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Abstract

M anagement-induced degradation of soil chemical and microbial quality is one of the
most pressing concerns and a considerable threat to the sustainability of agroecosystems.
However, information on this important issueislimited and largely based on short-term
studies. A long-term experiment initiated in 1939 at the University of Pretoria provided a
unique opportunity to assess the direct and residual effects of manure and inorganic
fertilizers on soil chemical properties, microbial components and maize yield in rotation
with field pea.

Long-term addition of manure resulted in increased total organic C (TOC), total N and
available P levels in the soil. Seasonadly, these nutrients exhibited variations that
appeared to be related to influences of crop rotation. Soil N content in an adjacent native
site remained relatively constant but tended to increase in the control and manured plots.
Soil microbial biomass C, N and P and microbial populations were affected by previous
manure application as well as by crop rotation. Microbial biomass and numbers were
generally higher in the manured plots. Manure application aso had substantial residual
effects and resulted in maize grain yields higher than in the control.

Long-term NPK application resulted in decreased TOC and basic cation contents, and
lowering of soil pH. The decrease in TOC was greater in single fertilizer treatments
whereas basic cation contents and pH declined more in the balanced fertilizer treatments.
Soil microbial biomass and numbers were influenced by, and exhibited qualitative
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changes in response to, long-term fertilization. Crop rotation aso exerted effects on
chemical and microbial properties of the soil. Maize grain yield showed significant
increases in response to balanced fertilizer treatments. Response of maize to simple
fertilizer applications was not beneficial in terms of yield returns. These results suggest
that judicious use of inorganic fertilizers may, in the long-term, maintain soil quality and
productive capacity.

A comparison of the effects of residual manure and NPK fertilizers on the content of
selected nutrients, microbia properties, C and N inputs, tissue nutrient concentration and
crop yield showed differences due to treatments. TOC, total N and available P levels
were increased due to residual manure alone or in combination with NPK fertilizers. C
and N inputs and tissue P concentration were also generally higher in manured than in the
NPK treatment. However, the higher increase in nutrient contents of manured plots was
not reflected in microbial properties of the soil. Despite lower nutrient levels, the NPK
treatment resulted in relatively greater increases in microbial properties of the soil. The
differential responses were largely due to differences in quality and decomposability of
organic materia. Organic material in the NPK treatment appeared to have a higher
decomposition and turnover rate than in other treatments, suggesting that C limitation in
soils of low C but good nutrient supply may be compensated by high turnover rates of the
available organic materials.

The beneficial effect of residual manure on microbial properties and crop yield was
decreased by application of supplemental N fertilizer but remained unaffected by
application of supplemental K fertilizer. The depressive effect of excess soil P levels on
soil microbial properties and crop yield was exacerbated by supplemental N fertilizer and
mitigated by supplemental manure and K fertilizer applied to residual P. The decrease in
available P levels due to supplemental K application implies that this may serve as a
viable alternative to ameliorate soils with excess P levels.

Key words: C and N inputs, inorganic fertilizers, maize yield, microbia biomass,
microbial number, residual manure, soil chemical properties.
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Direkte en indirekte invloed van or ganiese en anor ganiese misstowwe op die
chemiese eienskappe, mikrobiologiese samestelling van gronde en mielieopbrengs
onder 'n langter myn gewasr otasi estel sel
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Samevatting

Degradasie in die chemiese en mikrobiologiese eienskappe van grond as gevolg van
bestuurspraktyke is 'n ernstige probleem vir die volhoubare gebruik van die agri-
ekosisteem. Inligting oor die belangrike aspek is beperk en hoofsaaklik gebasseer op
korttermynstudies. 'n Langtermyn veldproef sedert 1939 op die Universiteit van Pretoria
se proefplaas het 'n unieke geleentheid gebied om die direkte en residuele effek van
kraalmis en anorganiese kunsmistoedienings te evalueer ten opsigte van chemiese
grondeienskappe, mikrobiologiese samestelling, asook mielie- en ertjieopbrengste wat in

rotasie verbou is.

Langtermyn kraalmisoedienings het die totale organiese C, totale N en beskikbare P-
vlakke in die grond verhoog. Seisoensvariasies het voorgekom in die
voedingselementinhoud van die grond wat verband gehou het met die gewasrotasie. Oor
die langtermyn het die N-inhoud van die grond op 'n aanliggende onversteurde area
konstant gebly, terwyl dit in die kontrole en kraalmispersele verhoog het. Die mikrobe

biomassa C, N, P en mikrobe populasie is beinvlioed deur vorige kraamistoedienings en

Vii
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gewasrotasie. Die mikrobiologiese biomassa en mikroflora getalle was gewoonlik hoér
op die persele waar kraalmis toegedien is. Kraalmistoedienings het mielie opbrengste

verhoog en ‘n aansienlike residuel e effek getoon.

Langtermyn NPK-toedienings het die organiese C, basiese katiooninhoud en pH van die
grondverlaag. Die afname in die totale organiese C-inhoud van was meer waar enkel
misstowwe toegedien is terwyl die basiese katiooninhoud en pH meer gedaal het waar 'n
meer gebaanseerde bemesting toegedien is. Die biomassa en getalle van die mikro -
organismes in die grond is benvioed deur die langtermyn bemestingsprogram.
Gewasrotasie het die chemise en mikrobiologiese eienskappe beinvioed. Mielieopbrengs
het betekenisvol verhoog met 'n gebal anseerde bemestingsprogram terwyl die toediening
van enkel misstowwe nie opbrengs bevoordeel het nie. Die resultate dui daarop dat met
oordeelkundige bemesting die kwaliteit en produktiwiteit van die grond instand gehou
kan word.

'n Vergelyking tussen die invloed van residuele kraalmis en NPK-bemesting op sekere
voedingselemente en mikrobiologiese eienskappe van grond asook C en N bydraes,
voedingselemensamestelling van die plante en opbrengs toon duidelike verskille. Totale
organismes C, N en beskikbare P-vlakke het verhoog as gevolg van die residuele effek
van kraalmis alleen of in kombinasie met NPK-bemesting. Die C en N bydrae en blaar P-
inhoud was ook oor die algemeen hoér by die kraamis in vergelyking met die NPK-
persele. Die groter toename in die voedingsel emente van die kraalmispersele het nie die
mikrobiologiese elenskappe in die grond verander nie. Ten spyte van die laer
voedingselementvliakke, het die NPK-behandeling groter toenames in die
mikrobiologiese eienskappe van die grond teweeg gebring. Die verskille in reaksie kan
grootliks toegeskryf word aan die kwaliteit en verteerbaarheid van die organiese
materiaal. Die organiese materiaal in die NPK-persde het 'n hoé tempo van
mineralisasie getoon in vergelyking met die ander behandeling wat aandui dat lae C
vlakke in grond maar goeie voedingselementvoorsiening as gevolg van die vinnige

mineralisasie van organiese materiaal daarvoor vergoed.
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Die invloed van residuele kraalmis op die mikrobiologiese eienskappe van die grond en
opbrengs is verlaag deur die byvoeging van N-kunsmis, maar nie deur die K-kunsmisnie.
Die onderdrukkende effek van oormaat P in die grond op die mikrobiologiese eienskappe
en opbrengs is vererger deur die byvoeging van N-kunsmis maar verminder deur K-
bemesting. Die afhame in P as gevolg van die byvoeging van K was betekenisvol, wat
aandui dat dit 'n manier is om grond met hoé P vlakke te behandel.

Sleutelwoord: C en N toedienings, organiese kunsmis, mielieopbrengs, mikrobiologiese
biomassa, mikro organisme getale, residuele kraamis, grond chemiese

eienskappe.
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Chapter 1

General background

1.1 Introduction

Soil quality, which refers to the soil’ s capacity to support crop growth without resulting
in soil degradation or otherwise harming the environment (Gregorich & Acton, 1995), is
a critically important component of sustainable agriculture (Miller & Wali, 1995;
Warkentin, 1995; Subbian et al., 2000). It is vital both to the production of food and
fibre, hence to the soil’s productive capacity, as well as to the health of the ecosystem
(Pierzynski et al., 1994). Maintenance and improvement of soil quality may, therefore, be
a key strategy to meet the ever-growing demand for food and to address the increasing
concern of environmental quality (Carter et al., 1997).

Soil quality is a composite of, and to a large extent determined by, chemical and
biological properties of the soil. These properties not only are important for the soil’s
function as a medium for plant growth, but also influence its service as a buffer in the
formation and destruction of hazardous compounds (Larson & Pierce, 1994). They are
essential  attributes on which the soil’s productive capacity and its role as an
environmental moderator depend (Acton & Padbury, 1993; Bezdick et al., 1996).
Consequently, maintenance and enhancement of soil quality are, in essence, dependent
upon improvement of chemical and biological properties of the soil. As any ateration in
quality of the soil is manifested in these properties, they are also useful indicators of
guality change (Doran et al., 1996).

Sail quality is highly influenced by soil management practices (Larsen & Pierce, 1994).
Management-induced deterioration in soil quality has affected nearly 40% of the World's
agricultural land (Oldeman, 1994) and is one of the basic agricultural problems today
threatening the long-term sustainability of agroecosystems (FAO, 1990). Decline in soil
quality is often a result of management practices that cause loss of organic matter,

depletion of nutrients and/or reduction in activity and species diversity of
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microorganisms (Oades & Walters, 1994; Riffaldi et al., 1994; Giller et al., 1997). Soil
guality can be maintained or enhanced by appropriate restorative measures such as
legume-based crop rotation, manure addition and other management practices that
improve chemical and biological properties of the soil (Lal, 1997; Carter, 1998).

Concerns about the adverse effects of management practices on soil quality arose as
recently as the late 1980s (Brundtland, 1987; Bentley & Leskiw, 1984). As a result,
information on management-induced changes in soil quality is scarce, incomplete and of
low standard (Wang et al., 1997). Moreover, while changes may not be evident over short
time periods, much of the available data are based largely on short-term experiments
(Larson & Pierce, 1991; Fragoso et al., 1997).

Soil quality is temporal in dimension, with changes occurring gradualy and difficult to
detect over short periods of time. Many of the chemical and biological attributes of soil
quality are stable and their manifestation is experimentally verifiable only over extended
periods (Arnold et al., 1990). For reliable answers, soil quality problems therefore need
to be addressed using extended experiments. In other words, any effect of a management
system on soil quality and productive capacity is best evaluated using long-term trials
(Subbian et al., 2000).

A long-term cropping and fertilization experiment that has been ongoing for over 60
years a the University of Pretoria, South Africa, provided a unique opportunity for such a
study. The experiment is one of the oldest long-term field experiments in southern Africa
(Nél et al., 1996), and probably on the African continent at large. In the course of the
experiment, investigations were conducted on growth, development and water use
efficiency of maize (ZeamaysL.) (Verwey, 1974; Steynberg, 1986), variability of certain
individual treatments (Stoch, 1983), and long-term grain yield trends during the period
between 1939 and 1990 (Nl et al., 1996). Few attempts have been made to study the soil
quality changes that might have occurred in response to the long-term management

practices imposed. The present study investigated the direct and residual effects of
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organic and inorganic fertilizers on soil chemical properties, microbial components and

mai ze yield under long-term crop rotation.

1.2 Hypothesis

Long-term application of manure and inorganic fertilizers under legume-based crop
rotation improves soil chemical properties, microbial components and crop yield thereby

maintaining and/or enhancing soil quality and productive capacity.

1.3 Specific objectives

1. Toinvestigate the dynamics of selected nutrients, changes in microbial properties and

maize yield under long-term crop rotation as influenced by residual manure.

2. To assess the long-term effect of direct N and K and residual P fertilizers on chemical
and microbia properties of soil and grain yield of maize in rotation with field pea

(Pisum arvense Poir.).

3. To compare the effect of residual manure and NPK fertilizers on selected soil nutrient
contents, microbia components, C and N input and turnover, tissue nutrient

concentration and maize yield under long-term crop rotation.

4. To investigate the effect of supplemental N and K fertilizers on the residual value of
manure and P to soil chemical properties, microbial components and maize yield

under long-term crop rotation.

The experimental work (presented in Chapters 3-6) is preceded by a brief review
(Chapter 2) of the available literature emphasizing long-term impacts of crop rotation and
fertilization and their interactive effects on soil chemical properties, microbial
components and crop yield. Based on observed changes in soil properties and maize yield

responses, an assessment of the effects of the different management practices on soil
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quality and productive capacity is provided in the discussion of each experimental work

chapter and as a general summary in Chapter 7.
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Chapter 2
Soil chemical and microbial propertiesin relation to crop rotation and

fertilization: areview
2.1 Introduction

Unlike natural systems in which biomass production is in equilibrium with nutrient
reserves, agricultural systems are characterized by continual loss and net removal of
nutrients (Nair, 1996). The flow of nutrients in and out of agricultural systemsis usually
much greater, with lower nutrient storage capacity and less nutrient cycling efficiency
(Hendrix et al., 1992). The sustainability of agricultural systems is therefore grestly
dependent on optimizing the balance between inputs and outputs of nutrients. One way of
achieving this balance is by ensuring that nutrients removed from the soil are returned to
the system. In this manner, a nutrient cycling mechanism that is essential for the
sustainability of the production system can be established (King, 1990).

In any agricultural system, the harvested produce is the major avenue of nutrient removal
from the soil (Magdoff et al., 1997). For instance, a cerea crop like wheat (Triticum
aestivum L.) can, in the grain alone, remove up to 200 kg N and 40 kg P ha’ season’
Y(Mengel, 1985). This removal can greatly offset nutrient cycling and affect the
sustainability of the agricultural system, thus necessitating substitution of the nutrients
exported with crops from the field. Conventionally, these nutrients are replenished by
promoting such practices as legume-based crop rotation or applying organic and
inorganic fertilizers. Legume-based crop rotation is an effective and often profitable way
of supplying N and improving soil properties. Organic and inorganic fertilizers are also
important not only in elevating the nutrient status of the soil and stimulating microbial
activity and plant growth but, by atering the pools and fluxes of C and other chemical

elements, may bring about changes in the chemical and microbia properties of soils.

In this chapter, the effects of crop rotation, manure and inorganic fertilizers and their

interactive impacts on soil chemical properties, microbial components and crop yield are



-

W UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Quud#” VYUNIBESITHI YA PRETORIA

briefly reviewed. Emphasisis particularly placed on examples and results from long-term

experiments.
2.2 Crop rotation and its effect on chemical and microbial properties of sail

Crop rotation — a system of the repetitive cultivation of a sequence of crops in an orderly
and recurrent succession on the same land (Francis, 1989) — has been practiced for more
than 3000 years and is known to many cultures and civilizations (Karlen et al., 1994). Its
beneficial effect in maintaining productivity has been recognized throughout history
although the underlying reasons behind such effect were unknown until the recent past
(Paine & Harrison, 1993). For instance, it was not understood why crops grown in
rotation often yielded more than those in monoculture until the later part of the 19™
century when the ability of legumes to fix atmospheric nitrogen was uncovered. As a
result of this discovery and the coming to light of other beneficia effects of crop rotation
in subsequent years, the practice became more popular and its use increased (Karlen et
al., 1994). However, with the innovation and development of modern farming techniques
and price support systems in the 1950s through late 1970s, specialized cropping increased
dramatically at the expense of crop rotation (Reeves, 1994). Increased availability of
chemical inputs such as nitrogen fertilizers, herbicides and pesticides, resulted in
diminished popularity and use of crop rotation (Crookston, 1984) as did the introduction
of improved crop varieties, mechanization, marketing practices and policies (Power &
Follette, 1987; Bullock, 1992).

In the 1980s, renewed interest in crop rotation evolved due mainly to concerns over the
impact of agriculture on environmental quality, decreased commodity prices, and the
need to increase farm profitability through diversification (Francis, 1989). As a result of
its beneficia effects in reducing chemical inputs and improving soil properties, crop
rotation has now received significant attention and its role in environmental protection

and sustainable agriculture is ever increasing.
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2.2.1 Effect on soil chemical properties

Crop rotation is known to beneficially influence many soil chemical properties including
organic C content, N supply and transformation, pH and amount and availability of P, K,
Caand Mg (Wilson et al., 1982; Power, 1990).

Crop rotation generally results in increased organic matter content compared to
continuous cropping or fallow. This was demonstrated on the Morrow plots in Illinois
where more than a century of research revealed a significant increase in soil organic
matter content under crop rotation (Aref & Wander, 1998). Organic matter contents were
highest in a maize (Zea mays L.)-oat (Avena sativa L.)-hay rotation, intermediate in a
maize-oat rotation and lowest in a continuous maize rotation (Figure 2.1). Smilarly, in
several long-term experiments (some dating from the early 1900s) at many localities in
semi-arid regions of the US Pacific Northwest, greater increases in soil organic matter
content of rotation soils compared to continuously cropped or fallowed soils were
reported by Monreal et al.(1997).

The effect of crop rotation on soil organic matter content is greatly dependent on rotation
length and the inclusion of legumes in the rotation sequence (Karlen et al., 1994). Crop
rotations for periods of four or more years generally increase soil organic matter content
while shorter rotations tend to result in organic matter levels dlightly higher than
continuous cropping. This has been shown on the Breton plots in Alberta where a 60-yr
study on different soils showed the organic matter of a 5-yr rotation to be higher than that
of a 2-yr rotation (Juma et al., 1993). In another long-term experiment at Saskatchewan,
Campbell et al. (1991), investigating the effects of crop rotations and various cultural
practices on the quantity and quality of soil organic matter, found increased organic
matter content with increasing frequency of cropping and the inclusion of legumes as
green manure or hay crop in the rotation. They observed the organic matter content to be
directly related to cropping frequency and found that the inclusion of sweet clover
(Melilotus officinalis L.) green manure or lucerne (Medicago sativa L.) hay in ceredl

rotations increased soil organic C content compared to 2-year and 3-year fallow rotations.
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Figure 2.1. Mean soil carbon and nitrogen contents(A) and maize yield (1888-1996) (B)
in the Morrow Plots in relation to rotation (M-M = maize-maize; M-O = maize-
oat; M-O-H = maize-oat-hay) and fertilization (U=unfertilized; M=manure; U-
NPK=NPK only; M-NPK=manure+NPK). From Aref & Wander (1998).
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Likewise, Janzen (1987), showed that a 6-yr hay-containing rotation had dlightly higher
organic carbon content than a 3-yr green-manure-containing rotation. These differences
in organic matter content between the longer and shorter rotations are due primarily to
differences in the amount of biomass production. It may also be due to higher inputs of
residue N relative to residue C which could have resulted in the conservation of C during
decomposition (Campbell et al., 1991).

Soil N content under crop rotation is increased in two major ways. N input from legume
crops in the rotation and reduced leaching of N. On the Morrow plots in Illinois, soil N
content in the maize-oat-hay rotation was significantly higher than in the maize-oat
rotation and continuous maize cropping (Figure 2.1). The increase was attributed to the
inclusion of legumes in the rotations. Contributions of N from legumes in rotation are
well-documented (Bruulsema & Christie 1987; Harris & Hesterman 1990; Arshad et al.,
1998). As much as 10% of the rotation effect on grain yield of a subsequent cereal may
be due to N benefits from the legume crop in the rotation (Stevenson & Van Kessdl,
1996). Ebelhar et al. (1984) and Hargrove (1986) estimated that the contribution of
legume cover crops as source of N to subsequent non-leguminous crops may be as high
as 120 kg N ha™. McVay et al. (1989) studied the effects of winter legume cover cropson
soil properties and nitrogen fertilizer requirements at two localities in the Coastal Plain
region of Georgia (USA) and concluded that an adapted winter legume cover crop can
replace al the fertilizer N required for optimal rain-fed grain sorghum (Sorghum bicolor
(L.) Moench) and up to two-thirds of that required for maize production.

Leaching of NOz-N under crop rotation is reported to be considerably lower than under
continuous cropping or fallow. In two separate long-term crop rotation experiments in
Saskatchewan, deep-core soil sampling and analysis showed that NOs-N leaching from
legume-containing rotations was significantly lower than either fallow or continuous
cropping (Campbell et al., 1997). Other studies aso observed lower NOs-N leaching
under rotation than under continuous cropping (Grant & Lafond, 1994; Anderson et al.,
1997; Arshad et al., 1998; Simmelsgaard, 1998). A reduction in NOs-N leaching is
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essential not only to maintain the available nitrogen level in the soil but aso to reduce

potential environmental contamination.

With increases in organic matter returns and availability of N, microbia activity can be
stimulated thereby enhancing the decomposition process and release of P, K, Ca, Mg and
various micronutrients (Groffman et al., 1987; Bullock, 1992). Inclusion of legumes in
the rotation may be particularly important in facilitating the decomposition and nutrient
release processes by reducing the C:N ratio of organic materials returning to the soil
(Karlen et al., 1994). Additionally, legumes in rotation can increase available P levels by
altering the pH of the rhizosphere (Wilson et al., 1982) and exchangeable K level through
relocation of the ion to the soil surface from deeper in the soil profile (Hargrove, 1986).
Increased availability of micronutrients, including Fe, Cu, and Zn because of
microbiologically enhanced chelation may also be a beneficial effect of legume-based
crop rotation (King, 1990).

2.2.2 Effect on soil microbial properties

Crop rotation generaly supports greater soil microbial biomass and numbers than
monoculture. The difference is often related to changes in C input and may vary
depending on crop type, frequency of cropping and rotation length. This has been
demonstrated in severa long-term experiments conducted for 28 to 64 years in major
ecological zones of the Canadian prairies (Campbell et al., 1997) as well as in the
midwest and Pacific northwest regions of the USA (Martyniuk & Wagner, 1978; Collins
et al., 1992; Kirchner et al., 1993).

Collins et al. (1992) examined the inclusion of summer fallow and a legume crop in a
long-term rotation experiment ongoing since 1931 at Pendleton, Oregon. They reported
that soil microbial biomass C and N as well as populations of bacteria, fungi and
actinomycetes were significantly higher under monoculture wheat than under wheat-
fallow rotation. Further increases occurred as a result of the inclusion of alegume crop in

the system. Microbial biomass and numbers under wheat-pea (Pisum sativum L.) were
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higher than under wheat-wheat or wheat-fallow. In a study conducted on the Appalachian
Piedmont near Raleigh, North Carolina, Kirchner et al. (1993) aso found soil microbial
biomass C and N, Bacillus spp., actinomycetes and total culturable bacteria to be

significantly higher in soil with maize-sweet clover rotation than with continuous maize.

The differences in soil microbial biomass and numbers due to the inclusion of fallow and
alegume crop in arotation are closely related to the amount of organic C returned to the
soil. This was demonstrated by Campbell et al. (1991) in a long-term crop rotation
experiment at Indian Head, Saskatchewan. Variables examined in the investigation
included cropping frequency, green manuring and the inclusion of a grass-legume hay
crop in a predominantly spring wheat production system. It was noted that soil organic C
and microbial biomass C and N increased with increasing frequency of cropping and with
the inclusion of the legume as green manure or hay crop in the rotation. Microbial
biomass C and N were positively correlated with the amount of crop residues (including
roots) returned to the soil over the period of the study. Similarly, a significant decrease in
soil microbial biomass and numbers as a result of the inclusion of summer falow in a
rotation was observed in a separate long-term experiment at Swift Current,
Saskatchewan, and attributed to differences in carbonaceous residues returned to the soil
(Biederbeck et al., 1994).

The effect of rotation length on microbial properties of soil was investigated by McGill et
al. (1986) in the long-term Breton Plotsin Alberta. A two-year fallow-wheat rotation was
compared with a five-year rotation consisting of spring wheat-oat-barley (Hordeum
vulgare L.)-forage-forage. The amount and turnover rates of microbial biomass in the
five-year rotation were significantly higher than in the two-year rotation. The five-year
rotation contained 117% more microbial biomass than the two-year rotation. It was
concluded that the longer rotation practice exerted a greater effect on the amount of
organic matter by controlling both input of C and biomass turnover. Martyniuk &
Wagner (1978), in a study at the Sanborn field experiment established in 1888 on the
University of Missouri campus, also found higher numbers of bacteria and actinomycetes

in a rotation including maize, oats, wheat and red clover (Trifolium pratense L.) than in
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either continuous maize or continuous wheat. The rotation soil contained 2.1% organic
matter, a significantly higher level than that of the maize or wheat soils, which contained
1.3 and 1.5% organic matter, respectively. The difference in microbial populations was
therefore attributed to differences in organic substrate effects that were brought about by
the rotation length and the inclusion of red clover in the rotation sequence and the N fixed
by the legume. The residues from red clover and from subsequent crops that benefited
from the fixed N were presumed to have provided more organic substrate for the micro-

organisms.

Unlike frequent annual cropping which reduces loss of soil organic C, fallow in rotation
is known to accelerate C loss (Biederbeck et al., 1984). A decrease in microbial biomass
and numbers by the inclusion of fallow in crop rotation is therefore because of the
negative impact of fallow on the C content of the soil. On the other hand, the inclusion of
legumes in a crop rotation and prolonging the length of the rotation are advantageous
since they enhance and/or maintain the organic C level, thereby impacting favourably on

microbial properties of the soil.

2.3 Fertilization and its effect on chemical and microbial properties of soil

Fertilizers are defined as organic or inorganic materials of natural or synthetic origin
which are added to soil to supply certain elements essential to the growth of plants (Soil
Conservation Society of America, 1982). Two such materials that are commonly used

and routinely applied to soils are manure and inorganic NPK fertilizers.

Manure refers to faeces and urine excreted by cattle, dairy, poultry or other domestic
livestock, including the bedding material. Use of manure for crop production is an
ancient practice and an important way of recycling nutrients. Though the composition
and amount of nutrients in manure are variable depending on the type of animal, ration
fed, amount and type of bedding material, collection system, and management between
production and use (Eck & Stewart, 1995), manure contains al the essentia chemical

elements needed by plants and its potential nutrient contribution is quite considerable.
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The use of inorganic fertilizers began with the development of the synthetic fertilizer
industry in the 19th century and vastly expanded during the post-world war 1l era. It has
since been an integral part of modern agriculture and a major contributing factor towards
the dramatic increase in food production in the last century (Brown et al., 1994).
Inorganic fertilizers are now the most widely used sources for supplying nutrients to crop
plants and have become an economic necessity in many production systems. Unlike
manures which are composed of much C and relatively small percentages of severa plant
nutrients, inorganic fertilizers contain one or two elements in a proportion required for
the production of high yields of crops. The bulk of inorganic fertilizers consist of
materials containing the three principal plant nutrients N, P and/or K in concentrations
much higher than in manure. For instance, the concentrations of N, P and K in commonly
used fertilizer materials such as urea, superphosphate and potassium chloride are, on
average, 44, 15 and 45%, respectively, and these levels are 15-20 times higher than in

manure.

When manure and NPK fertilizers are applied to the soil, a complex series of chemical
and microbia reactions may take place that not only influence plant growth and
development but also cause various short- and long-term changes in the chemical and
microbial properties of the soil, as discussed below.

2.3.1 Effect of manure
2.3.1.1 Soil chemical properties

The bulk of the solid matter in manure is composed of organic compounds and partially
degraded plant material (Jarvis et al., 1996). Of the total dry matter content of manure,
which ranges from 420-500 g kg™, C accounts for about 150 g kg™ (30%) (Rasmussen &
Collins, 1991). Manure addition to soils can therefore result in substantial C inputs and
significant increases in organic C levels of soils. In the classical experiment at Hoosfield

(Rothamsted), annual application of manure at a rate of 35 tonne ha' to continuous
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spring barley for over 140 years resulted in an exponential increase in soil organic C
levels of about three-fold over that in the unfertilized soil (Figure 2.2) (Johnston, 1986).
Under tropical conditions in the northwest of India, yearly applications of 45 tonne ha*
manure increased the soil organic C level from an initial value of 0.47% in 1967 to 1.8%
in 1995 (Gupta et al., 1996). In the experiment at Hoosfield, manured plots contained
about 50% higher organic C than unfertilized plots 104 years after manure addition had
been discontinued (Johnston, 1986), thus showing the stability and persistence for many
years of organic materia derived from manure. Several other researchers have observed
similar soil organic C increases and substantial residua effects as a result of manure
additions (Mathers & Stewart, 1974; Meek et al., 1982; Kanazawa et al., 1988;
Sommerfeldt et al., 1988).

Manure is well known as a vauable source of N, P, K and other nutrients. On average,
manure contains 2.0, 0.5 and 1.5 % (on dry-mass basis) of N, P and K, respectively, and
significant amounts of Ca, Mg, Na and many trace elements (Eck & Stewart, 1995).
When added to the soil, manure can furnish the nutrients it contains and elevate soil
nutrient levels. Significant increases in total N and NH4- and NOs- N with increasing
rates and number of annual manure applications have been reported (Sommerfeldt et al.,
1988; Warman & Cooper, 2000). Manure also increases the availability, persistence and
movement of P (Meek et al., 1982; Dormar & Chang, 1995; Eghball & Power, 1995) and
resultsin a substantial build-up of exchangeable K, Naand Mg (Mathers & Stewart 1974;
Dormaar & Chang, 1995; Eghball & Power, 1995; Warman & Cooper 2000). With a
single manure application, Eghball & Power (1995) found an increase from 81 to 114 mg
kg' in available P levels. In the exhaustion land trials at Rothamsted, P and K residues
from previous manure application had remained in forms available to plants for more
than 50 years (Johnston & Poulton, 1977). Similarly, in the Hoosfield continuous barley
experiment, P and K residues from 20 applications of manure were still available to
plants after 100 years (Johnston & Poulton, 1992).
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Figure 2.2. Changes in soil organic C content in the Hoosefield continuous barley
experiment at Rothamsted. Treatments: no fertilizer applied, NPK fertilizer
applied annually, farmyard manure (FY M) applied annually at 35 tonne ha*, and
FYM applied 1852-1871 and none since. From Johnston (1986).
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The significance of manure as a source of micronutrients was shown by Warman &
Cooper (2000) who found higher levels of B, Cu, Fe, Mn and Zn in manured than in
unmanured treatments after 3 years of fresh and composted manure applications at rates
ranging from 5 to 10 tonne ha™.

Manure amendments can increase the pH of acid soils and decrease that of calcareous
soils. The pH of acid soils (pH 5.4, top 15 cm) receiving manure annualy for 11 years
increased by 0.4 to 0.5 units (King et al., 1990) while that of a calcareous soil (pH 7.8,
top 15 cm) declined by 0.3 to 0.7 units (Chang et al., 1990). The effect of manure on soil
pH may persist for several years as demonstrated by Bickelhaupt (1989) who observed
that an increase in the pH of acid soil from pH 5.7 to between 6.7 and 7.3 due to manure

remained undiminished for 12 years after manure application was discontinued.

Other soil chemical properties that are influenced by manure addition include the cation
exchange capacity (CEC), electrical conductivity (EC) and sodium adsorption ratio
(SAR). These properties have been reported to increase with increasing rates and number
of manure applications (Ndayegamiye & Cote, 1989; Chang et al, 1990).

2.3.1.2 Soil microbial properties

Because soil is a C-limited environment, the supply and availability of additiona
mineralisable and readily hydrolysable C due to manure application characteristically
results in increased biomass, activity and abundance of soil microbes (McGill et al.,
1986; Ocio et al., 1991). In the Northern Guinea savanna zone of Nigeria, microbial
biomass C of a Typic Haplustalf manured for 45 years with cow dung showed an increase
of more than 76% over the unmanured control (Goladi & Agbenin, 1997). Many other
studies, conducted under both tropica and temperate conditions, have also shown
significant increases in microbial biomass C, N and P in soils receiving manure (Hasebe
et al., 1985; McGill et al., 1986; Coallins et al., 1992; Goyal et al., 1992). The positive

impact of manure addition on the density of microbes was demonstrated in the long-term
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field plots at Sanborn. Soils from treatments that received manure had higher numbers of
bacteria and actinomycetes than those that did not (Martyniuk & Wagner, 1978).

2.3.2 Effect of NPK fertilizers
2.3.2.1 Soil chemical properties

The purpose of inorganic fertilizer applications generally is to increase soil fertility and
enhance crop production. The resultant enhanced plant productivity and associated
greater returns of organic material in the form of decaying roots, litter and crop residues
often give rise to higher soil organic C levels. Asillustrated in Figure 2.2, long-term NPK
fertilizers on a yearly basis to the Hoosfield continuous barley experiment resulted in an
organic C level that was 15% higher than in the unfertilized treatment (Johnston, 1986).
Similar increases in soil organic C levels due to long-term NPK applications have been
observed in other studies (Edwards & Lofty, 1982; Mihaila & Hera, 1994). There are,
however, reports of decline or no change in organic C content of soils receiving
prolonged applications of NPK fertilizers. For example, in the long-term Morrow plots,
Aref & Wander (1998) observed significant soil C losses throughout the history of the
trial as aresult of continued NPK applications. In Ranchi, India, annual applications for
over 20 years of 100, 60 and 40 kg ha™ of N, P,Os and KO, respectively, did not cause
any change in the organic C level of the soil (Prasad & Goswami, 1992). It appears,
therefore, that information on the impact of prolonged NPK applications on soil organic
C content is inconsistent, probably due to influences of crop, soil and environmental
factors.

Application of NPK fertilizers can result in a substantial build-up of the total and readily
available levels of soil nutrients. Shen et al. (1989) reported that a soil at the Broadbalk
long-term experiment which had received 144 kg ha™ fertilizer N each year for 137 years
contained 3600 kg ha* organic N in the top 23 cm, compared to 2900 kg ha in the soil
receiving no N. A long-term soil fertility monitoring programme at 11 major agroclimatic

regionsin Indiareveaed that the availability and concentration of readily soluble P and K
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were much higher where these nutrients were applied (Prasad & Goswami, 1992). Similar
increases in total and extractable N, P and K contents were observed in another long-term
experiment at the Research Institute for Cereals and Industrial Crops, Fundulea,
Romania. After 26 years of annual application of 160 kg ha” fertilizer N, total N in the
fertilized soil was 13% higher than in the unfertilized control. After the same period,
plots receiving 160 kg P,Os ha* yr* contained 126 mg kg™ readily soluble P compared to
10 mg kg* Pin unfertilized plots. Exchangeable K in the unfertilized plots declined from
an initia level of 234 to 218 mg kg, while it increased to 327 mg kg in plots that had
been receiving 120 kg K0 annually (Mihaila& Hera, 1994).

Nutrient balances calculated for severa of the Rothamsted long-term experiments have
demonstrated considerable carry-over effects of continued NPK applications. It was
shown that up to 85% of the P and 40% of the K added as inorganic fertilizers over the
last 100 years or so had been retained in the soil and were plant-available (Johnston &
Poulton, 1992). The increase in organic N, however, was equivalent to only 3% of the
fertilizer N applied over a period of more than a century, thus showing that the net
retention and residual value of fertilizer N is relatively small (Glendining & Powlson,
1995).

Most N-containing inorganic fertilizers, unless specially treated, tend to acidify soil. This
is mainly due to the impact of certain carriers that supply ammonia or result in its
production when added to the soil. Upon oxidation, the ammonia compounds can release
H* ions which are potential sources of soil acidity (Magdoff et al., 1997). Severa reports
refer to declines in soil pH as a result of continued use of N-containing inorganic
fertilizers. Prasad & Goswami (1992) found that continuous application for 18 years of N
as ammonium sul phate, whether or not applied along with P and K fertilizers, decreased
the pH of a soil from 5.5 to 3.9. A decrease of 0.4 pH units in the soil at the Fundulea
long-term experiment described above occurred as a result of annual application of 160
kg ha' ammonium nitrate (Mihaila & Hera, 1994). Such soil pH declines as well as

decreased nitrification and nutrient mineralization that may result from the use of
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nitrogenous fertilizers could be unfavourable for soil microbial growth and activity
(Hauck, 1981).

2.3.2.2 Soil microbial properties

Reports on the effects of inorganic NPK fertilizers on soil microbial biomass and
numbers are inconsistent. In some cases microbia biomass and numbers were stimulated
while in other cases there were the opposite or no effects. In the long-term experiment in
Saskatchewan, significant increases in soil microbial biomass and numbers due to
fertilization were reported (Biederbeck et al., 1984). Studiesin India (Goyal et al., 1992)
and Japan (Kanazawa et al., 1988) also found similar responses to continuous
applications of NPK fertilizers. The increases were attributed to improvements in soil
fertility and the associated enhanced plant growth and higher rhizodeposition.

By contrast, McGill et al. (1986), studying the dynamics of soil microbia biomass C and
N in the long-term Breton Plots, observed decreased microbial biomass due to NPK
application. Experiments conducted for more than 10 years at two Sites in Kansas also
showed that soil microbial biomass C and N of plots fertilized with 224 kg N ha™ yr™
were significantly lower than that of the unfertilized control plot (Omay et al., 1997). Ina
study at the Saskatchewan long-term experiment, the amount of soil microbial biomass C
in plots that received continuous NPK fertilizers was not significantly different from that
in the unfertilized control (Campbell et al., 1991). The lack of response or decrease in
microbial biomass 