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Propositions (Stellingen)

In addressing the issue of nitrogen use efficiency by crops in soils, all the
processes and factors responsible for nitrogen loss, uptake and utilization need
be considered to avoid the pitfall of wrong recommendations.

- This thesis,

In general, the relevant processes of nitrogen loss in Vertisols are denitrification,
bypass flow, and volatilization in order of relative importance.
- This thesis.

Provision of appropriate drains is a prerequisite step in improving nitrogen use
efficiency by crops in Vertisols.
- This thesis.

Potential denitrification values do not have much relevance under field

conditions.
- This thesis.

. So far there is no single or simple approach to management of Vertisols.

- This thesis, .
- Coulombe, C.E., Wilding, L.P. & Dixon, L.B. (1996). Overview of Ventisols: characteristics and
impacts on societx.~Adv. Agron., 57: 289-375.

In the scientific world, knowledge is important but comprehending the
knowledge is more important, and application of the knowldge is the ultimate
goal.

It is anybody’s guess as to what will happen to him when I am dead. I give him
almost everything he needs for survival, and he is never tired of poisoning me.
My name is land, his is man.

Culture undermines objective education.

Existentialist is a democrat; substantialist is a dictator.

Temper and temperament are like siamese twins.
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11.  PhD is commonly known among university students in Kenya as an acronym
for Permanent Head Damage. Apparently.

D.O. Sigunga
Fertilizer nitrogen use efficiency and nutrient uptake by maize (Zea mays L..) in Vertisols in Kenya.
Wageningen, 20 May 1997.




This thesis is dedicated to my late father.




ABSTRACT

Sigunga, D.O. 1997. Fertilizer nitrogen use efficiency and nutrient uptake by matze
(Zea mays L.} in Vertisols in Kenya. PhD thesis, Wageningen Agricultural University,
The Netherlands.

The general objectives of this study were to increase the understanding of nitrogen (N)
losses in maize cropping on Vertisols, and to develop management options to reduce
such losses and to improve fertilizer N use efficiency. The specific objectives were to
quantify the effects of fertilizer N sources and management practices on (i) fertilizer
N losses through denitrification, NH, volatilization and bypass flow, (ii) fertilizer N use
efficiency by maize, considering agronomic, recovery, and phystological N efficiencies,
and (iii) the uptake of nutrients other than N.

Both laboratory- and field-based investigations were conducted. Laboratory experiments
were carried out to identify and rank the factors influencing denitrification, NH,
volatilization, and bypass flow. Field experiments were conducted to test various
management options.

It was found that the critical soil moisture content for denitrification to commence was
60% of the water holding capacity (WHC), but substantial denitrification occurred at
= 80% WHC. Denitrification rate depended primarily on soil moistare content and
available C. The amount of N lost through denitrification was determined by both the
rate and duration of denitrification. From the laboratory investigations it was confirmed
that NH, volatilization depended primarily on soil pH and fertilizer properties. It was
also found that Kenya Vertisols have pH ranging between 5.5 and 9.1, indicating
different potentials for NH, volatilization. Incorporating fertilizer materials within the
0-5 cm soil layer significantly reduced NH;-N losses,

Nitrate-N was the main N-form in which N was recovered in the bypass flow, and the
amount of N recovered increased with increasing rate of NO,-N application. NH,-N
treatment had no effect on N loss through bypass flow. The results showed that bypass
flow can be an important avenue of NO,-N loss from Vertisols especially if applied
early in the season when the characteristic cracks of Vertisols have not closed.

Drains, 40 and 60 cm deep, led to deeper rooting depth and higher yields of maize than
the 0 and 20 cm deep drains. Besides, the uptake of N, P, and K was higher on drained
than undrained plots. The late maturing hybrid H614 was superior to early maturing
H511 in terms of N uptake and nitrogen use efficiency.
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It is recommended that 40 cm deep drains with inter-drain spacing of 15 - 20 metres
be provided as prerequisite step in the management of Vertisols for maize production.

Keywords: agronomic nitrogen efficiency, ammonia volatilization, bypass flow,

denitrification, drainage, Kenya, maize, nitrogen recovery efficiency, nitrogen use
efficiency, Vertisols.

vii




PREFACE

I began this PhD study at the Department of Soil Science and Plant Nutrition at
Wageningen Agricultural University (WAU), The Netherlands in October 1993, The
aim of the study was to increase the understanding of nitrogen losses in maize cropping
on Vertisols, and to develop soil and crop management options to reduce such losses
and improve crop growth and nutrient uptake. The study involved both laboratory and
field investigations, and wasg partly conducted in The Netherlands, and partly in Kenya.
Inevitably, the study called for the participation of many individuals without whose
help - financial, technical, logistical and moral - T would not have completed it.

I would like to express my deepest gratitude to Kenya Agricultural Research Fund
Secretariat, Rockefeller Foundation, and Centro Internacional de Mejoramiento de
Maize y Trigo, Kenya for financially supporting my field research in Kenya. In the
same vein, I am deeply indebted to Wageningen Agricultural University for offering
me fellowships during my stay in Wageningen.

I would like to thank the Vice-Chancellor of Egerton University, Prof. J. Kiptoon for
granting me study leave in order to pursue this study.

My promotor, Prof. Q. Oenema has always shown great interest in the research and the
write up. His critical reading of the draft thesis is greatly appreciated.

I am very much obliged to Dr. Bert Janssen, my co-promotor and supervisor. His
personal interest in this study, encouragement, guidance, patience and kindness made
it possible for me to complete the task. His visits to Kenya to discuss with me field
experiments on the ground were very stimulating and encouraging. During the write
up of this thesis at Wageningen, Bert was always very keen to read and discuss the
manuscript, I am also grateful to him for translating the English Summary into Dutch.
He is the supervisor I am proud to have.

During my field experimentation in Kenya I got a lot of assistance, logistically and

technically, from Dr. A F.E. Palmer, Dr. FN. Muchena, Dr. R.K. Obura and Dr. P.
Smithson for which I am grateful.

X




I would like to express my appreciation to the staff of Nutrient Management Institute,
Wageningen, and the staff of the Department of Soil Science and Plant Nutrition
(WAU) for their help during my laboratory experimentation.

Special thanks go to Dr. M.L. Van Beusichem, the Chairman of the Section of Soil
Fertility and Plant Nutrition, and Mr. K. Koenders, the Manager of the Department for
the financial and logistical arrangements during my stay at the Department. I highly
appreciate the kindness with which Mr. CM.M. van Heijst attended my numerous
administrative problems. The gnidance offered to me by Ms. H. Raseboom and Ms.
M. Wierstra, the secretaries in the Department, whenever I wanted to use stores and
other facilities in the Department is gratefully acknowledged.

The assistance by Kenya Soil Survey staff in characterizing the research sites is highly
appreciated.

I would like to thank Mr. J.G. Koops very much for his guidance on computer usc in
data analysis.

Finally, I wish to express my appreciation to my family: Dorine, Beatrice, Cecil, Paul
and Charles for their patience in coping with absentee head of the family during this
study.




CONTENTS

Abstract vii
Preface ix
Part I General introduction 1
1. Introduction 3
2. Soils and sites 15
Part IT Literature review 29
3. Processes influencing nitrogen losses in Verlisols in Kenya 31
4. Crop growth and nitrogen use efficiency 53
Part 11 Laboratory-based experiments 61
5. Denitrification in Kenyan Vertisol and Phaoezem 63
6. Ammonia volatilization from inorganic fertilizers
applied to Vertisols in Kenya 93
7. The effects of fertilizer nitrogen source and rate
on nitrogen loss in bypass flow in a Kenyan Vertisol 107
Part IV Field-based experiments 119
8. The effects of drain depth on temporal moisture variation and
maize performance in a Vertisol in Kenya 121

9. Interactive effects of drain depth, nitrogen source and time
of application on nitrogen use efficiency by maize in Vertisols

in Kenya 131

10. Interactive effects of fertilizer nitrogen source and rate,
and maize genotypes on fertilizer nitrogen use efficiency 155
Part V  Synthesis 167
11. General discussion and recommendations 169
References 179
Summary 199
Samenvatting 203
Curriculum vitae 207

X1




Part I

General introduction




CHAPTER |
INTRODUCTION
1.1 General

Maize (Zea mays L.) is the principal staple food crop in Kenya. It is produced from
sea level to about 2,500 metres above sea level and, inevitably, across a number of
agroecological zones (AEZ). Each AEZ is defined by characteristic agro-climatic
factors (principally moisture availability and temperature} and differentiated by soil
patterns (FAO, 1978; Jaetzhold & Schmidt, 1982). Thus, in each AEZ is a variety
of soil types. Out of the 28 major soil types of the world (FAO-UNESCO, 1988),
18 occur in Kenya in varying extensiveness (Sigunga, 1993b). Nitrogen (N} and
phosphorus (P) are the most limiting nutrients to maize production in the majority
of Kenyan soils (Ikitoo, 1989; KXARI, 1991) and their use by farmers is minimal
due to high purchase prices that are beyond the economic means of most Kenyan
farmers (Murithi & Shiluli, 1993). Besides, there is a widespread concern by
farmers that crops in general, and cereals in particular, do not respond well to
fertilizer N application in Vertisols. Nitrogen losses through ammeonia volatilization,
bypass flow, and denitrification are some of the possible causes of low fertilizer N
recovery in these soils (Koelliker & Kissel, 1988; Andreini & Steenhuis, 1990;
Smaling, 1993).

In continuously cropped lands in Kenya, low levels of N in the soils severely limit
production of maize crop. Maize has two main sources of N for growth: nitrogen
derived from soil (Ndfs) and N derived from fertilizer (Ndff) (Jenkinson et al.,
1985). Ndfs includes all the N found in the soil such as what is added through
depositions, and biological fixation by other plants and released later by
mineralization, Since Ndfs is limiting, the only remaining major alternative is the
Ndff. In order to alleviate the constraint to production brought about by low
inherent scil N and/or low crop response to fertilizer N, there is need to develop
technologies that result in the most efficient use of the fertilizer N. Given the high
cost of inorganic fertilizer N, its importance in maize production, and its complex
effects on soil properties and environment, it becomes imperative that fertilizer N be
used efficiently in environment-friendly manner in order to ensure desirable
economic returns to the maize grower and minimize the undesirable effects on soil
and ground water.
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1.2 Use of fertilizer N

The efficiency of fertilizer N use is expressed in several ways, but the term
‘fertilizer use efficiency’ is commonly visualized as comprising uptake and
utilization efficiencies (Capurro & Voss, 1981). Inevitably, nitrogen use efficiencey
is affected by changes in fertilizer N recovery and/or in utilization. Efficiency in
uptake and utilization of N in grain maize production requires that those processes
associated with uptake, translocation, assimilation, and redistribution of N by the
crop operate effectively and efficiently (Boswell et _al., 1985). Some of the factors
affecting fertilizer N uptake by crops are plant genotype (Goodroad & Jellum,
1988), soil characteristics (Tandon, 1989), N source and rate (Haynes & Swift,
1987), climatic conditions (Benoit et al., 1965; Kuchenbuch & Barber, 1988), and N
application method and time (Thomas, 1980; Mochoge, 1989). These factors may,
in turn, be influenced by such processes as leaching, denitrification, NH,
volatilization and soil N mineralization rate (Boswell et al., 1985; Mughogho et al.,
1986). Leaching in humid regions probably accounts for greater losses of N than
any of the other processes {Sanchez, 1976), especially in free-draining soils. In
Vertisols ‘leaching’ losses of fertilizer N are made possible by the bypass flow
phencmenon (Bouma et al., 1981; Smaling & Bouma, 1992). Hence, such
management practices as choice of N source, mode of placement and time of
application of N within the feeder root zones are designed to reduce fertilizer N
losses through denitrification, NH, volatilization, and leaching/bypass flow so as to
ensure maximum recovery and least loss of applied fertilizer N.

1.3 Fertilizer research on Vertisols

Vertisols occupy about 260 * 10° ha of land globally (Dudal & Bramao, 1965).
Africa has the largest area occupied by these soils, with 105 * 10° ha. Hence,
Vertisols represent an undoubted important asset for agricultural production in
Africa (Santanna, 1989). A lot of work has been done on the management of
physical and chemical properties, as well as fertility of Vertisols in the developed
countries (Hubble, 1984; Harris, 1989; Coulombe, et al., 1996). In tropical
Vertisols, N is the most universally deficient nutrient (Dudal & Bramao, 1965;
Ahamad, 1985; Le Mare, 1989). Crop response to N applications in Vertisols is
closely linked to soil moisture variations and, hence, to rainfall pattern (IBSRAM,
1989; ICRISAT, 1989). In Africa, research on Vertisols have focussed more on the
management of physical properties than on fertility (IBSRAM, 1989 & 1992).
Several strategies for the maintenance of productivity of Vertisols have been
proposed and their success varies within and among regions. Vertisols require
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specificity in terms of fertility management practices and land utilization because of
(i) their highly variable morphological, chemical, and physical properties within and
among regions, (ii) the variability in climatic conditions, and (iii) the difficulty in
technology transfer from one region to another (Coulombe, et al., 1996).

1.4 Fertilizer research on Vertisols in Kenya
1.4.1 Vertisols

Vertisols are one of the 18 major soil groups occuring in Kenya (Sigunga, 1993b),
and they occupy approximately 2.8 million hectares of land in Kenya (Muchena &
Gachene, 1985; Muchena et al., 1986). Vertisols in Kenya are found in many parts
of the country (Figure 1.1) and, inevitably, occur in different agroclimatic
conditions ranging from humid to arid, They have several desirable attributes that
make them a potentially productive group of soils (D’Costa et al., 1988; Coulombe
et al., 1996), but certain inherent characteristics make them problematic with respect
to fertilizer N use efficiency. Vertisols in Kenya are characterized by pH ranging
from neutral to alkaline (Muchena & Gachene, 1985; D'Costa et al., 1988).
Ammonia-based N fertilizers are susceptible to fertilizer N loss through NH,
volatilization in soils with high pH (Fenn & Hossner, 1985; Koelliker & Kissel,
1988). Poor drainage, a common characteristic of Vertisols, creates periodic
waterlogging (anaerobic) conditions which favour fertilizer N loss through
denitrification {(Knowles, 1982a; Aulakh et al. 1992). In this respect, a management
measure that can alleviate waterlogging conditions could be a possible means of
reducing denitrification losses. In addition, shrink-swell characteristic of Vertisols
may enhance fertilizer N losses through bypass flow phenomenon (Bouma et al.,
1981; Andreini & Steenhuis, 1990). Despite concerted efforts by many scientists of
various organizations (eg. IBSRAM, 1989 & 1992; ICRISAT, 1989), there is still
no single or simple solution for the proper management of Veriisols (Coulombe et
al., 1996).

1.4.2 Research Work

Research activities already undertaken on Vertisols in Kenya with respect to soil
fertility and productivity are indeed few (Muchena et al., 1986). Later, Ssali (1990)
stated that little is known about the fate and efficiency of N fertilizer applied to
Kenyan soils. This view was reinforced by Smaling (1993) who found low fertilizer
use efficiency in some Kenyan Vertisols, and recommended that the processes of
erosion, denitrification, leaching, and nutrient uptake should be studied further.
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Fertilizer rescarch work in Kenya may be grouped on the basis of time frame with
reference to Fertilizer Use Recommendation Programme (FURP) as follows:

a) Pre-FURP period

b} FURP period

<) Post-FURP period

a) Pre-FURP period (upto 1985)

In pre-FURP period are grouped all the fertilizer projects (both research and
demonstrations) done before the inception of FURP in 1985. During this period
about 500 fertilizer projects (experiments and demonstrations) were carried out on
maize as a monocrop (FURP, 1987a), but none of them addressed the issue of
nitrogen use efficiency by maize on Vertisols.

b) FURP period (1985 to 1990)

During the FURP period three fertilizer research projects were done on Vertisols at
Rodi Kopany and Karaba. Two experiments, namely 4N * 4P and 2N * 2P * 2§
2FYM were carried out at both sites over a period of 3 to 4 years.
From these experiments, it is clear that no consideration was given by FURP to:
i} N-source such as NO;-, NH,*- and NH,NO,- based fertilizers despite the fact
that these N-sources would be expected to react differently in Vertisols.
i) Attempts to reduce N losses, and enhance N recovery by manipulating
management practices such as timing, splitting and mede of placement.
iti) Quantification of fertilizer N losses through denitrification, NH, volatilization
and leaching/bypass flow, and when the losses occur.
iv) Relationship between fertilizer N losses and soil moisture fluctuations.
The third project on Vertisols during this period was concerned with "bypass flow
and leaching of nitrogen” {(Smaling & Bouma, 1992}.

c) Post-FURP period (1990 onwards)

Most of the few research activities carried out on Vertisols in Kenya have been
focussed on the physical and chemical characteristics per se. For example, Muchena
and Gachene (1985), D’Costa et al. (1988), and Ikitoo (1989) have variously
reported on properties, classification, management in terms of land shaping, and
agricultural use of Vertisols in Kenya. Research reports on denitrification,
volatilization, and appropriaie drain depth in relation to nutrient use efficiency in
Kenyan Vertisols are unavailabe. Information on fertilizer losses in bypass flow in
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Kenyan Vertisols is meagre, being confined to the report by Smaling & Bouma
(1992). Fertility studies were done on Karaba Vertisols in Kenya (Dr. F.N.
Muchena, pers. commun.), but here again no consideration was given to N-sources,
nutrient uptake and quantification of losses by denitrification, volatilization, and
leaching/bypass flow. The lack of information on fertilizer use efficiency on
Vertisols, and indeed on other soil types as well, is possibly due to a small number
of qualified soil scientists working in the country (Sigunga, 1993b).

In its national research plan, Kenya Agricultural Research Institute (KARI)
emphasized, as one of its major goals for Soil Fertility and Plant Nutrition Program,
"... the need to study relative efficiency of various sources of nitrogen, phosphorus
and trace elements as well as their residual valoe on different crops” (KARI, 1991).
1.5 Conceptualization and objectives

1.5.1 Conceptualization

The operational concepts relating to "Fertilizer Nitrogen Use Efficiency”, "Factors
Determining Maize Yields", and "Factors Determining Fertilizer N Use Efficiency”
as used in the present study are elucidated herebelow:

(a) Fertilizer Nitrogen Use Efficiency

Fertilizer N use efficiency (NUE) is conceptualized as comprising three components
(Simonis, 1988): yield (agronomic) efficiency (Eq 1.1), recovery efficiency (Eq 1.2),
and physiological (utilization) efficiency (Eq 1.3). Besides, higher dry matter
partitioning to grains than to vegetative plant portion is linked with high harvest
index (Eq 1.4), and more grain per unit of N taken up (Duncan & Baligar, 1990).
Agronomic (yield) fertilizer N efficiency, ANE = (Yf - Yo)/N {Eq. 1.1)
Fertilizer N recovery efficiency, NRE = 103{NRf - NRo)/N (Eq. 1.2}

Fertilizer N physiological

(utilization) efficiency, PNE = (Yf - Yo)/{NRf -NRo) (Eq. 1.3)
Harvest index, HI = G/(G+5+C) (Eq. 1.4)
where,

Yf and Yo = yield of fertilized and unfertilized crops, respectively;
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NRf and NRa = N recovered by fertilized and unfertilized crops, respectively
N = rate of fertilizer N application
G, S,and C = grain, stover and cob yields on dry matter basis, respectively.

b) Factors Determining Maize Yield

Maize yield is a function of plant genotype and environment, and may be
represented as follows:

Maize Yield = f{Genotype, Environment) (Eq. 1.5)

The environment is comprised of climate, soil and management (Gardner et al.,
1985). Thus, Eq. 1.5 becomes:

Maize Yield = fiGenotype, Climate, Soil, Management) (Eq. 1.6)
¢) Factors Determining Fertilizer N Use Efficiency

Since plant growth is a function of environment and the genetic constitution of the
plant, nutrient use efficiency by a crop is determined by the interaction between
crop production potential and the environment. The environment is considered to be
made up of soil, climate, and management. Hence, studies on fertilizer N use
efficiency by a crop must be considered in the light of many factors that
interactively affect both the uptake and utilization aspects of N use as
conceptualized in Figure 1.2. Climate and management directly affect the
interactions between fertilizer N and soil constituents. The influences of climate and
management are not, in this conceptualization, on seil and fertilizer N seperately but
on them when they interact. The effects of climate and management on interacting
soil and fertilizer are expected to be reflected in the processes of N use (ie. uptake
and utilization) by the crop on the one hand, and in the processes of N loss (ie.
denitrification, NH, volatilization, and bypass flow) on the other hand. Besides,
climate and soil have direct influence on N use by the crop.

Fertilizer N utilization is affected by the N source. This is because NH," and NO;
ions have different effects on rhizosphere pH and uptake of other essential plant
nutrients (Riley & Barber, 1971; Sigunga, 1993a). The effect of N source on
fertilizer N uptake and uptake of other nutrients are modified by soil characteristics
such as native pH and nutrient status.
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Losses of fertilizer N through denitrification, volatilization and/or bypass flow have
direct bearing on the recovery of N by the crop. The climatic and management
factors influence these processes, as do the fertilizer N sources and soil
characteristics.

In this conceptualization the climate, management, soil, and fertilizer are considered
as INPUT, while fertilizer N use by the crop (uptake and utilization) and loss
(through denitrification, NH, volatilization, and bypass flow) are QUTPUT.
Conceptually, therefore, there are a number of factors that interactively affect the
processes of N loss as well as the processes of N use. In such a situation, the
logical step in promoting fertilizer N use efficiency would be to identify and
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Figure 1.2 Schematic representation of the conceptual framework of causes and
effects in fertilizer N use efficiency.
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address the most limiting constraint(s) in priori. Identification of the constraints
requires a thorough understanding of the system via systems research, and a
conceptual model. The identified constraints must be verified and tested. Hence,
focussed field experiments are to be conducted in order to observe effects of well
defined treatments. This brings us to the knowledge level: the knowledge of what
effects resulted from which treatments, It is one thing to know the results of various
treatments, and it is another thing to understand the possible causes of such effects.
Both the knowledge and understanding of cause-effect relationships are vital in
formulating realistic and viable management options in fertilizer N use efficiency.
On this premise, it becomes necessary to conduct experiments on the processes of N
loss under controlled conditions which can make it possible to clearly identify
specific factors influencing the magnitudes of N losses by the processes. Then, the
occurrence of the identified important factors in the field is studied. Evenmally, the
relative importance of processes of N loss can be worked out and strategies o
reduce such losses be formulated thereby providing better opportunity for fertilizer
N recovery. Since, in the final analysis, crop preductivity depends on crop’s
capacily 1o exploit environmental (soil and climate) resources in an integrative
manner, field experiments are essential in testing various management options,

1.5.2 Objectives

The general objectives of this study were te increase the understanding of the

nitrogen losses in maize cropping on Vertisols, and to develop soil and crop

management options to reduce such losses and to improve crop growth and nutrient

uptake. The specific objectives were to quantify the effects of fertilizer N sources,

and management practices, namely fertilizer N application rate, N timing and

splitting, and provision of drainage on:

i) Fertilizer N losses through denitrification, NH, volatilization and bypass flow

ii) Fertilizer N use efficiency by maize, considering agronomic, recovery, and
physiological N efficiencies.

iii) Uptake of other nutrienis than N (nutrient balance in the plant to explain
physiological N efficiency).

1.6 Qutline of the research

Based on the conceptual framework of this study (Section 1.5.1) it became
necessary to derive critical threshold values for the processes of N loss in Vertisols,
and to test management options. Experiments relating to denitrification, NH,

11
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volatilization, and bypass flow were conducted under laboratory conditions in order
to study specific factors influencing these processes and threshold values. This task
would be difficult under field conditions where a large number of factors
interactively influence the processes. The following experiments were carried out in
the field: (1) the effects of drain depth on soil moisture variation, and maize rooting
depth and yield, (it) interactive effects of drain depth * N source * time of N
application on NUE, and (iii} interactive effects of maize genotype * N source * N
rate on NUE.

Soil moisture influences denitrification through its effects on soil organisms and O,
supply to the soil. Available carbon also influences denitrification by providing
energy source for denitrifiers (Knowles, 1982a; Aulakh et al, 1992). Soil texture
influences denitrification through its effects on the diffusion of substrate to, and the
products from, the microsites where denitrification occurs (Benckiser, 1994). For
this reason, a medium-textured Phaoezem was used for comparison with the fine-
textured Vertisol, In this study the effects of soil moisture and available C on
denitrification were investigated in order to determine the magnitude of their effects
on denitrification rate. Various soil moisture levels were chosen in order to establish
critical moisture level below which denitrification does not occur in these soils. In
addition, denitrification rate was determined under anaerobic (N, atmosphere) so as
to compare the potential denitrification in the two soils. Different rates of NO, and
glucose were used to establish whether or not the substrates were limiting
denitrification in these soils.

The magnitude of NH; volatilization from inorganic fertilizers applied to soils is
determined by the scil characteristics and fertilizer properties. In this study,
different NH,-based fertilizers were tested on different Vertisols in order to rank the
magnitude of NH,-N loss in these soils. Effectiveness of placement mode, namely
surface-broadcast and surface-broadcast and incorporation in reducing NH,
volatilization from fertilizer applied to Vertisols was tested. These placement modes
were chosen because they are commonly practised by farmers in Kenya.

Characteristic cracks of Vertisols provide preferential flow paths which can
facilitate rapid movement of fertilizer materials down the soil profile beyond the
reach of plant roots (Andreini & Steenhuis, 1990). The susceptibility of NO, and
NH,*-based fertilizers to be carried in the bypass flow down the soil profile was
determined. Different N-forms were chosen becauvse they carry different charges
and, hence, are likely to be influenced differently by the dominantly negatively
charged surfaces of sail colloids.

12
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Vertisols are characteristically poorly drained, a situation that leads to waterlogging
during and after heavy rainfall events (IBSRAM, 1989), with the consequence of
denitrification risk. Drainage ts a possible viable management measure to control
soil moisture content in the root environment. This was tested in a field experiment
involving different drain depths, namely 0 (control), 20, 40, and 60 cm. These
depths were chosen in order to determine specific soil layer within which drainage
had the most beneficial effects on soil moisture content in relation to maize
performance. In choosing these drain depths, the expected rooting depth of maize
was considered. Interactive effects of drain depth * N source * time of application
on NUE were examined in a second field experiment with the following treatments:
drain depths (0, 40, 60 cm), time of N application (0, /40, 40 days after planting
{DAP)), and NO,- and NH,-N sources. The drain depths were selected for the
reasons explained above. The N application dates were chosen so as to determine
the interactive effects of soil moisture as influenced by rainfall and N source on N
recovery.

Late maturing maize hybrid H614 and medium-late H511 were tested under field
conditions to determine their adaptability in exploiting prevailing environmental
resources in relation to NUE. The two hybrids contrast in terms of yield potential,
maturity period and, hence, their demand for nutrients.

1.7 Outline of this thesis

Characteristics of the experimental soils and sites are presented and discussed in
Chapter 2. Review of literature relating to the processes of fertilizer N losses,
namely, denitrification, NH, volatilization, and bypass flow, is presented in Chapter
3, while Chapter 4 is devoted to literature on nutrient use efficiency. Results and
discussion relating to laboratory-based experiments on denitrification, NH;
volatilization, and bypass flow are presented in Chapters 5, 6 and 7, respectively.
Chapters 8 to 10 are devoted to results and discussion relating to field-based
experiments. The effects of drainage on temporal soil moisture variation and maize
yields are reported in Chapter 8. The results and discussion on the interactive
effects of drain depth, N source and time of application, and interaction between
maize genotype, N source and rate on N use efficiency are presented in Chapters 9
and 10, respectively. Since the ultimate aim of the whole study was to formulate
management practice(s) that would lead to efficient use of fertilizer N, results from
individual experiments are discussed holistically and synthesized into recommended
management options in Chapter 11.
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CHAPTER 2

SOILS AND SITES

2.1 Soils for laboratory-based experiments

Soil samples were collected from various sites across Kenya for the laboratory-based
experiments. For denitrification experiments, soil samples were collected from
Muhoremi and Kisii (Figure 1.1). Soils from 5 different sites, namely Machakos,
Karaba, Rodi Kopany, Muhoroni, and Kitale were used in volatilization experiments.
Bypass flow experiments were carried out on undisturbed soil columns at Rodi Kopany
site.

2.2 Sites for field-based experiments

Field experiments were conducted at two sites, namely Rodi Kopany and Muhoroni
(Figure 1.1). Rodi Kopany site had been characterized and soils classified (FURP,
1987b; Smaling & Bouma, 1992). Muhoroni soils had not been characterized before.
Hence, the site was characterized and soils classified just before the commencement
of the present experiments.

2.2.1 Rodi Kopany site
2.2.1.1 General

Rodi Kopany site, located at 0° 46’ S and 34° 30° E (Anon, 1991) is in Homa Bay
district, Kenya (Figure 1.1). The site, which is | ha, is 1330 metres above sea level
(masl), and its physiography is plain with a slope of less than 1% (FURP, 1987b).

2.2.1.2 Climate

Agroecologically Rodi Kopany falls within the lower midlands 2 (LM2) agroecological
zone, AEZ, (Jaetzold & Schmide, 1982). The climate of the site is summarized in Table
2.1 and Figure 2.1. Temperature and potential evaporation, Eo, (Class A pan) were
obtained from Marinde, (metcorological station no. 9034041), situated 7 km east of
Rodi Kopany site. The rainfall distribution shows a weak bimodal pattern with the first
and second rains occurring during the periods end of February to end of June, and
beginning of September to November end respectively (Table 2.1). The lst rains
provide crop growing period of 120 to 140 days, while the corresponding crop growing
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period during the 2nd rains is 90 to 100 days. Rainfall reliability, 60%, figures for the
site and its environs during the ist and 2nd rains are 700 and 400 mm, respectively
(FURP, 1987b). Potential evapotranspiration, Eto, values estimated as 2/3 of Eo
(Woodhead, 1968) are fairly high for the area (Table 2.1). Rough estimate of water
balance by the difference between rainfall and Eto (Barraclough et al., 1983) shows
that the soils at the site do have excess moisture during the st rains, and not during
the 2nd rains (Figure 2.1). In practice, the 1st rains provide the main crop growing
season for annual crops in the area.

2.2.1.3 Cropping systems

Common crops grown in Homa Bay district include maize, sorghum, bulrush millet,
finger millet, sweet potato, cassava, pineapples, papaw, bananas, tobacco (on sandy
soils), ground nuts, and various vegetables. Intercropping of cereals and legumes,
cereals and vegetables, as well as cereals and root crops are practised to a large extent.
Zebra grass (Hyparrhenia rufa), Guinea grass (Panicum maximum), Rhodes grass
(Chloris gayana), and Star grass (Cynadon dactylon), Nandi seteria (Seteria sphacelata),
Osinde grass (Andropogon spp), Napier grass (Pennisetum purpureum), and various
Cenchrus spp. are the important pastures in the district. Rodi Kopany site, prior to the
present research, had been used for about 10 years for research on cereals and legumes,
namely maize, sorghum, and beans. Both phosphatic and nitrogenous fertilizers were
applied at different rates to different plots in different seasons.

2.2.1.4 Soil classification

The soils of the Homa Bay and the neighbouring Kisii districts are derived from
Tertiary alkali basalt (Wielemaker & Boxem, 1982), and are of moderate to high
fertility (Jaetzold & Schmidt, 1982). The soils at Rodi Kopany site are black Vertisols.
For the purpose of soil characterization, two profile pits were dug at the site in 1985
and they were virtually the same in profile horizonation, A-CA-C sequence, and
physicochemical properties (FURP, 1987b). Some of the chemical properties of the soil
samples from one of the profiles are given in Table 2.2. There were, however, spatial
variations within the site; one side of the site having higher contents of organic C%,
total N%, and K cmol (+)kg soil in the Ah horizon. The variation could possibly be
due to differences in land use in previous vears. The soils at the site are reported
(FURP, 1987b; Smaling & Bouma, 1992) to be classified as Eutric Vertisol (FAO-
UNESCO, 1988) or Typic Pelluderts (Soil Survey Staff, 1990).
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Figure 2.1 Water balance for Rodi Kopany as estimated by the difference between
mean rainfall and evapotranspiration.

2.2.2 Muhoroni site
2.2.2.1 General

The site is in Koru settlement scheme of Muhoroni division in Kisumu district, Kenya
(Figure 1.1). Tt is approximately located at 35° 15’E and 0° 20°S, and is about 1450
masl. The site is underlain by Basement System rocks comprising mainly granitoid
gneiss (Jaetzold & Schmidt, 1982). It lies on nearly level plain (slope < 2%), in
contrast to hilly surrounding. The objectives of the current characterization were to
classify the soils of the site, and to determine and describe those site characteristics
that are deemed essential in facilitating the laying out of experimental plots and
transfer of subsequent research results from this site to others with comparable
characteristics.

2.2.2.2 Climate

Muhoroni site falls within agroecological zone 1.M2 (Jaetzold & Schmidt, 1982). Data
on long term climatic factors such as rainfall, temperature, and potential evaporation
(Eo) records were obtained from the central meterological station (Registration No.
9035220) of Muhoroni Sugar Company, which is 11 km northwest of the site. In
addition, precipitation at the site was recorded for two years, 1994 and 1995, during
which period experiments were conducted. Main climatic data, means of 10 years
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(1986 - 1995), are summarized in Table 2.3. The rainfall pattern is bimodal with the
Ist rains extending from end of February to end of July providing medium cropping
season of 160-170 days, and the 2nd rains covering September to November catering
for a short cropping season of 90 to 100 days. Rainfall reliability at 60% for the area
is 800 mm in the 1st rains, and 500 mm in the 2nd rains (Jaetzold & Schmidt, 1982).
Water balance estimated by the difference between mean raintall and Eto, indicates that
the 1st rains provide excess moisture in the soil especially during the months April to
June (Figure 2.2).

2.2.2.3 Cropping systems and land use

Important cash crops in Kisumu district are cotton, sunflower, paddy rice, and sugar
cane. Food crops grown in the district, in order of importance, are maize, beans
sorghum, sweet potato, and cassava. Various vegetables and fruits are also grown in
the district. The experimental site had been used alternately for the production of sugar
cane and maize for more than 30 years. The site had been fallow since 1992 when the
last sugar cane crop was harvested. During the fallow period the site was used for
grazing cattle until January, 1994 when it was ploughed in preparation for the current
research activities.

2.2.2.4 Topographical Survey

A topographical survey was carried out at scale 1:1000 and, later, a linear-scale
topographical map was constructed to facilitate reduction or enlargement of the map
without interfering with relative positions of points therein (Figure 2.3). The exercise
of site characterization was conducted in August 1993.

2.2.2.5 Soil characterization

Numerous cracks were observable on the soil surface at the site. In general the cracks
varied in width from less than 0.5 to more than 2.5 cm. Some of the cracks were found
to extend to more than 60 cm depth. Auger boring to a depth of 160-180 cm depending
on soil depth, were made on a rigid grid system of 20 m x 20 m (Figure 2.3). A total
of 33 auger holes were made. Soil colour, structure, texture, consistence, the presence
and distribution of, nedules, and mottles were described. Soil characteristics from
different observations were grouped so as to establish their ranges. A total of 5
representative profile pits were dug and described. Every horizon of each soil profile
pit was sampled for chemical and mechanical analyses.
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Figure 2.2 Water balance for Muhoroni site as estimated by the difference
between rainfall and evapotranspiration

(a) Soil units

The soils were described according to the Guidelines for Profile Description (FAOQ,
1977).  Soil colours were described according to the Munsell soil colour charts
(Munsell Co., 1973). Soil texture was determined using mechanical analysis (Gee &
Bauder, 1986). Bulk density, BD, was determined by resin-coating method (Brasher,
et al., 1966; Bronswijk, 1986). Water infiltration rate was determined according to the
double cylinder method as described by Landon (1991).

Samples used in the determination of soil chemical properties were air dried and
ground to pass through 2 mm sieve. Soil pH was determined with glass electrode at
soil:water ratio of 1:2.5. To determine C content soil samples were oxidized with
K,Cr,O,, and the concentration of Cr** formed in the reaction was measured

colorimetrically, and compared with standard series of sodium oxalate that had been
treated in the same way, Total N was determined by digesting the soil samples with
a mixture of H,SO,-Se and salicylic acid, and measuring the N in the digest
spectrophotometrically. To determine CEC and exchangeable Ca, Mg, K and Na, soil
(10 g) was leached with 1M NH,OAc (pH = 7), and this first leachate was used for the
determination of exchangeable cations. The soil was then washed free of NH,OAc with
ethanol. The second leaching was done with acidified CaCl, solution to release
adsorbed NH,*, and the NH," concentration in the leachate was subsequently
determined spectrophotometrically using continuous flow auto-analyzer. The K and Na
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in the first leachate were determined by flame spectrometry, while Ca and Mg were
determined using Atomic Absorption Spectrophotometer. Electrical conductivity (EC)
was determined using conductivity meter at soil: water ratio of 1:2.5.

EGERTON UNIVERSITY
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Figure 2.3 Muhoroni experimental site

Two mapping units PNd1 and PNd2 were delineated (Figure 2.3). The survey area
consists of only one physiographic unit denoted by P for plain. The soils were derived
from the same parent material, granitoid gneiss, and are denoted by N. The third entry,
d, denotes observed soil characteristics. The soils of the two mapping units were
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similar in almost all the measured characteristics except at depth greater than 60cm,
where there were more iron and manganese concretions in profiles of the PNd2 than
in PNd1 profiles. Owing to similarities in characteristics of profiles within each of the
two mapping units only one profile from each unit was described.

(h) Seoil profiles

Observation of the profiles revealed that the soils at the site are very deep, and are of
strong structure {Tables 2.4 and 2.5). There was no indication that ground water table
was near. The wedge-shaped, or parallelepiped, and the intersecting shear planes, or
slickensides are found from 20 cm depth, and become more and more pronounced with
depth. The two properties are typical of Vertisols, and especially slickensides are the
unifying morphogenic marker in all Vertisols (Wilding & Tessier, 1988). The soils of
the site have very high clay content, high CEC and %BS. Both ESP and EC are very
low (Table 2.6). The sum of cations, expressed in %BS, exceeded the CEC value as
the profile depth increased. This could possibly imply the accumulation of soluble salts
in the profiles at depth greater than 60 cm.,

{¢) Water infiltration rate

The infiltration rates, means of three measurements, varted with the degree of pre-
wetting of the stations (ie. specific points where cylinders were driven in) before
conducting the experiment (Figure 2.4). The initial infiltration rate, the rate observed
within the first one hour or so (Landon, 1991), reduced drastically within a very short
time, falling from 250 cm/h to 50 cm/h within the first 8.5 h (Figure 2.4a), and from
9.8 cm/h to 1.2 em/h within the first 1.5 h (Figure 2.4b), The basic infiltration rate, the
constant infiltration rate, developed after more than 3 h of experimentation. The mean
basic infiltration rate of 13.6 cm/h (3.25 m/day) was obtained at the stations which
were wetted for one day before the experiment (Figure 2.4a). Very low mean basic
infiltration rate of 0.2 cm/h (0.05 mfday) was obtained from those stations that were
wetted for 3 days followed by one day to drain, before the experiment (Figure 2.4b).
Swell-shrink phenomena in Vertisols induce constantly changing pore-size distributions
and pore continuity patterns in these soils making characterization of soil-water regimes
in cracking clays difficult (Bouma & Loveday 1988). It is also known (Klute, 1973)
that the infiltration flow theory does not hold in cracking soils as long as the cracks
are open. Hence, the applicable basic infiltration rate for the soils of the current site
1s therefore considered to be 0.2 cm/h, the constant infiltration rate obtained after
prolonged prewetting of the site.
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Figure 2.4 Water infiltration rates in the soils of Muhoroni experimentat field on sites
pre-wetted for one day {(a) and three days {b) before the commencement of the experiment.
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Figure 2.5 Moisture content and bulk density relations in the soils of Muhoroni site.
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(d) Bulk density

Moisture was found to have strong influence (r = 0.97***) on BD of these soils
(Figure 2.5), indicating considerable changes in soil bulk volume with changes in soil
moisture conient. The maxima and mimima BD values correspond (o saturated and
oven-dry soils, respectively. Changes in soil moisture content, expressed as moisture
mass fraction {(MMF), resulted not only in changes in BD but also in other properties
such as pore-volume fraction (PVF), moisture volume fraction (MVF), and air-volume
fraction {(AVF) of the soil (Table 2.7). At MMEFE of 0.54, corresponding to 80% of
maximum water holding capacity (WHC) of the study soil, the AVF was already very
low (0.02) indicating denitrification risk. Water holding capacity was determined as
described in section 5.3.3.

Table 2.7, Effect of moisture mass fraction on properties of Muhoroni Vertisol,

JoWHC 0 20 40 80 90 100
MMF 0 0.14 0.27 0.54 0.62 0.68
BD, mg cm™ 1.84 1.65 1.46 1.09 0.99 nd
PVE 0.31 (.38 045 0.60 0.63 nd
MVE 0 0.23 0.39 0.58 0.61 nd
AVF 0.31 .15 0.06 0.02 0.02 nd

WHC = water holding capacity; MMF = moisture mass fraction; BD = bulk density
PVF, MVF, AVF = pore, moisture, and air volume fractions, respectively.
nd = not determined

(e) Classification

In summary, the soils at the site were found to be characterized by shrink-swell
properties as illustrated by the formation of cracks and, changes in soil volume with
moisture variation resulting in increase in BD with decrease in moisture content.
Slickensides were pronounced in all the profiles. The soils are imperfectly drained,
having basic infiltration rate of 0.2 cm/h. Hydromorphic features of these soils were
reflected in the occurrence of reduced iron and manganese concretions distributed in
the profiles. The soils were also found to be characterized by high clay (> 60%), CEC
[ > 30 cmol(+Ykg soil], and BS ( > 60%). These soils were therefore classified as
eutric Vertisols (FAQ-UNESCO, 1988) or Typic Pelluderts (Soil Survey Staff, 1990).
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CHAPTER 3

PROCESSES INFLUENCING FERTILIZER NITROGEN LOSSES IN
VERTISOLS IN KENYA

3.1 Introduaction

Nitrogen is the most universally deficient plant nutrient in tropical Vertisols (Bayene,
1988; Le Mare, 1989). In Kenyan Vertisols crop response to N is widespread (Ikitoo,
1989). The availability of applied fertilizer N to crops is subject to influence by such
processes as denitrification (Fillery, 1983; Jarvis, et al., 1991; Aulakh et al., 1992),
ammonia volatilization (Fenn & Hossner, 1985, Hargrove, 1988b; Priebe & Blackmer,
1989), leaching (Barraclough et al., 1992; Kamukondiwa & Bergstrom, 1994a), bypass
flow (Dekker & Bouma, 1984; Andreini & Steenhuis, 1990), and immaobilization
(Stevenson, 1986; Powlson, 1993). It is also affected by fertilizer form or source and
soil properties like texture, pH, and organic carbon contents that would in tum
influence the processes mentioned above. Immabilization of N by soil organisms is not
considered a loss from the soil system. Leaching of salts through the soil matrix is
negligible in Vertisols characterized by very low water infiltration rate. Hence,
denitrification, ammonia volatilization and bypass flow are considered important
processes influencing fertilizer N losses in Vertisols.

3.2 Denitrification

3.2.1 General

Denitrification, a biochemical process by which facultative bacteria use nitrate and
nitrite, in the absence of O,, as electron acceptors in their respiration thereby reducing
the substrates (NO, and NO,) to gaseous nitric oxide, nitrous oxide and dinitrogen (Eq
3.1 & 3.2), is one of the major avenues of nitrogen loss from soils (Fillery, 1983;
Chalk & Smith, 1983; Jarvis, et al., 1991).

24KNO, + 5CH,,0; ---— 12N, + 30C0O, + 24dKOH + 18H,0 + Energy Eq. 3.1

1 2 3 4
NQ, ---—-— NO," ===-—3 NO —-r--— N,0 == N, Eq. 3.2

The reduction of NO;- to N, is accomplished in the presence of nitrate-, nitrite-, nitric
oxide-, and nitrous oxide-reductase that promote the processes at the steps 1, 2, 3, and

4, respectively (Knowles, 1982b; Fillery, 1983). Denitrification is of interest to
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environmentalists, soil scientists, and agronomists alike. Where high NO, levels in soil
and/or water pose a pollation hazard, denitrification is considered a desirable process
by which to reduce NO," levels (Aulakh et al., 1992). It is also a source of N,0, a
greenhouse gas, considered to be depleting ozone layer with the consequence of
increasing global warming (Groffman, 19935). Besides, the process plays an important
role in N cycling and fertilizer N use efficiency by crops (Burford & Bremner, 1975;
Jarvis et al., 1991; McCarty & Bremner, 1992).

It has been observed that yields of maize and sugarcane grown in Vertisols in Kenya
are low despite fertilizer N applications. Denitrification is suspected to be a possible
cause of nitrogen loss from these soils (Smaling, 1993). The phenomenon, however,
has not been studied in soils in Kenya. This is possibly due to lack of inadequately
trained soil scientists working in the country (Sigunga, 1993 b).

Denitrification occurs in a wide variety of ecological settings (Cho et al., 1979;
Beauchamp et al., 1980; Klemedtsson et al., 1991; Nielsen et al., 1994). It occurs in
undrained and drained arable soils (Colbourn & Harper, 1987; Schnabel & Stout,
1994), drained peats (Jorgensen & Richter, 1992), acid soils (Kroeze et al., 1989;
Nielsen et al, 1994), and in sandy soils (Bowman & Focht, 1974; Trudell et al., 1986).
Denitrification losses from arable lands vary considerably (Nieder et al., 1989). The
losses vary with climate (Jarvis et al., 1991), cropping systems (Klemedtsson et al.,
1991; Weier et al., 1993b), fertilizer N application schedules (Svensson et al,, 1991;
Jarvis et al., 1991), and soil characteristics (Cho et al., 1979; Bandibas ¢t al., 1994),
It is to be expected that the soil factors affecting denitrification would interact with one
another on the one hand, and with climatic constituents, especially rainfall amount and
distribution as well as temperature on the other hand.

Some of the major soil factors influencing denitrification are texture and drainability,
moisture content, distribution of denitrifying bacteria, organic matter content, and NO,-
N supply, as well as temperature.

Soil texture affects drainability of soils: drainability gets poorer as the texture becomes
finer. Soils characterized by low basic water infiltration rates or saturated hydraulic
conductivity are prone to flood with water after heavy rainfall events (Landeon, 1991).
Excessive wetness excludes air, especially oxygen, O,, from the soil pore space thereby
creating anaerobic condition (Fausey & Lal, 1990), since oxygen diffusion rate, ODR,
in water is very low, being 10,000 times slower than in air (Russell, 1977). Adequate
exchange of gases between the root and aerial atmosphere is required for optimal plant
metabolism (Letey, 1985). Stolzy and Letey (1964) observed that ODR of 0.20pg
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O,/cm’*/min was required for growth of several plants, It was reported (Orchard & So,
1985) that the most significant changes in the soil environment following waterlogging,
or excessive wetness, were the reduced availability of O, and the loss of NO,.
Denitrification, being favoured by anaerobic conditions (Fillery, 1983; Weier et al.,
1991}, occurs at higher magnitude in saturated soils than in drained soils (Colbourn &
Harper, 1987; Schnabel & Stout, 1994). Weier et al, (1993a) reported that total N loss
due to denitrification greatly increased as soil texture became finer and water filled
pore space (WFPS) increased.

3.2.2 Soil moisture content

Respiratory soil microorganisms take in O, or, in some cases, ionic nitrogen oxides,
and release CQ, as a byproduct. Thus, production of CO, is indicative of metabolic
activities of the microorganisms. The minimum soil moisture content at which CO,
evolution commences varies widely with soils. Linn and Doran (1984a) reported low
CO, production at soil moisture contents < 10 %WFPS, while Howard and Howard
(1993) observed considerable variation among soil types with respect to CO, evolution
rates at soil moisture levels £ 20 %WHC. Evolution of CO, from incubated soil
samples had been reported to increase with soil moisture content until near saturation
(Rovira, 1953). The author argued that at saturation point, microbial activity was
depressed by low O, availability. It has been reported (Linn & Doran, 1984b} that O,
uptake reduced at soil moisture content = 60 %WHC, but CO, evolution continued.
The authors also reported a reduction in relative microbial activity, as measured by
CQ, evolved, with increasing WEFPS above 60%, but stabilized at WFPS = 90%.

In the report by Aulakh, et al., (1992) it was stated that water can directly and
indirectly influence denitrification through provision of suitable conditions for
microbial growth and activity, and as diffusion medium through which substrates (C,
NO,) move to, and products (N,0, N,) are moved away from, the microsites. Knowles
(1982b) reported that in most sotls denitrification occurs only at water contents above
60% of maximum WHC, and that for a particular water content, denitrification
increases with decreasing O, concentration, and for a particular O, level the
denitrification increases with increasing water content.The author further reported that
an increase in activity of denitrifiers is frequently observed between 100 and 200% of
maximum WHC probably due to the presence , at 100% WHC, of air-filled inter-
aggregate pores providing O,. These pores, he reasoned, become water filled at 200%
WHC, restricting O, diffusion and increasing the volume of anaerobic
microenvironments in which denitrification can occur. Comparing the amount of N,O
accumulated in the headspace of incubation containers in which soil cores received
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