mg?" concentration thus severe cation
imbalances especially at the higher elevation units of Mwea and Thiba. Soil available
phosphorus did not show a clear trend but lower elevation units had lower concentration
compared to upper elevation units. The differences in soil phosphorus content could in part
be attributed to the differences in farmer capacities to apply phosphate fertilizers and
differences in cultivation history where higher elevation units with longer cultivation history
could have more accumulation than lower Wamumu and Karaba. Soil available S tended to
increase down the elevation and so did Cu and Zn. However, Zn content was way below the
deficiency level and thus need to introduce Zn fertilization as farmers only apply N and P
fertilizers (Kihoro ef al., 2013). Soil Fe and Mn were found to be in sufficient ranges and soil

Fe tended to decrease down the elevation as Mn trend was not clear.

3.3.2. Straw and Grain yield

Rice grain yield significantly (p<0.01) varied with the different unit positions. Overall, grain
yield ranged from 3.3 to 8.2 t/ha with some fields in Mwea, Tebere, Wamumu and Karaba
recording yields less than 5 t/ha.

Straw yield on the other hand did not vary significantly (p>0.05) between the units and values
ranging from 2.4 to 8.7 t/ha were observed. Fields that had low grain yield also recorded low
straw yield. Generally, straw and grain yields decreased down the elevation. Values observed
in straw and grain yield across the units with mean are shown in Table 3.2.

Table 3. 2 : Straw and grain yield ranges (mean+SD) in Mwea irrigation scheme units

Straw yield (t/ha) Grain yield (t/ha)

Mwea 4.6-7.2 (5.0+1.41)%® 4.6-7.3 (5.8+0.87)™®
Thiba 5.5-7.3 (6.2+0.77)* 6.1-8.2 (6.8+0.96)
Wamumu 3.5-6.6 (5.1+0.82)® 3.6-7.4 (5.6£0.94)
Karaba 2.4-8.7 (4.4+1.67)° 3.7-8.1 (5.0+1.16)°
Tebere 3.5-7.4 (5.4+1.08) 3.3-7.5 (5.6+1.02)®
Overall mean 2.4-8.7 (5.1£1.25) 3.3-8.2 (5.6£1.05)
CV (%) 25 19

Significantly higher yields for both straw and grain were observed in Thiba unit and the

lowest were recorded in Karaba (Table 3.2) which is located in the depression area.

3.3.3. Rice nutrient content and transfer from straw to grain

Data on average total straw and grain nutrient contents across the units is shown in Tables 3.3

and 3.4 respectively with deficiency criteria according to Dobermann and Fairhurst, (2000).
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Table 3. 3 : Straw total nutrient concentration across units

Unit/ Total Nutrient content (%)

Nutrient Zn Cu Fe Mn P>O:s S K Mg Ca
Mwea 0.0059  0.0024 0.1045 0.0590 0.3303 0.0696 0.6619 0.2687 0.2793
Thiba 0.0042  0.0022 0.0581 0.0926 0.2448 0.0864 0.6858 0.2280 0.2511
Wamumu 0.0052  0.0026 0.1509 0.0869 0.3092 0.0857 1.4574 0.2729 0.3266
Karaba 0.0044  0.0019 0.0967 0.0802 0.2139 0.0840 1.5985 0.2850 0.3828
Tebere 0.0045 0.0012 0.1303 0.0822 0.2416 0.0896 1.6725 0.3028 0.3244
Deficiency

level* 0.003 0.0003 0.035 0.045 0.1 0.075 1.4 0.2 0.3

*Dobermann and Fairhurst (2000)

Highly significant differences (p<0.05) were observed in straw total Ca, Cu, K, P2Os and Zn
whereas straw total Fe, Mg, Mn and S did not show significant differences (p>0.05) across
the five units. As pointed out in Table 3.3, straw total Zn, Cu, Fe, Mn, P>Os and Mg content
exceeded the deficiency level in all units. Although soil Zn was below the deficiency level
(Table 3.1), total content in straw was somewhat high exceeding the deficiency level.

For nutrients to accumulate in straw they must be taken up from the soil through the xylem
transport in the transpiration stream (Sperotto, 2013). In our results, positive associations
between soil and straw nutrient accumulations were noted in Ca, K, Mg, Mn and S. On the
other hand, Fe and Zn showed a negative association between soil contents and straw
accumulation. As soil Cu, Fe, Mn, P>Os and Mg were above the deficiency limit, so was their
total contents in the straw. However, Mwea and Thiba unit showed deficiency in straw total
Ca and K as mean values were below the deficiency criteria. The two units also showed
lower soil concentration of Ca and K compared with the rest of the units. In addition, Mwea
unit indicated deficiency in straw total S (<0.075%) and it somewhat correlated with the
lower S concentration in the soil as indicated in Table 3.1.

The distribution of nutrients in plant edible parts occurs through redistribution of initially
accumulated nutrients or they are continuously taken up from the soil as the crop cycle ends
with the onset of senescence. This is normally accomplished through phloem transport from
old to new leaves and the process is somewhat selective largely dependent on how mobile the
nutrient element is in the phloem (Sperotto, 2013).

Grain nutrient analysis revealed significant differences (p<0.05) in total Ca, Cu, K, Mg, S,
P>0s and Zn while grain total Fe and Mn were not significantly different (p>0.05) across the
five units. As pointed out in Table 3.4, grain total Cu, Mn, P>Os and Zn exceeded the

deficiency level for rice while total Ca, Fe, K, Mg and S were deficient in all units.
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Table 3. 4 : Grain total nutrient concentration across the units

Total Nutrient content (%)

Unit/Nutrient Zn Cu Fe Mn P>O:s S K Mg Ca
Mwea 0.0050 0.0017 0.0085 0.0083 0.6915 0.0751 0.1844 0.1285 0.0393
Thiba 0.0044 0.0016 0.0086 0.0112 0.6133 0.0731 0.1705 0.1182  0.0385
Wamumu 0.0045 0.0019 0.0097 0.0092 0.6475 0.0734 0.1901 0.1219  0.0395
Karaba 0.0046 0.0013 0.0134 0.0080 0.6347 0.0729 0.1755 0.1192  0.0369
Tebere 0.0044 0.0018 0.0119 0.0086 0.6454 0.0790 0.1977 0.1220 0.0342
Deficiency

level* 0.002 0.001 0.025 0.005 0.2 0.1 0.29 0.15 0.05

*Dobermann and Fairhurst (2000)

The first step of nutrient accumulation in rice is the nutrient uptake by roots; a process that
depends on the soil availability of each nutrient which is affected by the soil condition.
Transfer coefficients (TCs) of nutrients from straw to the grain were calculated and average

values are shown in Table 3.5.

Table 3. 5 : Grain nutrient transfer coefficient™ from straw to grain

Ca Cu Fe K Mg Mn P>0Os S Zn

Mwea 0.147 0.757 0.094 0359 0487 0.149 2.210 1.093  0.862
Thiba 0.158 0.798 0.150 0.419 0.530 0.119 2.543 0.885 1.066
Wamumu 0.131 0.791 0.090 0.178 0477 0.111  2.559 0.892  0.889
Karaba 0.102 0.672 0.173 0.115 0.433 0.105 3.590 0.908  1.098
Tebere 0.114 2.000 0.123 0.122 0.415 0.121  3.058 0917 1.225

Overall 0.124 1.191 0.121 0.193 0452 0.120 2.854 0.939 1.050

*Transfer coefficient=Nutrient concentration in grain/Nutrient concentration in straw

As pointed out in Table 3.5 in overall, phosphorus had generally the highest TC while
manganese had the lowest. The trends observed revealed inconsistence trends and in some
cases, where straw nutrient content was low, the transfer rates to the grain were high for
instance Mg, K and Zn. In a separate case, Fe and S showed positive association between
straw content and transfer rate.

Nutrient mobility in rice is said to be in the sequence P>N>S>Mg>K>Ca which is in close
agreement with the trend observed in our straw-grain transfer
(P>Cu>Zn>S>Mg>K>Ca>Fe>Mn). The mobility however is further controlled by soil and

plant conditions.
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3.3.4. Nutrient Uptake, Distribution and Accumulation in Rice
3.3.4.1. Phosphorus and Sulphur

Phosphorus is vital in plant metabolism, playing a role in the transfer and storage of energy
from photosynthesis and carbohydrate metabolism (Fairhurst et al., 2007; Bi et al., 2013).
Phosphorus in most soils and particularly in the tropics is limited for plant uptake because of
its immobilization (Maranguit et al., 2017) but with flooding, it can be mobilized under
anaerobic conditions (Ponnamperuma, 1972; Rakotoson et al., 2015; 2016). Additionally,
flooding releases available phosphorus contents much higher when compared with aerobic
soil conditions (Fairhurst et al., 2007; Rakotoson et al., 2014).

Application of phosphorus is recommended as a major agronomical practice for increasing
crop yield and phosphorus nutrition is particularly important in early growth stages (Fairhurst
et al., 2007). Phosphorus is mobile within the plant and a large fraction of it accumulated in
aboveground tissue in rice is located in the grain, a phenomenon that results in high
phosphorus removal from fields (Rose et al., 2010; Bi ef al., 2013; Wang et al., 2016). As a
consequence, seed phosphorus has a value as a target in phosphorus management in rice. In
cereal grains, inorganic phosphorus consists of about 10% of total phosphorus whereas the
majority of grain phosphorus accounting for 50-80% occurs in the form of phytic acid (Raboy,
2007). However, phytic acid is an anti-nutrient that cannot be digested by humans and other
monogastric animals resulting in high loads of P in waste that eventually becomes an
environmental hazard (Raboy 2007; 2009).

Phosphorus uptake by lowland rice during growing season increases with plant development
and on phosphorus deficient soils, the uptake increases as phosphorus fertilizer rate increases
(Fageria et al., 2003). In the straw, phosphorus accumulation increases with age until
flowering after which the content in straw drops from translocation to the developing seed.
Under some cases, root uptake may continue between flowering and maturity to meet the
grain P demands (Fageria et al., 2003).

Phosphorus loads rapidly into the grains between 6 and 15 days after flowering (Ogawa et al.,
1979; Wang et al., 2016) although a field study in Philippines by Julia et al., (2016) observed
continuous partitioning of phosphorus to the grains after 14 days after flowering and up to
maturity. Thus phosphorus in the grains at maturity is possibly from 2 sources; post-
flowering root uptake from the soil i.e. exogenous or remobilization from vegetative plant
parts i.e. endogenous sources (Julia et al., 2016). With the reduction in leaf and stem

phosphorus concentrations between flowering and maturity one can clearly deduce that
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endogenous source is an important process in rice phosphorus grain loading (Rose et al.,
2010). They however added that post anthesis uptake of phosphorus by rice may be due to its
perennial growth habit, which results in the continuous production of new tillers during grain
filling with only partial senescence of leaves and stems at maturity (Rose et al., 2010). In
another experiment in the Philippines, Julia et al., (2016) observed that post-flowering
phosphorus uptake represented 40-70% of aerial plant phosphorus accumulation at maturity;
with the panicle as the main sink remobilization from vegetative tissues to the panicle during
grain filling accounting for only 20%. In their view, post-flowering phosphorus uptake does
not move directly to the grains but grain filling involved indirect phosphorus fluxes
originating from phosphorus previously taken up and located in the vegetative tissues.

As much of phosphorus accumulating in the grain is removed through harvest, efforts should
focus on reducing the amount of grain phosphorus accumulation with the aim of minimizing
unnecessary export from fields at harvest which consequently would help improve
phosphorus use efficiency in smallholder cropping systems (Richardson ef al., 2011; Rose et
al., 2013b; Vandamme et al., 2016).

In Mwea case, given the sufficiently high enough soil available phosphorus status, there was
probably continuous uptake such that as remobilization from vegetative tissues to the grain
occurred, influx from the soil at post-flowering could have also occurred resulting in high
concentrations. This means that straw and grain have a luxury concentration of P which
caused a dilution effect to other mineral nutrients in the grain.

Sulphur is a secondary element required by plants in relatively large amounts for normal
growth (Fageria et al., 2003). Sulphur in soils occurs in four major forms, namely C-bonded
S, ester sulphate, adsorbed SO4* and SO? in soil solution. Plants acquire S in the form of
SO4* from the soil solution. (Dobermann et al., 1998) and is transported in the xylem.
Sulphur, less mobile in plants is required for protein synthesis, plant function and structure
and is also involved in carbohydrate metabolism (Fairhurst et al., 2007). Reduction of sulphur
can take place in the roots, but largely takes place in chloroplasts after which it is
incorporated into cystine, cysteine, and methionine and it is important for the formation of
chlorophyll. Reduced forms of S move to the panicle during grain filling in the phloem
(Dobermann et al., 1998). Deficiency in sulphur reduces grain yield and grain quality through
a reduction in cystein and methionine contents in rice which further affects human nutrition
(Khurana et al., 1999; Dobermann and Fairhurst, 2000). Interestingly, the reduction in yield
can be as high as between 10-40% without any visible symptoms of its stress (Khurana et al.,

1999).
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Sulphur occurs in diverse valence states, from "6 as sulphate to 2 as sulphide with numerous
inorganic and organic S compounds. Extreme S in paddy field ecosystem negates its uptake
by rice because its behaviour is closely linked to redox potential with transformation of
inorganic species from 2 to "6 and oxidation of organic S compounds (Hu ez al., 2007).

Pot experiments at IRRI have revealed that S deficiency as indicated by N:S ratios of 16 and
25 may also significantly affect grain quality due to reduced cysteine and methionine
contents (Juliano et al., 1987; Randall et al., 2003). Grain data from Mwea revealed low S
contents probably because of high soil N:S ratio that varied between 6 and 48 (data not
shown). Therefore N nutrition should be enhanced to improve on S accumulation in the grain
and thus grain quality.

Elsewhere, Randall et al., (2003) in a green house experiment observed highest grain S
concentration in treatments where S supply was inadequate during early growth and S added
after anthesis. Under S deficient conditions, plants have shown increased capacity to take up
S compared with S adequate plants (Clarkson ef al., 1983) because of high up-regulation of
sulphate transporters (SULTR) in S deficiency conditions (Forieri ef al., 2013).

3.3.4.2. Exchangeable Cations (Ca, Mg and K)

The three cationic elements calcium (Ca), magnesium (Mg) and potassium (K) are required in
large amounts by both plants and animals. In plants, these elements must be acquired by roots
from the soil solution and thereafter redistributed to edible tissues to support the terrestrial
food chain (Karley and White, 2009). K is present in relatively high concentrations in most
plant tissues; particularly concentrated in the growing tissues and reproductive organs a
reflection of its natural abundance, biochemical and biophysical functions and its ease of
transport within the plant (Karley and White, 2009; Maathius, 2009; Gierth and Maser, 2007).
Just like K, Mg is also translocated readily within the plant but Ca tends to be in low
concentrations especially in phloem-fed tissues such as fruits, seeds and tubers as significant
amounts are retained in mature and senescing organs (White and Broadley, 2003; Karley and
White, 2009).

Much of leaf Mg is associated with protein synthesis while part of it is associated with
chlorophyll (Maathius, 2009; White and Broadley, 2009). Calcium on the other hand is
required for various structural roles in the cell wall and membranes, as a counter-cation for
anions in the vacuole and for co-ordinating responses to developmental signs and
environmental challenges through changes in its cytosolic concentration (Maathius, 2009;

White and Broadley, 2003; McAinsh and Pittman, 2009). Nonetheless, mechanisms for
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uptake, translocation, accumulation and remobilisation of these three essential elements differ
and the transport processes are highly discriminatory between their cations (Karley and White,
2009).

Magnesium is said to enter root cells through Mg?* permeable cation channels (White, 2000;
White and Broadley, 2003). Mg is associated with proteins and the vacuole is the main
storage compartment for Mg in plants (White et al., 1990). It is released from the vacuole
through Mg?*-permeable cation channels and ATPases possibly catalyze its efflux from root
cells into the xylem where it is transported as either Mg?* or as a complex with organic acids
(White, 2000; Welch, 1995). Since Mg is mobile in the phloem, it is readily translocated to
fruit, seed and tubers (Wilkinson et al., 1990); however, results of our grain analysis
indicated that Mg contents were below the deficiency level (<0.15%). This could be
attributed to binding by phytic acid that is known to be a strong chelator of metal cations
forming a phytate salt (Raboy, 2009).

Pronounced declines of Mg concentration in cereal grains have been reported over the past
several decades, which have been linked to yield dilution coupled with the Green Revolution
(Rosanoff, 2013). Additionally, it is observed that the declines in seed Mg may also have
some correlation with long-term unbalanced crop fertilization with nitrogen, phosphorus and
potassium (NPK) over the last decades which lower Mg accumulation in seeds (Guo et al.,
2016). In the Mwea irrigation scheme, there has been emphasis on N and P fertilizers only
and this unbalanced fertilization could also be a contributing factor to low grain Mg
accumulation.

Potassium is delivered to the root surface principally by diffusion and mass flow of the soil
solution (Ahmad and Maathius, 2014) from where it is taken up by the plant root through the
epidermal and cortical cells. It is then transported symplastically through the endodermal
cells to the stele from where it is loaded into the xylem for transport to the shoot (Karley and
White, 2009). Once in the shoot, it flows to the parenchyma cells in the xylem sap and
distributed symplastically to the mesophyll cells flowing to the phloem companion cells that
load the phloem for transport into the fruit/seed and tubers (Karley and White, 2009). Figure

3.1 illustrates movement of K from the root surface through the plant cells.
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Figure 3. 1: K movement through the plant (Modified from: Karley and White, 2009).

Root epidermal (vE), Cortical (Cc), Endodermal cells (Ec), Stele (S), Xylem (X), Parenchyma cells
(Pa), Mesophyll cells (M), Phloem companion cells (Pc), Phloem (P).

Potassium is said to be very mobile in plants and as would be expected, since the straw
contents were high, the grain contents would be equally high. However, since K, Mg and P
accumulate in the aleurone layer (Ogawa, 1979), it is likely that the high P concentration in
form of phytic acid complexes with K thus hindering its accumulation. Furthermore, the soil
K concentration in Mwea was low and further exacerbated by the extreme cation imbalance
could have led to low accumulation of K in the grain.

Calcium is an critical plant macronutrient and is taken up by the root system from the soil
solution in the cationic form (Ca®") and translocated to the shoot via the xylem at rates
consistent with growth (White, 1998, 2001). Its delivery to the xylem is essentially restricted
to the apical region of the root (Moore et al., 2002). Ca can reach the xylem exclusively via
the root apoplast where Casparian bands are absent or via the cytoplasm of unsuberized
endodermal cells where Casparian bands are present (White, 2001; Moore et al., 2002). Its
influx into the root cells is mediated by Ca®'-permeable ion channels in their plasma
membranes (White, 2000). Once within the xylem, Ca appears to be transported either as
Ca®" or as a complex with organic acids (Welch, 1995; White and Broadley, 2003). Shoot Ca
concentration of different taxa grown in the same environment have been shown to correlate

well with cell wall chemistry and cation binding capacity (White and Broadley, 2003; White,
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2005), nonetheless, Ca concentration found in the leaves is found to depend greatly upon the
phytoavailability of Ca in the rhizosphere and the transpirational water flux (White, 2001;
White and Broadley, 2003). Since Ca is immobile in the phloem, and fruits, seeds and tubers
are fed mainly by the phloem, most of these parts eventually seem to contain low Ca contents
(White and Broadley, 2003; Sharma et al., 2017) and most is retained in straw. Since Ca
cannot be mobilized from older leaves and redistributed via the phloem, developing plant
tissues are forced to rely Ca supply from the xylem which is dependent on transpiration.
Unfortunately, transpiration in young leaves, enclosed tissues and fruits is low thus low Ca
accumulation (White and Broadley 2003). Figure 3.2 illustrates how Ca moves from the soil

into the root and through the plant cells.

Fruit/Seed
Shoot — I 'l II 'I'I

4
lr
— “

- gadnl |-

Figure 3. 2: Ca movement through the plant (Modified from Karley and White, 2009).

Root epidermal (vE), Cortical (Cc), Endodermal cells (Ec), Stele (S), Xylem (X), Parenchyma cells
(Pa), Mesophyll cells (M), Phloem companion cells (Pc), Phloem (P).

3.3.4.3. Micronutrients (Fe, Mn, Cu and Zn)

Nutrient uptake depends on the plant species and soil availability of each nutrient. For
micronutrients such as Fe, Zn and Cu, their availability relies mainly on chemical and
physical properties of the soil (Marschner, 2012). As an essential plant micronutrient, Zn has

been shown to be the most critical yield limiting micronutrient to rice growth after N (Neue
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and Mamaril, 1985; Alloway, 2008; Buri et al., 2000). Zn deficiency has been shown to
decrease cereal yields by as much as 50% according to work done by van Asten et al., (2004).
Micronutrient amounts in the grain depends much on the amounts taken up by the roots
during grain development and redistribution from the vegetative tissues via the phloem;
which is determined by how mobile the element is in the phloem (Garnett and Graham, 2005).
Accumulation of these micronutrients by plants generally follows the order of C1 > Mn > Fe
>7n > B > Cu > Mo. This order may change among plant species and growth conditions, but
is generally correct for lowland rice (Fageria et al., 2003).

Root uptake is the initial step in accumulation of Zn in rice grains. However, plant factors
such as root architecture, root hairs, root surface area and modification of rhizosphere
chemistry can change soil pH thereby improving solubility and diffusion to the rot surface
affects Zn uptake by roots (Rose et al., 2013a). On the other hand, soil factors that affect
availability of Zn to plants include soil pH, texture, content of organic matter, microbial
population and soil mineralogy (White and Broadley, 2011). In rice under flooded
(anaerobic) condition, availability of Zn is further affected by the soil redox potential, total
sulphur content and soluble bicarbonate (Impa and Johnson-Beebout, 2012).

Although soil is rich in Fe, plants cannot utilize it as it is chiefly present as largely insoluble
Fe (III) compounds (Bashir et al., 2010). Studies revealed that Fe content in rice has
significant differences among genotypes (Zhai et al., 2001) which is further regulated by
other environmental factors such as soil and climate (Barikmoa et al., 2007; Zuo and Zhang
2011). For example, although it is the second most abundant metal in the earth’s crust, its
availability to plants is very low under well-aerated calcareous or alkaline soils, since it can
be precipitated in the form of hydroxides, oxyhydroxides or oxides (Marschner, 2012). Given
the fact that it is insoluble in the soil, application of soil Fe as a fertilizer may not be an
effective strategy for increasing its accumulation in the grain (Bashir et al., 2013).

Zn is an essential micronutrient with numerous cellular functions in plants and its deficiency
represents one of the most serious problems in human nutrition worldwide. While it is an
essential micronutrient, Zn can be toxic if its accumulation is in excess (Ishimaru et al., 2011).
In soil solution, Zn is reported to be generally of low mobility because of the tendency to be
adsorbed on clay size particles (Alloway, 2008; Kabata-Pendias, 2011). Its solubility and
availability is determined by various factors like high CaCOs3, high pH, high clay soils, low
organic matter, low soil moisture and high iron and aluminium oxides (Kirk and Bajita, 1995;
Cakmak, 2008). Although the concentration of soil available Zn (1 M HCl-extractable Zn)

was below the critical deficiency level, it was necessary for the plants to induce changes in
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the soil to solubilize Zn. Given the changes that occur in the soil immediately following
flooding, it is possible that there was a substantial accumulation of Zn associated with
organic matter and amorphous ferric hydroxide within the rhizosphere which could have
contributed to the high Zn accumulation in the root and aboveground biomass. Prolonged
flooding however significantly reduces Zn as well as Fe availability because of precipitation
in calcareous soils conditions (Broadley et al., 2007; Marschner, 2012).

Considerable disparity in seed Fe concentration has been reported in rice and high grain Fe as
well as Zn was reported in aromatic rice varieties (Gregorio et al., 2000). In plants, ferritin is
the known storehouse of bioavailable Fe with the ability to accumulate up to 4, 500 Fe within
its cavity and also functions in maintaining cellular Fe homeostasis (Briat et al., 2010).
Ferritin has been thus established as an effective dietary Fe source in alleviating Fe
deficiency used in biotechnology and its over-expression in rice has resulted in an increase in
grain Fe as well as enhanced Zn accumulation in transgenic Basmati rice (Paul ef al., 2012).
Allocation of Zn and Fe within rice plants greatly occurs through xylem transport, transfer
from xylem to phloem and retranslocation in the phloem (Ishimaru et al., 2011). Transport
through the xylem is simply directed from roots to shoots in the transpiration stream while
phloem transport that occurs from old to new leaves is selective and dependent on how
mobile the element is in the phloem (Sperotto, 2013). However in relation to their phloem
mobility, Zn and Fe are considered intermediate or conditionally mobile (Fernandez and
Brown, 2013). Zn translocation to roots xylem occurs via symplast and apoplast; although
high levels have been detected in the phloem, an indication that Zn is translocated through
both the xylem and phloem tissues (Broadley et al., 2007).

During rice grain filling process, Zn remobilization from the leaves has been shown to be less
important than its uptake by roots (Jiang et al., 2007). Surprisingly at the same time, Jiang et
al., (2008) demonstrated that increased root uptake does not necessarily result in enhanced Zn
grain accumulation. In yet another separate scenario, Wu et al. (2010) showed that the large
amounts of Zn contained in rice grains at maturity had been retranslocated from other plant
parts and not directly acquired by rice roots. Recently in Japan while assessing Cd, Zn and Fe
transport into rice grains, Yoneyama et al. (2010) reported that Zn in rice grains may be
actively supplied via the phloem after mobilization from the leaf blades of flag and upper
leaves and also by xylem to phloem transfer in the nodes while Fe stored in the leaves maybe
transported to the grain via phloem. Iron stored in the flag and upper leaves may also be
transported to the grains via the phloem. Grain Fe and Zn may share similar protein-

dependent mechanisms for translocation to or storage into the grain, and thus an indication of
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positive correlation between Fe and Zn grain concentrations (Sperotto ef al., 2012a) and in a
separate experiment it was shown the mineral remobilization from green tissues can be
severely affected by Fe status (Sperotto et al., 2012b).

Mineral remobilization from vegetative tissues in rice seems to be affected by plant Zn and
Fe nutrition as different supplies alter remobilization levels. Different rice genotypes with
different efficiencies in Zn and Fe use coupled with different levels of Zn and Fe in the seed
can alter remobilization patterns with source-sink communication changes (Jiang et al., 2008;
Wuet al., 2010; Impa et al., 2013).

While observing the effect of different Fe supplies on mineral partitioning and remobilization
in rice, Sperotto et al., (2012b) observed that rice plants supplied with a high Fe
concentration showed no Fe remobilization from flag leaves, non- flag leaves and
stems/sheaths. On the other hand when supplied with low Fe concentration, the highest Fe
remobilization from stems/sheaths was observed probably due to reduced uptake from the
roots during seed filling stage. When Fe was sufficiently supplied, high level of mineral
remobilization mostly from flag leaves but also from stems/sheaths was observed.
Nonetheless, as the flag leaves mineral content is much lower than the stems/sheaths content,
the maximum possible contribution to seed mineral content is, in general, higher from
stems/sheaths than from flag leaves (Sperotto et al., 2012b). It seems that abundant Fe supply
at the root level promotes continued uptake during seed fill, which may have reduced the
need for remobilization to serve as a source of Fe for seeds. A similar pattern was observed
for Zn (Jiang et al., 2007, 2008; Impa et al., 2013).

According to Jiang et al. (2007), in rice plants grown under sufficient or surplus Zn supply,
most of the Zn accumulated in the grain originates from uptake by roots after flowering and
not from Zn remobilization from leaves. It was also shown that, at lower Zn supply levels, the
Zn taken up by the roots after flowering seems to accumulate mostly in the grain, which is
accompanied by net Zn remobilization from the leaves and transport to the grain. However, at
higher Zn supply levels, Zn content in all non-grain organs remained constant (roots, leaves
and sheaths) or continued to increase after flowering, and grain Zn accumulation could be
fully accounted for by Zn uptake during grain filling (Jiang et al., 2008).

It is clear that Zn and Fe remobilization from vegetative tissues can occur in rice plants;
however, remobilization is not required for seeds to acquire minerals. Contrasting results may
be due to different rice genotypes behaving differently. Thus, there may not be only one way
for rice to load Zn/Fe into grain, but genotype- specific variations. Additionally, the process

depends on plant Zn and Fe nutrition (Sperotto, 2013).
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In relation to the findings by different authors (Jiang et al.,2007, 2008; Wu et al., 2010;
Yoneyama et al., 2010; Sperotto et al., 2012b; Impa et al., 2013), an anticipated
representation for Zn and Fe allocation to the grain is shown in Figure 3.3.

Under Zn-sufficient conditions (Figure 3.3a), the grain is supplied with Zn from root
continuous uptake during grain-filling and to a lesser extent remobilized from stem and flag
leaves. When Zn supply is limited (Figure 3.3b), both continuous root uptake and
remobilization from plant tissues occur but remobilization from the stem is higher.

Under high Fe conditions (Figure 3.3c¢), continuous root uptake can fully account for grain Fe
loading although there is risk of excess uptake that could lead to toxicities. Under sufficient
Fe supply (Figure 3.3d), continuous root uptake but with some remobilization from stems and
flag leaves contribute to grain total Fe. A greater amount is however contributed from flag
lead remobilization. When Fe is limiting, (Figure 3.3e), grain Fe can be satisfied by

remobilization from stems/sheaths of the earlier taken up Fe and with continuous root uptake.

a) Zn —sufficient condition b) Zn —deficient condition

Flag/upper leaves

¢) High Fe condition d) Fe —sufficient condition e) Fe —deficient condition

Seed
Flag leaves

Figure 3. 3: Proposed Zn and Fe loading into grain under different soil supplies (Continuous uptake
through xylem-RED colour and phloem remobilization-BLACK colour). Modified from Sperotto,
(2013).

In a review by Bashir et al., (2013), native soil Zn status is the dominant factor controlling

grain Zn accumulation followed by genotype and fertilizer while for Fe, soil pH and
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carbonate concentration as well as field conditions are more important. Although rice
particularly produced in wet cultivation systems is sensitive to Zn deficiency, the results
obtained in Mwea contradict the Wissuwa et al., (2008) that rice grain both white and brown
are known to be low in Zn.

From the insights above, and the fact that grain Zn content in Mwea grains was high, it could
be as a result of remobilization from the stems of Zn taken up early during plant growth as
the soils are deficient in Zn. Furthermore, a reasonably high transfer coefficient of Zn from
straw to grain contributed to higher loading in the grain and probably the Mwea variety
BASMATI 370 is a Zn-efficient genotype with an ability to tolerate soil Zn deficiency. For
the case of Fe, it would have been expected that grain Fe be high but was low across the
scheme even with sufficiently high soil Fe concentration. This could be attributed to the
prolonged submerged soil conditions and high carbonate accumulation in the Mwea soils as
was observed by Kondo ef al., (2001).

Iwai et al., (2012) have shown that phytic acid, the P form found in seeds is a strong chelator
especially of Ca, K and Fe. In contrast, Zn is loosely bound and localized not only in the
aleurone layer but also in the inner endosperm. Cu is also said to pass rapidly through the
aleurone layer without being captured by the phytic acid as it would with other elements
making phytate salts with poor bioavailability.

According to Kriiger et al., (2002) and Shi ef al., (2012), nitrogen nutrition is likely to have a
positive effect on micronutrient translocation especially of Fe and Zn because it is said to be
essential in the biosynthesis of nicotianamine (NA) and iron transport peptide (ITP). In wheat,
an additional supply of N up to certain level has been shown to enhance accumulation of Fe
and Zn in grains (Kutman et al., 2010, 2011; Shi et al., 2010; Aciksoz et al., 2011a; Erenoglu
et al., 2011). This was partly attributed to the fact that the sufficient supply of N increases
grain protein concentrations and in so doing increasing the sink strength of grains for Fe and
Zn (Barunawati et al., 2013).

The characteristic practice of flooding rice increases Fe but decreases Zn availability. On the
other hand, moderate soil aeration improves the uptake of Zn but depresses Fe uptake.
However, the use of Zn-and/or Fe containing fertilizers could provide sufficient metals for
plant uptake. Furthermore, proper timing of N fertilization has been shown to affect metal
accumulation in grains (Slamet-Loedin ef al., 2015). In China, a greenhouse experiment by
Wang et al., (2014) observed a decrease in phytic acid content and molar ratio of phytic acid
to Zn in rice grains following Zn fertilization. In combination with alternative wet and drying

(AWD), ZnSOq fertilization effectively increased grain yield and Zn accumulation.
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Since Fe and Zn are said to have similar protein dependent translocation mechanisms, an
enhancement of soil Zn in Mwea through Zn fertilization could accelerate Fe loading as well
as enhancing Zn loading into the grain. Further research into this aspect is therefore necessary
to elucidate this on Mwea soils and Kenyan rice varieties. In addition, appropriate field
management practices like mid-season drainage as well as sufficient N supply are important
options to employ.

Manganese (Mn) is a crucial element for plants intervening in several metabolic processes
mainly in photosynthesis and as an enzyme antioxidant-cofactor. However, an excess of it is
toxic to plants manifested in a reduction of biomass and photosynthesis and biochemical
disorders (Millaleo et al., 2010). Furthermore, excessive Mn concentrations in plant tissues
can alter various processes, such as enzyme activity, absorption, translocation and utilization
of other mineral elements such as Ca, Mg, Fe and P (Ducic and Polle, 2005; Lei ef al., 2007).
Mn toxicity is favoured under acid soil conditions (Kabata-Pendias, 2011). As the pH
decreases, the amount of Mn mainly in the Mn?" form increases in the soils solution. This Mn
form is available for plants and can be readily transported into the root cells and translocated

to the shoots where it accumulates (Marschner, 2012).

3.3.5. Correlation between Soil and Plant Nutrient elements

In order to illustrate how soil and plant nutrient contents relate, a Pearson correlation was
performed. Many of the variables correlated negatively with few showing positive
correlations. Even though the correlations were moderately weak, they give an indication of
what can be done to avoid the negative associations or improve on the positive associations.
An understanding of soil test results and plant analysis data is crucial for development of
nutrient management strategies. Soil and plant tissue nutrient concentrations are expected to
be positively correlated because the concentration of a particular nutrient in plant is generally
greater when the concentration in the soil is high.

Figure 3.4 shows how soil, straw and grain nutrients related with each other.
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Figure 3. 4: Correlation matrix between soil and plant nutrients

Soil Fe, Mn and Zn showed a negative association with their straw and grain contents that
was insignificant (p>0.05) except in Zn which was significant at p<(0.05 for both straw and
grain content (Table 3.6a and b). Soil Mg showed a significant (r=-0.28, p<0.05) depressing
effect on grain Mg concentration while soil S had an insignificant depressing effect on grain
S content (Table 3.6b). On the other hand, soil Ca, K and Cu all showed a positive
association with their straw and grain nutrient contents. It was however insignificant for Cu
but highly significant for the case of Ca (p<0.05 and p<0.001) for grain and straw. Soil K
showed significant positive correlation with straw K (r=0.052, p<0.001) and insignificant
with grain K content (Table 3.6a). Soil Mg and S both showed positive but insignificant
relationship with their straw contents.

Soil TN showed positive but insignificant effects on grain and straw yield, straw total Ca and
Mg as well as grain total Cu, K, Mg and P,Os. The effect was however significant (»=0.28,
p=<0.05) on grain S content (Table 3.6a). On the other hand, soil total nitrogen had
depressing effects although insignificant (p>0.05) on straw total Cu, Mn, K, Fe, S, P,Os and
Zn as well as grain total Fe, Mn and Zn (Tables 3.6a and b). The depressing effect was
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however significant on grain total Ca (r=-0.26, p<0.05). According to Swamy et al., (2016),
the effect of nitrogen fertilizer application on rice has shown inconsistent results on grain Zn
concentration but studies on wheat have shown that increasing N application beyond certain
levels negatively influences grain Zn (Gao et al., 2010; Shi et al., 2010).

In Kenya, broadcast application of fertilizers on irrigated fields is the usual practice for
lowland rice; which leads to N losses, thus it is critical for farmers to employ efficient N
application methods to avoid losses and enhance soil N status. According to Shi et al., (2012),
N status can affect the remobilization of micronutrients and particularly for Fe whose export
out of source was inhibited under sufficient conditions but stimulated under N-deficient
growth conditions. In addition, it has been shown that manipulation of nitrogen nutrition can
have a significant positive effect on retranslocation of Zn as well as Fe in cereals (Barunawati
et al., 2013). While evaluating the effects of N fertilizer placement on grain yield and N
recovery efficiency in rice, Wu et al., (2017) observed that deep placement of N increased
rice yield that was attributed to an increase in the number of productive panicles with coupled
with the maintenance of higher N supply in the soil layer during rice growth. However, the
effect was higher under balanced N-P-K fertilizer placement.

All in all, nitrogen nutritional status during leaf senescence may display opposing effects on
micronutrients particularly Fe, Cu and Zn retranslocation in plants. On one hand, N favours
Fe, Cu and Zn acquisition and allocation (Kutman et al., 2011; 2010; Shi et al., 2010) which
in graminaceous species heavily rely on the involvement of phytosiderophores and
nicotianamine, both derived from the biosynthesis of methionine (Aciksoz et al., 2011b). On
the other hand, a high N nutritional status tends to fix Fe in proteins (Marschner, 2012) and
thus decreases its availability for retranslocation. In wheat, a high yield and of high quality i.e.
high in percent nitrogen was obtained from a high input and uptake of nitrogen (Barraclough
etal.,2010)

It seems that the N nutritional status of plants is an important factor in improving root uptake,
shoot transport and seed accumulation of micronutrients Fe and Zn. Thus soil nitrogen
improvement and management could be a promising strategy to explore in improving grain
yield and micronutrient accumulation.

Tables 3.6a and b shows a correlation matrix between soil nutrients and rice straw and grain

nutrient contents.
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As shown in Tables 3.6a and b, soil phosphorus showed a positive relationship with rice grain
and straw yield, grain total Ca, Fe, K, Mg, P>Os and S as well as straw total Mg and P>0Os.
Although the relationship was insignificant in most cases, it was highly significant with rice
grain yield (r=0.28, p<0.05), grain total Mg (r=0.29, p<0.05) and grain total P,Os (r=0.27,
p<0.05). Similar linear increase in rice yield with soil phosphorus was reported by Saleque et
al., (1998) in Bangladesh.

On the other hand, soil phosphorus had an insignificant (p>0.05) negative effect on straw
total Ca, straw and grain total Cu, straw total Fe, straw total K, straw total S as well as straw
and grain total Zn. The depressing effect was however highly significant on straw (r=-0.35,
p<0.01) and grain (r=-0.38, p<0.01) total Mn (Table 3.6b). The relationship between soil
phosphorus and straw/grain P,Os, Mg, Cu, Zn and K agrees with the findings of Rose et al.,
(2016) with a contradiction in the association between soil P2Os and straw Ca which was
negative in Mwea and positive in their work done in the Philippines. Similarly, in their work,
they reported a positive association between soil P2Os and straw and grain Mn while in Mwea,
soil P2Os showed a depressing effect on plant Mn content. The differences observed could be
attributed to the differences in soil chemical properties and probably rice genotype
differences as they used a non-Basmati IR variety while the Mwea case is a Basmati variety.
Elsewhere in Bangladesh, Saleque ef al., (2001) also observed similar associations between
soil phosphorus and straw/grain K and Mg content. These findings imply that phosphorus
nutrition not only affects phosphorus uptake by rice but also the uptake and accumulation of
other nutrient elements.

From Tables 3.6a and b, soil exchangeable cations Ca®*, K and Mg?" all showed a
depressing effect on rice straw and grain yield and was significant between soil exchangeable
Ca?" and Mg*" and straw yield (r=-0.24, p<0.05). Soil exchangeable Ca®" showed a
significant depressing effect on straw total P>Os (r=-0.36, p<0.01) and Zn (r=-0.31, p<0.01)
as well as grain total K (r=-0.26, p<0.05), Mg (r=-0.32, p<0.01), Mn (r=-0.29, p<0.05),
P20s (r=-0.35, p<0.01), S (r=-0.50, p<0.001) and Zn (r=-0.34, p<0.01).

Soil Fe and Zn both showed negative association with their straw and grain contents although
it was insignificant in Fe and significant (p<0.05) in Zn. The negative relationship between
soil available Zn and accumulation in straw and grain shows that straw and grain Zn
accumulation is as a result of remobilization rather than continuous root uptake from the soil.
Similarly, a negative association although insignificant (Table 3.6a) between soil available
Zn and grain and straw yield indicated that there is need to strictly and carefully regulate soil

Zn availability, thus more studies in this aspect are required.
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Soil S is known to affect availability of Fe and its uptake by rice through regulation of Fe root
surface plaque formation in rice (Hu et al., 2007; Gao et al., 2010; Fan et al., 2010), influence
Fe uptake by rice (Wu et al,, 2015), and influence the formation of phytosiderophore, which
is closely linked with Fe uptake by plants (Cao et al. 2002; Yehuda et al. 1996; Jin et al.,
2005). On the contrary, S can increase Fe transport in the xylem (Na and Salt, 2011) and
phloem, as well as accelerate the activation of deposited Fe in the apoplast (Holden et al.
1991; Toulon et al. 1992). The observations in Mwea seem to agree with these findings as
soil S showed a negative association with soil (r=-0.26, p<0.05) and straw (r=-0.03, p>0.05)
Fe but positive with grain Fe (Table 3.6a). In China, Wu ef al., (2014) reported that S input in
farmlands through S-containing fertilizers (e.g., calcium superphosphate) and atmospheric S
deposition may decrease the accumulation of Fe especially in brown rice when cultivated on

high S- soils.

3.4. Conclusions and Recommendations

This is the first study that assessed the relationship between soil properties and yield quality
in lowland rice in Kenya. Although reasonably high grain yields are observed, grain quality is
compromised this means that the consuming population is affected with certain nutritional
deficiencies. In the current study, rice grain showed deficiencies in S, K, Ca, Mg and Fe
which were probably affected by soil factors and /or element remobilization. With respect to
the grain S, K and Mg accumulation, the high soil concentration of divalent cations could
have had a depressing effect. Thus, targeting of the soil resource as an agronomic
intervention for increased and timely mineral nutrition supply could help in their
accumulation in the panicles and consequently in the grain. The results highlight the need for
soil nutritional balance in terms of major and micronutrients which can be achieved through
fertilizer application coupled with proper field management practices that are specific to the
different units. It will be possible to improve the soil contents of the limiting nutrients like Zn,
K and nitrogen through proper and timed fertilization depending on the extent of limitation.

Therefore combinations of proper agronomic management approaches are essential to
improve the soil health conditions to enhance the root uptake of mineral nutrients from the

soil.
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CHAPTER 4

Paddy Soil Properties of Ahero and West Kano Irrigation
Schemes in the Lake Victoria Basin of Kenya

4.1. Introduction
The demand for rice in Kenya continues to soar as more people show progressive changes in

their eating habits, which is coupled with urbanization. Rice is currently the third most
important cereal crop after maize and wheat. Most of the rice in Kenya is grown in irrigation
schemes established by the Government, which include Mwea in central Kenya, three
irrigation schemes (Ahero, West Kano and Bunyala) in western Kenya. On the other hand, a
smaller quantity of rice is produced along major river valleys, located in the coast and lake
basin regions (Cheserek ef al., 2012). In Kenya, about 80% of rice is grown under continuous
flooding as is typified in gravity operated Mwea irrigation scheme and in the three western
Kenya irrigation schemes that are pumps operated (JICA, 1988, MoA, 2009). The remaining
20% is produced under rain-fed conditions (MoA, 2009).

The increasing gap between rice production and consumption has become a burden to the
country’s economy. Rice consumption increased by 360, 468 tonnes between 2010 and 2013,
whereas the production increased only by 39,720 tonnes during the same period (FAOSTAT,
2017). The lack of self-sufficient rice production is supplemented by importation, which eats
hugely on Kenya’s economy. It is anticipated that rice demand will continue to increase given
the high rates of population growth and rapid urbanization, which have resulted in a shift in
consumer preferences in favour of rice (Balasubramanian et al., 2007); therefore increasing
the total rice production is an urgent issue to avert further economic burden and food
insecurity in the country. This increase can be achieved by a good balance between area
expansion and production improvement per unit area. The yield gap between potential and
actual yields exists in Kenya (Kondo ef al., 2001) and fortunately, there are opportunities to
help increase on total rice production while reducing the yield gap. Lowland ecosystems
provide an appropriate environment for realizing increased productivity. This is because this
environment can hold water resources and is said to be relatively fertile compared to upland
environment (Buri ef al., 1999). Furthermore, the use of lowlands for rice cultivation does
not cause competition with other crops. A recent review on rice production in West Africa by
Abe et al., (2010) suggested that because of their high productivity, lowland ecosystems

should be the focus rather than upland ecosystems to help meet the increasing rice demand.
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Faced with rapid population growth and increasing per capita rice consumption, increased
production is required to meet the future demand for rice in Kenya. Improving farmers’
efficiency in rice production therefore has a potential of increasing rice production in the
country; which will hopefully have direct effect on increased output hence food security,
increased incomes and reduction in supply-demand gap consequently reducing the rice
import bill (Omondi and Shikuku, 2013).

An understanding how variable the soil is in terms of its fertility is fundamental for
enhancing rice productivity through developing appropriate management practices in the
current irrigation schemes in Kenya. Thus against this backdrop, the focus is on western

Kenya irrigation schemes of Ahero and West Kano that are underutilized.

4.2. Materials and Methods

4.2.1. Site Description

This work was carried out in two rice irrigation schemes in Western Kenya namely; Ahero,
West Kano that are both managed by the Kenya National Irrigation Board (NIB). The area is
characterized by bimodal rainy season averaging 1175 mm annually and isolated heavy
storms due to the influence of Lake Victoria. Annual temperatures range from 22.1°C in June
to 23.5°C in March. The irrigated fields in the schemes are underlain by deep black cotton
soils with very high clay content that swell or shrink and crack accordingly when they are
hydrated or dried (Cheserek et al., 2012).

Ahero Irrigation Scheme (AIS) is located in Kisumu County in the outskirts of Kisumu city
on a landscape that consists of a wide alluvial plain and draws water from river Nyando
(Figure 4.1); a feeder river of Lake Victoria using pumps and flows to the fields by gravity.
The area experiences seasonal flooding from river Nyando causing water logging due to the
flat terrain. Nearly all irrigated farmland is used for paddy cultivation (Omondi, 2014).

The scheme was commissioned in 1969 and covers a net area of about 880 ha sub-divided
into 13 blocks (Cheserek et al., 2012; Omondi and Shikuku, 2013). The scheme however
stalled in 1999/2000 due to depletion of funds but later in 2003, the government through the
Ministry of Water and Irrigation funded its rehabilitation by buying two pumps (Omondi,
2014).

Rice is the main crop and the varieties grown are mainly IR 2793 and ITA 310 although
BASMATI 217 and 370 are also grown. After harvesting rice, a small number of farmers
plant maize and tomatoes. Inputs such as seeds and fertilizer are supplied by the NIB

although farmers are allowed to buy from any other source (Omondi, 2014).
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Figure 4. 1: Location and layout of Ahero Irrigation Scheme

West Kano Irrigation Scheme was started in 1975 and is located on the shores of Lake
Victoria (Figure 4.2). The scheme is bounded to the west by Lake Victoria, to the north and
south by Nyando and Nyabondo escarpments respectively and to the east by the footsteps of
Tinderet highlands occupying the major part of Kano plains (Afullo, 2009). The area was
initially put under rice and sugarcane cultivation but sugarcane cultivation stopped when it
proved uneconomical. The scheme lies in a depression and water is pumped in and out of the
depression during a crop cycle (Onjala, 2001). The scheme covers a net area of
approximately 900 ha and draws its water from Lake Victoria using pumps.

According to Cheserek et al., (2012), some of the major challenges facing the western Kenya
irrigation schemes are the lack of effective water supply system, lack of water storage to
guarantee adequate supply during the dry period, slow acceptance of participatory irrigation
management by the farming community, combating water-borne and other related diseases,

environmental stability and lack of clean drinking water.

79



Lake Victoria

Figure 4. 2: Location and layout of West Kano Irrigation Scheme

4.2.2. Soil sampling and Analysis

Soil samples were collected from nine blocks out of the 12 blocks in Ahero irrigation scheme.
In West Kano, soil samples were taken from eight blocks. Surface 0-15 cm representative
samples were collected from each plot, mixed thoroughly and a composite sample per field
taken for evaluation. The composite samples collected were air-dried, ground and passed
through a 2mm sieve for laboratory analysis. Soil samples were analysed for pH, electrical
conductivity (EC), total carbon (TC), total nitrogen (TN), available silica (Si0y), available
sulphur (S), available phosphorus (P20s), available micronutrients (Fe, Mn, Cu and Zn) and

exchangeable cations (Ca**, Mg?", Na" and K") using standard procedures for soil analysis.

4.2.3. Statistical Analysis

All data collected from laboratory analyses were subjected to statistical analysis using R
software version 3.4.0 for windows with means compared at p<0.05. Soil fertility status was
evaluated basing on the concentrations of the respective parameters obtained from the

laboratory analyses compared with established ratings for rice production.
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4.3. Results and Discussions

4.3.1. Soil Chemical Properties
Soil solution pH in the scheme ranged from 6.2 to 8.0 in Ahero and from 5.4 to 7.5 in West

Kano irrigation scheme. EC on the other hand had values ranging from a minimum of 0.3 to
0.9 dS/m and from 0.3 to 1.05 dS/m in Ahero and West Kano respectively.

Soil total carbon ranged from a minimum of 14.6 g/kg in West Kano to a maximum of 38.5
g/kg while in Ahero, values from 10.9 g/kg to a maximum of 25.5 g/kg was recorded. Total
nitrogen on the other hand varied from 0.7 g/kg to 2.1 g/kg in Ahero and from 1.1 g/kg to 2.9
g/kg in West Kano. On average, TC and TN contents observed for Ahero and West Kano
paddy soils were higher than what was observed in Mwea, central Kenya where straw
removal is a common practice.

Soil available phosphorus is enriched in the two schemes and values varying from 79.9
mg/kg to 482 mg/kg were recorded in Ahero irrigation scheme. In West Kano, available P2Os
ranged from 107 mg/kg to 2701.3 mg/kg. Ahero and West Kano soils seem highly enriched
with phosphorus exceeding the deficiency level for rice and were 3-5 times the average in
Mwea.

Soil available SiO> in Ahero varied from 564.5 mg/kg to 1094.2 mg/kg while in West Kano,
values recorded varied between 199.3 mg/kg to 967.5 mg/kg. Available S exceeded the
deficiency level for rice and ranged from 24.1 mg/kg to 60.3 mg/kg in Ahero and from 20.6
mg/kg to 42.8 mg/kg in West Kano.

In terms of exchangeable cations, Ca®" occurred in higher concentration followed by Mg?",
K" and Na'. In Ahero, exchangeable Ca®" ranged from 20.9 cmolc/kg to 40.8 cmolc/kg while
Mg** varied from 6.4 cmolc/kg to a maximum of 9.5 cmolc/kg. Exchangeable Na™ and K*
ranged from 0.6 cmolc/kg to 3.2 cmolc/kg and from 1.1 cmolc/kg to 3.4 cmolc/kg respectively.
In West Kano, exchangeable Ca** varied from 13.3 cmolc/kg to 40.6 cmol./kg. On the other
hand, values from 4.4 cmolc/kg to 11.4 cmolc/kg, 0.5 cmolc/kg to 2.2 cmolc/kg and from 0.9
cmolc/kg to 4.9 cmolc/kg were recorded for exchangeable Mg?*, Na* and K respectively. All
exchangeable cations exceeded the deficiency criteria for rice and exchangeable Ca®" was
comparable to the levels observed in the Mwea irrigation scheme. On the contrary,
exchangeable Mg?" was much higher in Mwea than in Ahero and West Kano while
exchangeable K" was enriched in Ahero and West Kano than in Mwea scheme.

In terms of micronutrients, available Fe ranged from 19.5 mg/kg to 799.8 mg/kg in Ahero

while in West Kano available Fe ranged from 41.6 mg/kg to 901.1 mg/kg. Available Mn
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ranged from 63.6 mg/kg to 813.6 mg/kg in Ahero and from 78.5 mg/kg to 468.6 mg/kg in
West Kano. Available Cu was high and ranged from 1.6 mg/kg to 8.5 mg/kg in West Kano
and from 0.6 mg/kg to 9.9 mg/kg in Ahero irrigation scheme. Available Zn on the other hand
ranged from 2.3 mg/kg to 6.2 mg/kg in Ahero and from 3.1 mg/kg to 13.2 mg/kg in West
Kano. Soil available Zn in the two schemes exceeded the values recorded in Mwea several
times-fold.

Mean values for soil parameters in Ahero and West Kano irrigation schemes are presented in
Table 4.1 with deficiency criteria for rice production according to Dobermann and Fairhurst
(2000).

Table 4.1: Mean values for soil chemical parameters in Ahero and West Kano schemes

Parameter/Scheme Ahero West Kano Deficiency criteria*
pH 6.8 6.5

EC (dS/m) 0.54 0.50

TC (g/kg) 20.2 20.7

TN (g/kg) 1.52 1.62

C/N ratio 13.5 12.7

Avail. Si02 (mg/kg) 751.9 575.9 <86
Avail. S (mg/kg) 37.4 31 <9.0
Avail. P2Os (mg/kg) 211.9 347.4 <12-20
Ca?" (cmolc/kg) 30.5 28.0 <1.0
Mg?* (cmolc/kg) 8.4 8.4 <1.0
Na" (cmolc/kg) 1.09 1.30

K" (cmolc/kg) 1.67 1.81 <0.2
(Ca+Mg)/K ratio 24 22 >100
Avail. Fe (mg/kg) 357.3 285.2 <5.0
Avail. Mn (mg/kg) 364.8 196.7 <30.0
Avail. Cu (mg/kg) 5.69 4.61 <1.0
Avail. Zn (mg/kg) 4.80 4.72 <2.0

*Dobermann and Fairhurst, (2000)

As pointed out in soil results in Table 4.1, soil pH is near neutral in both schemes. Such high
pH was also reported by van Engelen, (1987) in the same region. The values observed for EC
indicate that soils contain low concentration of soluble salts and hence considered non saline
similar to the case in Mwea.

On average, TC was moderately high which could be attributed to the retention of straw in
the fields in the two irrigation schemes. Furthermore, the somewhat long cultivation history
coupled with good soil drainage conditions could also contribute to organic matter
accumulation. We also observed that livestock grazed freely in the fields after harvest. Soil
TN is slightly higher than the values observed in Mwea while the C:N ratio fall within the

acceptable range of agricultural soil.
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Averagely, available SiO, and P,Os exceeded the 86 mg kg! and 12-20 mg kg™ deficiency
level for rice production respectively (Table 4.1). The high P>Os levels could be as a result of
the dissolution of Ca-P by the Bray II extractant (Mamo et al., 1988). On the other hand, the
high available SiO; is attributed to Si-rich parent material. Rice retains about 86% of silica
taken up from the soil in straw (Klotzbiicher et al., 2015; Marxen et al., 2016); therefore the
high values of SiO2 observed could also be because of retention of straw in the two schemes.
Furthermore, the high siltation especially in Ahero could also be the reason for the values
observed as silt is rich in silica (Brady and Weil, 2014). Additional supply is also known to
originate from irrigation water (Desplaques et al., 2006).

Comparing available S concentration in the two schemes with Mwea, results demonstrated
that the concentration is lower than Mwea even though it exceeded the deficiency level for
rice cultivation. The concentration in Ahero was higher than in West Kano. In our survey
during soil sampling, we noticed that straw was burnt in the fields especially in West Kano, a
practice that is known to contribute to S losses (Dobermann and Fairhurst, 2000).

The concentration of soil exchangeable cations exceeded deficiency criteria on average. Even
though the divalent cations dominated the soil exchange site, exchangeable Mg?" occurred in
lower concentration compared to Mwea and thus there was no cation imbalance as observed
in Mwea. Soil exchangeable K" concentration was much higher than in Mwea even though
the soils in the schemes being Vertisols and containing the 2:1 type of clays (van Engelen,
1987). Probably the practice of straw retention in Ahero and West Kano could be the reason
for the high soil exchangeable K values observed as opposed to the practice of straw
removal in Mwea (Kondo et al., 2001).

In terms of micronutrients, available Cu is sufficient in the soil and so is available Zn unlike
in Mwea where available Zn was below the deficiency level. However, Ahero scheme could
require close monitoring for Fe and Mn toxicities as it contained high values on average,

similar to Thiba unit in the Mwea irrigation scheme.

4.3.2. Correlation Analysis between soil properties
In order to assess how the soil parameters are related, Pearson’s correlation coefficients

(»<0.001, p<0.01 and p<0.05) were calculated and are shown in Tables 4.2 and 4.3 for West
Kano and Ahero irrigation schemes respectively. Mixed and inconsistence correlations were
observed. From Table 4.2 for West Kano soils, the Pearson correlation analysis results
showed that pH correlated negatively and moderately with TC, TN; and highly with Fe and
Cu. In Ahero, pH showed very strong and negative correlation with TC, TN,
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micronutrients and S (p<0.001) (Table 4.3). In Mwea and West Kano, pH and S
relationship was insignificant and positive (p>0.05). Among the exchangeable cations,
Mg?* showed a negative though insignificant correlation with pH and positive significant
with Ca*" (r=0.44, p<0.01) as Na' and K* association was insignificant in West Kano
(Table 4.2). Exchangeable cations and pH relations were strongest in Mwea scheme. Soil
parameters relationships seem moderately strong in West Kano and very strong in Ahero

as compared to Mwea scheme.
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4.3.3. Extraction of Factors Characterizing Soil Properties
In PCA, factors that contained Eigen values greater than 1 were retained. In Ahero, four

components (PC1 to PC4) with eigen values above 1 accounted for about 81 % of total
variance (Table 4.4). The first component showed high loadings for TN, Zn, Cu, Fe, TC and
negatively for pH. PC2 showed high loading for K similar to Mwea, while PC3 showed high
loading for Mg and negatively for P.Os and PC4 loaded highly for EC.

Table 4.4: Factor loadings, eigen values and cumulative contribution ratio in Ahero scheme

Variables PC1 PC2 PC3 PC4
pH -0.871 0.032 -0.208 0.293
EC 0.091 0.629 0.429 0.570
TC 0.844 0.313 -0.002 -0.024
TN 0911 0.197 0.037 -0.026
C/N -0.805 0.242 -0.054 0.210
Avail. P2Os -0.205 0.364 -0.621 0.229
Ex. K 0.110 0.857 -0.171 -0.352
Ex. Na -0.635 -0.098 0.373 0.244
Ex. Mg -0.428 0.078 0.625 -0.448
Ex. Ca -0.763 0.337 0.417 -0.130
Ex. CatMg/K ratio -0.588 -0.626 0.355 0.171
Avail. Zn 0.895 -0.095 0.047 0.013
Avail. Cu 0.889 -0.243 0.284 0.044
Avail. Fe 0.875 -0.101 0.180 0.101
Avail. Mn 0.724 -0.031 0.005 0.439
Avail. SiO -0.800 0.300 0.121 0.048
Avail. S 0.487 0.439 0.549 0.099
Eigen-value 8.29 2.34 1.91 1.16
Cumulative contribution (%) 48.7 62.5 73.7 80.6

The first component, PC1, showed high positive loadings for TN, Fe, Zn and TC while pH
loaded negatively on the same component. Since N is related to soil and fertilizer
management, this first component can be referred to as “soil management factor”. The factors
that loaded positively on PC1 showed positive correlation between them but correlated
negatively with the negatively loading factors. The negative loading for pH is because pH has
strongly affects the activity of soil microbes and the rate of soil carbon and nitrogen cycling.
Furthermore, the high pH observed in Ahero is likely to render some essential nutrient
elements unavailable for plant uptake. The negative Ca loading effect, which is positively
associated with high pH, showed a negative association with TC and TN.

PC3 loaded negatively for P while PC4 loaded positively for EC. A pictorial presentation on

how the variables load is shown in Figure 4.3.
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Figure 4. 3: Variable Loading on PCs for Ahero irrigation scheme.

In West Kano, five components (PC1 to PC5) with eigen values above 1 accounted for about
81 % of total variance were produced (Table 4.5). PC1 loaded highly and positively for Fe
and negatively for Ca while PC2 loaded highly for K and is therefore the ‘potassium factor’.
PC3 indicated high loading for P,Os, Mg and TC and can therefore be referred to as the
‘phosphorus factor’ while PC5 loaded highly for EC and thus the ‘salinity factor’.
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Table 4.5: Factor loadings, eigen values and cumulative contribution ratio in West Kano

Variables PCl1 PC2 PC3 PC4 PC5
pH -0.580 0.442 -0.415 -0.174 -0.242
EC -0.008 0.538 -0.025 -0.591 0.441
TC 0.565 0.403 0.556 -0.051 -0.204
TN 0.666 0.294 0.434 -0.038 -0.135
C/N -0.269 0.520 0.473 -0.110 -0.310
Avail. P2Os 0.390 0.536 -0.647 0.197 0.142
Ex. K 0.450 0.674 -0.263 0.472 -0.054
Ex. Na -0.480 0.392 0.274 0.284 0.402
Ex. Mg -0.406 -0.023 0.527 0.703 -0.007
Ex. Ca -0.802 0.332 0.314 0.234 -0.054
Ex. Ca+Mg/K ratio -0.748 -0.376 0.219 -0.102 0.111
Avail. Zn 0.667 0.391 -0.209 0.398 0.256
Avail. Cu 0.605 -0.330 0.530 0.148 0.091
Avail. Fe 0.808 -0.193 0.376 -0.054 0.030
Avail. Mn 0.455 0.393 0.224 -0.454 -0.199
Avail. SiO2 -0.562 0.638 0.095 -0.003 -0.284
Avail. S -0.248 0.387 0.479 -0.230 0.541
Eigen-value 5.17 3.16 2.63 1.74 1.10
Cumulative contribution (%) 30.4 49.0 64.5 74.7 81.2

A pictorial presentation on how the variables load on the first two components for West Kano

irrigation scheme is shown in Figure 4.4.
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Figure 4. 4: Variable loading on PCs for West Kano scheme

4.4. Conclusions and Recommendations
The two irrigation schemes in Western Kenya seem to be having higher fertility than Mwea

in central Kenya with no major constraints thus can be a great potential entry point to
enhance rice production in Kenya. However due to problems associated with supply of
irrigation water, rice production in the schemes lags behind a great deal. Moreover, the
proximity to the Lake Victoria gives farmers an alternative of engaging in fishing rather than
farming therefore options of introducing fish-rice cultures could help improve on their

incomes while combating food insecurity.

4.5. References
Abe SS, Buri MM, Issaka RN, Kiepe P, Wakatsuki T, 2010. Soil fertility potential for rice

production in West African lowlands Japanese Agricultural Research Quarterly 44,
343-355.

Afullo OA, 2009. Irrigation Suitability Assessment of Effluents from West Kano Rice
Irrigation Scheme, Kisumu, Kenya, Ethiopian Journal of Environmental Studies and

Management, 2(2).

90



Balasubramanian V, Sie M, Hijmans RJ, Otsuka K, 2007. Increasing rice production in Sub-
Saharan Africa: Challenges and Opportunities Advances in Agronomy, 94, 55-133.
Brady NC, Weil RR, 2014. The Nature and Properties of Soils, 14" Edition, Pearson

Education Limited.

Buri MM, Ishida F, Kubota D, Masunaga T, Wakatsuki T, 1999. Soils of flood plains of West
Africa: General fertility status Soil Science and Plant Nutrition, 45, 37-50.

Cheserek GJ, Kipkorir EC, Webi POW, Daudi F, Kiptoo KKG, Mugalavai EM, Kiplagat LK,
Songok CK, 2012. Assessment of Farmers Challenges with Rice Productivity in
Selected Irrigation Schemes in Western Kenya, International Journal of Current
Research 4(8), 025-033.

Desplanques V, Cary L, Mouret JC, Trolard F, Bourri¢ G, Grauby O, Meunier JD, 2006.
Silicon transfers in a rice field in Camargue (France). Journal of Geochemical

Exploration, 88, 190-193.

Dobermann A, Fairhurst T, 2000. Rice Nutrient Disorders and Nutrient Management,

International Rice Research Institute.

FAOSTAT Database, 2017. Available at www.fao.org/faostat/en/#data/

JICA, 1998. Feasibility Study on the Mwea Irrigation Development Project, NIB Kenya. pp
154, T-59, F-45, A-32.

Klotzbiicher T, Marxen A, Vetterlein D, Schneiker J, Tiirke M, Sihn NV, Manh NH, Chien
HV, Marquez L, Villareal S, Bustamante JV, Jahn R, 2015. Plant-available silicon in
paddy soils as a key factor for sustainable rice production in Southeast Asia Basic and

Applied Ecology, 16, 665-673.

Kondo M, Toshinari OTA, Wanjogu R, 2001. Physical and chemical properties of Vertisols
and soil nutrient management for intensive rice cultivation in the Mwea area in Kenya.
Japanese Journal of Tropical Agriculture, 45, 126-132.

Mamo T, Haque I, Kamara CS, 1988. Phosphorus status of some Ethiopian highland
Vertisols, In Management of vertisols in Sub-Saharan Africa, Proceedings of a

conference held at ILCA, Addis Ababa, Ethiopia pp: 232-252.

Marxen A, Klotzbiicher T, Jahn R, Kaiser K, Nguyen VS, Schmidt A, Schidler M, Vetterlein
D, 2016. Interaction between silicon cycling and straw decomposition in a silicon

deficient rice production system Plant and Soil, 398, 153-163.

Ministry of Agriculture (MoA), 2009. Government of Kenya National Rice Development
Strategy (2008-2018).

91



Omondi SO, Shikuku KM, 2013. An Analysis of Technical Efficiency of Rice Farmers in
Ahero Irrigation Scheme, Kenya. Journal of Economics and Sustainable Development,
4(10), 9-16.

Omondi SO, 2014. Economic Valuation of Irrigation water in Ahero Irrigation Scheme in

Nyando District, Kenya Unpublished MSc Thesis, University of Nairobi.

Onjala J, 2001. Water Pricing Options in Kenya: Cases of Mwea and West Kano Irrigation
Schemes. CDR Working Papers.
van Engelen VWP, 1987. Soil conditions in the South-Western Kano Plains (Kisumu

District), Kenya Soil Survey, Site Evaluation Report No. P82.

92



CHAPTER 5

Summary in English

The demand for rice continues to increase owing to continued population growth and it is
predicted that a 50-60% increase in rice production will be required to meet the demand from
this growth by 2025. In the face of this and with the pressure on available land for cultivation,
the increases in rice yields are likely to occur through enhancement of crop production
systems.

Successful management of crop production systems requires analysis and design of practices
that enhance yield by ensuring that growth limiting factors are minimized or completely
eliminated. High availability and efficient utilization of soil nutrients are major determinants
of healthy plant growth and realization of optimum yield returns. Thus an assessment of
nutrient availability, uptake and utilization by plants is vital for optimized crop productivity.
In Kenya, rice production has stagnated while consumption has greatly escalated in the recent
past. About 74% of the rice produced is from government established irrigation schemes
namely; Mwea, Ahero, Bunyala and West Kano. In these irrigation schemes however, soil
chemical and physical degradation among other factors has led to low productivity. The
variability in soil properties in the rice growing irrigation schemes has not been exploited for
appropriate targeting of soil fertility investment programs. The hypothesis is that there exists
high variability in soil properties which requires fertility based soil management strategy for
realization of enhanced productivity.

Three irrigation schemes namely Mwea (Central), Ahero and West Kano (Western Kenya)
were identified for this study from where surface 0-15 cm soil samples were collected and
prepared for laboratory analysis using standard set procedures. Rice plant samples (straw
with rachis branch and grain) were collected at harvest from selected paddy fields in Mwea
irrigation scheme and analyzed for total for nutrient. The results obtained for soil and plant
were evaluated by comparing with nutrient management guidelines for rice issued by IRRI
(2000).

Results showed that soil pH ranged from 6.2 to 8.0 and 5.4 to 7.5 in Ahero and West Kano
irrigation schemes respectively, while in Mwea, values from 4.5 to 7.7 were recorded. As per
the ratings by the Kenya soil survey, the soil pH was moderately high on average which is
attributed to the basaltic parent material and the dry climate which favor the formation of
Vertisols that largely cover the sites. In terms of soil salt concentration, the surface soils in all

the three schemes are regarded as non-saline as low EC values (< 0.4 dS/m) were observed.
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Soil total carbon was moderately high on average across the three sites as farmers usually do
apply organic matter in their paddy fields especially in Mwea. Furthermore, although rice
straw is removed from the fields at harvest, stubble remained and manure from animal was
applied. In Ahero and West Kano, straw and stubble was rarely removed from the paddy
fields. Soil total nitrogen contents were averagely low despite widespread use of nitrogen
fertilizers probably because of inappropriate N-fertilizer management that leads to N losses.
Exchangeable Ca**dominated the cation complex followed by exchangeable Mg?*which was
in slightly higher concentration in Mwea as compared to Ahero and West Kano schemes.
This relatively high level of exchangeable Ca’*" and Mg®" is due to the basaltic parent
materials. Exchangeable K occurred in higher concentration in Ahero and West Kano
compared to exchangeable Na*. Exchangeable Ca®*, Mg?*, K and Na" contents exceeded the
deficiency criteria for rice in Ahero and West Kano schemes while 13% of the fields in Mwea
showed deficiency in exchangeable K'(<0.2 cmolc/kg). In Mwea, disproportionate cation
distribution with the Ca+Mg/K ratio higher than 100 in about 83% fields indicate high K
deficiency risk; thus efforts to enhance soil K availability should be embraced. In Ahero and
West Kano, there were no cases of disproportionate cation distribution.

The contents of available P>Os was generally high above the critical deficiency criteria of
IRRI with only 1% of the sampled fields in Mwea showing levels below the deficiency limit.
The high levels of soil P2Os observed could be because of the soil pH close to neutral and
with continuous P fertilization. Soil available SiO, was high and exceeded the deficiency
criteria for rice in all sites, although Ahero and West Kano values were higher than Mwea
perhaps because of high siltation and straw retention. Mean soil available S was above the
deficiency level for rice across all sites which could be because of fertilizer widely used in
rice production.

Among the soil available micronutrients, soil Fe dominated in Mwea and West Kano while
soil Mn dominated in Ahero and Zn was less than 2.0 mg/kg deficiency level, on average in
Mwea therefore application of Zn fertilizer should be exploited.

Results of plant nutrient content from Mwea scheme indicated that on average, total Ca
contents in straw was high (>0.30%) in Tebere, Wamumu and Karaba and below the
deficiency level of 0.30% in Thiba and Mwea units which had slightly lower soil Ca content.
In addition, high soil Fe could have contributed to the low Ca accumulation in the straw as
they associated negatively. Straw total K was also below the deficiency level in the same two
units, which was probably due to high soil (Ca+Mg)/K ratio in the two units. Straw total Mg,

Cu, Fe, Mn, P>Os and Zn exceeded the deficiency level on average while Mwea unit showed
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deficiency in straw total S. Soil and straw nutrient concentrations were positively correlated
for most nutrients since the concentration of a particular nutrient in the plant is generally
greater when the concentration in the soil is high except for straw total Zn that was high
despite the soil concentration being below the critical deficiency level.

Grain samples on the other hand showed deficiency in total Ca, Fe, K, Mg and S in all units
while grain total Cu, Mn, P>Os and Zn exceeded deficiency limit. The deficiency in grain
total Ca, Fe, K, Mg and S could be attributed to their low transfer coefficients from straw to
grain. Furthermore, for the case of Fe, it is known that rice as a plant is inefficient at
transporting Fe to grain. Ca is said to be immobile in the phloem and since the seed is mainly
fed by the phloem, Ca loading into the seed is hampered.

Soil nutrient concentrations affected nutrient accumulation in the straw and grain at various
levels thus there is need to apply nutrient at appropriate timing to ensure maximum use-
efficiencies. Furthermore, proper soil fertility management practices should be considered to
avoid depletion or excessive accumulation of nutrients for improved quality and quantity of

rice yields.
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Summary in Japanese
BAF 2B A pE R BT, B HIFRER 2 #/ ) - ffH S S E 2S5

FAEDIRIT & T A U BB Th 5, TIEE S OmVATEME & R, #a2
MWAT L EENEZ FZBT LD OERIERRNTH DL, Lien>T, BBHOA
TR DA W - FIH 233 5 i, (B OEFEN & b+ 5 E TR
KT D,

=7 Tk, EEOKRBEEOSIHICK LT, KREEEOHEMIIER L T\ 25,
KOK 1A%, 7 =T BN HE% L L 7o HEEEHIX. (Mwea, Ahero, Bunyala, West
Kano) THAFEINTWD, LaL, ZibOEMHMX Tk, BHEOER CLEDL
TR MERER AL L, KREEELZRT I TWD, FEEEMXICH T 5 HERRE
HT DT O\ FE R BRI O HIRFFE OB T+ A S Tuneyny, R
DEEIRE L, AEMEDOM F A2 FEBLS 2 ITITIEREFR A 2D < T PR 23
VETHDHEBZZTND,

AR TIL, EEHIX. [Mwea (7 =7 HHE) | Ahero » West Kano (7 =714
) ] B OFEE 0~15cm O Y TV AER L, BERERICESW T HES T A
1T o7z, Mwea HEREHLIX DN D23 7K H 7> & IUHE BT A 0O ZEHEER & B 2 BREX L |
FMETR OESEFEZRE LTz, TIE - WO R % IRRI(2000)DFATT 5K
HRFEDT-DDERGERDITA RT A LT 52 & TiMii L7,

FEFIX. Ahero 38 £ T West Kano @ 18 pH 1Z, Z4E 4 6.2-8.0, 5.4-7.5 DA T
HoTzDIZH LT, Mwea TlX45-7.7 Thole, =7 O HEFHELREICLD &
158 pH (%, 58EEME (Mwea, West Kano) & 2 W\ X55EME (Ahero) 225557 /071 Y
PEDOHIFH TH -7, 3HX O T pH 1L, FHRIITFREICE S, Zud, Zhb
DHIKIZJE L 53T T 5 Vertisols 23 4ERL L 09 W LIRE B O RFR & RS 5 R K5
D, THEHEFREICEL T, 3HRK TN TORTITIFEMEDIKEC (<04dS/m) T
Y| MICHEELE G2 DERMEITRNZ LRSI,

TEARFIT, SHKIZBWTHREICEVMETH > 72, BIHEZIZ, FFIZ Mwea
T, KEICHE#B N LT %, IS S8R HH S TWEs, 919
FRIZFR S, 2w D A MEH 4TV 7e, Ahero & West Kano Tidk, KH b #ED
B EUIDRITIZE A ETY BRI TV e 7o, TEREFRIT, EFRMEIENA AT
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OB TV b b bR L TR o 7o, BRBKISORMN D R 7 2= H i
JEEBN, REFRZEOHB EZ X b,

B TOHEBHXIZIBNT, ZZHE Ca DN EERGA A Th Y, KHME Mg B2
WZIRWTED o Tz, M Mg X, Ahero 35 X OY West Kano & i L C Mwea TH T
MITEVRE Ch o7, ZOBIEIRE O Ca » Mg X, ZilEERMICIE
K925, —J5. Ahero 35 X T West Kano 1235\ T, AHME K R 1T A HE Na & ik
L CEn o7z, Ahero & West Kano DZZHME Ca - Mg+ K » Na & & FBIEICIS 1T 5 &
Y272 L=l L, Mwea @ 13% DB 1T K Z L~-UL DO IEF IRV A HLPE K
7 5(<0.2 cmole/kg) T o 72, Mwea Tldk, #J 83% DI T(Ca+Mg)/ K 23 100 Z#8 %
BRI A A AR L, KRZ VAT ZARB Lz, ZOZ LM, Mwea
TIEHE K OFEEZ A B4 2 B0 AN BT TH D, Ahero + West Kano Tld, [
AT DT AZRIEIT R Do T,

TIEF O AHENE P.Os O E ®ITM L TR <. IRRIOFEHEZ 72 L, Mwea B35 CThH
T N% D EEELL T TH 72, EREO AT P0s 1%, FPEICIT V13 pH & #E
fey7e PREAEICEER 2 L& 2 b d, Alfatk SioidEm <, B b < FHicEv+
HMpHD/ZOTHY , T XTOMK TEMEE L2 LTz, LAL, Ahero + West
Kano Tli¥. Mwea & tbBE L C, aJ#aME SiO 3 FEFICE <. BB L MEREY &K
HA~DOEIELOBITNE 2 ST, & TOMX TAHETE S 0O YEH i B |13 FE el 4 i
ZLTHEY, MEICRSHWONDIIEET E=U LEROZO &E 2 b,

T OAFAHEME TR IL, Mwea L West Kano CFe % <, Ahero CMn3 %035 72,
ZnlIMwea CILEHMEDI R Z L UL 2.0 mg/kgAiiti T > 7273, Ahero * West Kano
TIEFHHICEWKETH -T2, LI > T, MweallBWTIE, Znfufls HIEARIREE
WEOBU @RI L 70D B 2 b,

MwealEHE L X DREA AR TTIR 0T DGR/ | Tebere + Wamumu * KarabalX T3,
EKEHCaG BN E < (50.30%) . LHECa T )KLV Thiba + MwealX Tl FEE(E
TH5030%% FhEl>7, SHIT, RESMACal RO OMIA &R T HHEFed &0
i S DEFERCaZ AR T S B/ mREMEN & 5, Mwea + ThibaXIZ 38\ TEHEFK 2 A
EREU T ThHo7z, ZHITBZHLE W HHECaHMe/KIED T2 THh 5, KIEER
Mg - Cu * Fe * Mn * P,Os + Zn& &(FEAEME 272 L7253, MwealX TIEZEZERS K
ZKHETH T,
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TIROBGRET, ZXEBOHH OB OEMIII EIE RNV TREL KT
T T YRR HIE 2 AT W REIE SR 2 e KIRICT 5 Z ERRO B D,
S BT, BORZOMRRER RS, KOHE LNELFE ESEL0s, @k
BIEEEIEREE T D LEDR D D,
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