Effects of solil fertility management practices onelected soil
physical properties, water use efficiency and croproductivity in
Murewa smallholder farming area

By

Nothando Dunjana

AT AT TRl A TATAY /
B o e P

A thesis submitted in partial fulfilment of the requirements for the degree of
Master of Philosophy

Department of Soil Science and Agricultural Engineeng
Faculty of Agriculture
University of Zimbabwe

August 2011



Abstract

Several studies have been conducted to restorettileéy of degraded soils in sub-Saharan
Africa using combinations of inorganic and orgarfiertilizers. The studies mainly
concentrated on nutrient uptake and balances instile This study was carried out to
determine the effects of cattle manure and inoggertilizer application (fertility treatment)
on soil organic carbon (SOC), bulk density, aggtegdability, aggregate protected carbon,
steady state infiltration rates, porosity, unsatdaydraulic conductivity, moisture retention
characteristics, crop water productivity (CWP) agrdin yields of two contrasting soils in
Murewa smallholder farming area, Zimbabwe. Fourglterm (6 years) and short-term (2
years) fields, sandy homefield and outfield and/&yjahomefield and outfield were used to
take into consideration the spatial variabilitysioil fertility induced by farmer management
practices (field-type treatment). The fields weoaventionally tilled (ox-drawn mould-board
ploughed annually) and maize monocrop was growrtha long-term fields under the
following soil fertility amendments, control (norfdity amelioration), 5, 15 and 25 t Ha
manure + 100 kg RaN applied annually. Soybean-maize rotation wastjwed in the short-
term fields under the treatments 100 kg INa(maize)/ 40 kg HaN (soybean), 30 kg HaP,

29 kg hd K, 20 kg h& Ca, 10 kg haMg, 5 kg h&d Zn and 5 kg hd Mn in combination with
cattle manure at 5, 10, 15 and 20 t'h&attle manure application resulted in significant
increases in SOC, macro-aggregation index (Imatemgte protected carbon (APC), steady
state infiltration rates (I.R), total effective psity, unsaturated hydraulic conductivity,jkat

5 cm tension. Soil organic carbon ranged betwe8m3@ % on clay soils, in contrast to
sandy soil's SOC which was between 0.3-2.4 % underbined cattle manure and inorganic
fertilizer application. Mean pore sizes that weigngicantly improved by cattle manure
application were 0.58 mm in 25 t hananure while control was 0.43 mm. Moisture retemti
at 5 and 10 kPa was improved (p<0.05) by cattleureaapplication. Soil organic carbon was
significantly (p<0.05) and positively correlatedtivimacro-aggregation indices, aggregate
protected carbon, steady state infiltration rates| effective porosity, hydraulic conductivity
and grain yield (r>0.6). Multiple regression anadysevealed that SOC, macro-aggregation
indices, aggregate protected carbon, steady sthlieaition rates accounted for some of the
variability in grain yield in the long-term clayefds (p<0.001,%95.3). However, only SOC
could account for the yield variability on sandyls@p<0.05, f=0.89). Generally, grain yield
increased in the order control < 5<425 t ha cattle manure application rates on both soil
types. On the short term fields, crop yields wegaificantly lower in control and highest in
20 t ha' cattle manure treatment while the intermediatatiments did not significantly differ.
AquaCrop model satisfactorily simulated actual dmamspiration with higher CWP observed
in 25 t ha cattle manure treatments relative to control. Ciowedb cattle manure and
inorganic fertilizer application significantly impved clay soils’ physical and bio-chemical
environment which ultimately improved crop vyield3attle manure rates at 5 t*har?
improved crop yields on sandy soils and 15 t keas required for physical properties’
improvement and yield on clay soil. In additionil $ertility gradients were revealed to be a
short-term phenomenon, whereby they disappeared Gftyears on clay soils after equal
application of soil fertility amendments while sgrabil’'s physical properties did not respond
to cattle manure application.
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Chapter 1

Introduction
1.1 Introduction and Problem Statement

Agriculture accounts for about 30 % of sub-Sahatdmca’s GDP, 95 % of which s

practised by resource poor smallholder farmers ri@n@ld, 2009). The problem of inherent
low soil fertility, low use of mineral fertilizera/hich are scarce and exorbitantly priced and
poor agronomic practices have led to rapid dedlinsoil fertility (Stoorvogelet al, 1993,

Stoorvogel and Smaling, 1998). Household food sgchas therefore been on the decline
and it is further exacerbated by reliance on paat @ratic rainfall. Droughts are one of the
risks affecting agricultural productivity (Haile,0@5) and of increasing concern are the

effects of climate change on the livelihoods ofsh&allholder farmers.

Rainfall in Zimbabwe is unimodal (October-May) ait&l distribution varies temporally and
spatially. This led to classification of Zimbabweta five agro-ecological regions (natural
regions) mainly differentiated by mean annual @infeceived. Agro-ecological regions |
and Il receive the highest rainfall between 750a.20n, region Il is moderate between 650-
800 mm while regions IV and V receive between 450-6nm per annum (Vincent and
Thomas, 1960). Although mixed crop and livestoakniag is the common farming system
in Zimbabwe, crop production changes from intendiveextensive as rainfall decreases.
Variations in rainfall also influences the typeanbps grown in an area. For example, pearl
millet (Pennisetum glaucurn.) constitutes about 80 % of cereals grown indher parts of
the country (Ncubeet al, 2009) which is in contrast with production irethigh rainfall
regions where maiz&éa may4d..) is the major cereal crop for food securityiigoreet al,

2007).



The majority of Zimbabwe’s smallholder farming asgals are coarse grained granitic sands
with very low soil organic matter, often below @@(Campbelkt al, 1994). These soils are
inherently infertile (Grant, 1981), have high itrftion rates, low available water capacity
(Vogel, 1992, Nyamangarat al, 2001) and acidity is a major problem arisingnfrpoor
buffering capacity. Pockets of relatively fertileléerite derived red clay soils (Nyamapfene,
1991) are also found in some areas, for examphlurewa these soils constitute less than 1
% of the area (Zingoret al, 2007). Therefore the contribution of the mordil soils to
improved crop production is minimal. Coupled witbop agronomic practices and poor
rainfall, cultivation on marginal soils has culmied in frequent crop failure and endemic

food insecurity in Zimbabwe (Nculet al, 2009).

On the other hand, farming systems in sub-SahafaceASSA) have been shown to exhibit
a high degree of heterogeneity determined by a tmget of socio-economic and bio-
physical factors (Zingoret al, 2007). Smallholder farms consist of multipletplcmanaged
differently in terms of allocation of crops, organand mineral fertilizers and labour
resources, and this has led to creation of sdillifgrgradients within and across farms. In
Zimbabwe existence of soil fertility gradients aagdarms has been extensively documented
(Chikuvire, 2000; Mapfumo and Giller, 2001; Zingaeal, 2007). Similar findings have
also been reported by Prudencio (1993) in Burkiassb, Woomeet al, (1998) in Uganda,
Dembeleet al, (2000) in central Mali, and Tittone#it al, (2005) in Kenyaln most cases,
both organic and mineral fertilizer resources amefgventially allocated to the part of the
farm used for growing the main food security crofpen close to the homestead (homefield),
whilst plots further away (outfields) are neglect&tis trend is driven by many factors, such

as lack of adequate inputs to apply evenly acrasad, shortage of labour and concentrating



on fields that are more secure against grazinginmstock (Carter and Murwira, 1995;
Chikuvire, 2000). Such management decisions culm@ina creation of gradients of
decreasing soil fertility with increasing distanf®@m homestead potentially leading to
greater deterioration of soil physical and chemjraperties on the outfields compared to the

homefields thereby presenting challenges for effituse of nutrient resources.

Combined with mineral fertilizers or applied on d@wn, cattle manure plays an important
role in maintenance of soil fertility and developrhef fertility gradients. Though low rates
of 1 -3 t h& (Ncubeet al, 2009; Materechera, 2010) have been charactatligtregarded as
typical of smallholder farming systems, rates aghhds 80 t ha have also been reported as
arising from concentration on the preferred figlsigwira and Murwira, 1998). However,
the quality of cattle manure from most of these Idmkler farms is low, with high C:N
ratios due to low quality grazing for cattle, anabop handling and storage which result in
high sand content (Mugwira and Murwira, 1998). @a bdther hand, it has been noted that
low quality organic resources are good precursorsail organic matter (SOM) build up
because of their low turn-over rates (Patral, 1997), and hence are likely to have strong

effects on SOM content (Mtambanegwe and Mapfum0520

The importance of organic matter in improving gualilysical properties and processes has
widely been documented (Franzluebbers, 2002; Cetikal, 2004; Hatiet al, 2007,
Chakrabortyet al, 2010). Soil physical properties including aggtegstability, bulk density
and soil hydraulic properties have been reportgabagively varying with SOC (Rose, 1991;
Schjgnninget al, 1994; Hatiet al, 2006) while on the other hand cases of no weidtiave
also been reported in other studies (M@taal, 1992). Variability of response of SOC and

soil physical properties though not always cleatgfined (Darwishet al, 1995) can be



attributed to various factors such as the texturethe soil. Improvement of physical
properties by organic matter positively affects thermination of seeds, growth and
development of plant roots and shoots (Van Nootdefjal, 1993). In turn enhanced root
proliferation has a positive influence on aggredatenation further improving the soil's

structure (Tisdall, 1994).

Adoption of integrated soil fertility managementaségies offers opportunities to restore
depleted soil fertility (Zingoreet al, 2008). Although several studies have assessed th
impact of farmer-induced soil spatial variability autrient uptake and consequently plant
growth (Murageet al, 2000; Mapfumo and Giller, 2001 and Zingeteal, 2008) there have
not been any studies that assessed the effecteokphtial variability on soil physical
properties and plant growth in Zimbabwe. This stuthgrefore aims to assess the
implications of soil fertility management practicesm soil physical fertility, and the
interacting effects of soil physical factors anddtaulic properties on water use efficiency

(WUE) and crop productivity.

1.2 Hypotheses

. Different cattle manure rates combined with inoigdertilizer lead to varying SOC, bulk

density, aggregate stability and aggregate pralecaebon levels within a field type in the
long-term (6 years) and not short-term (2 years).

. Solil hydraulic conductivity, steady state infilicat rate and porosity improve with increasing
manure application rates over time and there aralifierences between homefields and

outfields in the long-term.



3. There are no differences in crop yields from hosldf and outfields receiving the same
cattle manure rates and inorganic fertilizers mltng term.

4. Manure application at 25 t Hayr* results in increased crop water use efficiencyvater
productivity over no manure application on both lefields and outfields.

5. Soil organic carbon, macro-aggregation indices,reggie protected carbon, bulk density,
steady state infiltration rates, total effectiverqmity and unsaturated hydraulic conductivity

can be used to predict crop yields on short-terchlang-term fields.

1.3 Overall objective

To determine the effects of manure and minerallifeat application rates on soil physical
properties, water use efficiency, and to quantiiy &xtent to which soil physical constraints

limit crop productivity under variable soil fertyji conditions.

1.3.1 Specific Objectives

1. To determine the effects of combined cattle marand inorganic fertilizer application
rates on soil organic carbon, bulk density, aggeegtability and aggregate protected carbon
on differently managed fields (homefields and @ldfs) in the short and long term.

2. To determine the effects of combined cattle marand inorganic fertilizer application
rates on soil hydraulic properties (hydraulic corctdity, steady state infiltration rate) and
porosity on differently managed fields (homefietaal outfields) in the short and long term.

3. To determine the effects of combined cattle marand inorganic fertilizer application

rates on crop yields.



4. To determine the effects of combined cattle mamund inorganic fertilizer application on
crop water use efficiency/ water productivity onntedields and outfields in the long term
through the use of a water balance model.

5. To select measured soil physical and hydraulbpgrties that have the most significant

effect on crop yields under combined cattle marmuneinorganic fertilizer application.

1.4 Thesis structure

This thesis consists of seven chapters. The fiapter is an introduction which gives a
general overview of the soil fertility managemeprdctices in smallholder farming areas and
the challenges they pose on soil physical fertdity ultimately overall crop productivity. It
also gives the rationale, hypotheses and object¥else study. An overview of the general
literature on soil physical properties and soil avagtudies is given in Chapter 2. Chapter 3
gives the general methodology: description of the\ssites, experimental setup and general
management of the experimental fields. Specifild fend laboratory methods are detailed in
their relevant result chapters. Chapter 4 addresisestive 1 and gives the findings on the
effects of the soil fertility management practioessoil physical properties in the short- and
long-term. An assessment of the effects of soitilitgr management practices on soll
hydraulic properties (objective 2) is given in Cteap5. Chapter 6 presents results on the
effects of combined cattle manure and inorganitlifeers on maize yields (objective 3) and
the resulting crop water productivities using aevdbalance model (objective 4). Results
from the regression analysis to select soil physi&ad hydraulic parameters most
significantly affecting crop yields are also presehin Chapter 6. Chapter 7 gives the general

discussion, recommendations and conclusion symbg$iom the result chapters.



Chapter 2

Literature review

2.1 Soil organic matter, organic resources and ef€ts on soil physical properties

The preservation of soil organic matter (SOM) leg factor in land use systems since SOM
is widely recognized as a key component in nutr@ing (Bossuytet al, 2005). With
rising atmospheric C£and global warming, retention of organic C in $@ibecoming more
important (Schlesinger, 1997). SOM is one of thestmmportant indicators of soil quality as
it has the greatest influence on soil chemical spta} and biological properties (Larson and
Pierce, 1994). It has an influence on soil physprabperties as it improves soil aggregation
(Hati et al, 2007). Maintenance of good soil physical prapsrtherefore depends strongly

on good management of SOM.

Animal manure is an important nutrient resourcthenmixed crop-livestock farming systems
that are characteristic of Southern Africa. It lh@®n shown in several studies that animal
manure increases crop Yyields considerably (Pradiaat, 1995; Murwiraet al, 1995). Other
benefits of manure include increase in soil pH,ewvablding capacity, hydraulic conductivity
(Wilcocks and Cornish, 1988; Nyamangataal, 2001), infiltration rates and decreased bulk
density (Alegre and Rao, 1996). These effects easigt for several years following manure
application (Gilley and Risse, 2000; Wortmann andltérs, 2006). Mbagwu and Bazzoffi
(1989) reported that organic carbon could accoonabout 70-90% of the variability of soil
aggregates of a clay loam soil while Hudson (19@pprted that soils high in SOM have

greater available water holding capacity than sdfilsimilar texture with less SOM.



The availability of and access to manure in smédkiofarming areas is closely related to
cattle ownership (Mugwira and Murwira, 1997). Sederecommendations on manure
application rates have been made in Zimbabwe, Alvecommended addition of 37 tht
the maize crop in a 4-year crop rotation (Mugwiral &humba, 1986) while Avila (1987)
recommended 12 t Hafor a significant effect on maize vyield. Despitdese
recommendations average cattle manure applicadites have remained low between 1to 5t
ha'yr! (Ncubeet al, 2009). The average number of livestock headsedviny the medium
resourced farming group in the wetter part of Zibhwa was reported to be 2 to 9 in Murewa
(Zingoreet al, 2007) while for the same resource group in ther gparts of Tsholotsho it
was reported to be at least 2 livestock heads (dletilal, 2009). Based on the assumption
that average manure production per livestock uniéquivalent to 1.5 t yr (Rodelet al,
1980) farmers in drier pars of the country haveeasdo at least 3 t yiwhile those in wetter
areas have between 3 to 13.5't with some of the manure not directly usable agitmy is
deposited in the grazing areas (Mugwira and Murwli@97). It is therefore imperative to
devise ways of efficiently using the limited manuvesources for significant improvements to

be realised in crop productivity.

There are several other organic resources for mmpgosoil fertility besides cattle manure.
These include agroforestry technologies, such asrawed fallows with fast growing
leguminous trees and cover crops. They functioffibbygg nitrogen from the atmosphere to
the soil, biomass transfer from nutrient mobilizplgnts such a%ithonia diversifolia(Jama
and Pizarro, 2008), compost and crop residues. hagus tree technologies help improve
soil fertility, increase yields, control weeds aptbvide fodder and firewood (Chikowo,

2004; Nyamadzawo, 2004). In the same way as withunga the use of agroforestry and



other organic fertilizers would still require theeuof mineral fertilizers especially P and N

(Jama and Pizarro, 2008).

2.2 Soil fertility studies

Manure is often applied to specific crops or prefgially to fields closer to the homestead
(HFs), while fields further away from the homeste@dFs) often receive no organic
amendments and little mineral fertilizer (MapfumaodaGiller, 2001). This preferential
allocation of manure to HFs is driven by lack oéqdate inputs and labour to apply evenly
across the farms and security of HFs against ggaaynlivestock. Consequently, continuous
concentration of nutrient resources in the smalteas around the homestead at the expense
of nutrient depletion in larger fields further awaylminates in strong gradients of decreasing
soil fertility with increasing distance from therhestead (Prudencio, 1993; Tittonetl al,
2005). Mapfumo and Giller (2001) and Zingose al (2007) reported existence of soil
fertility gradients across smallholder farms in Babwe. Soil fertility gradients were also
reported in other parts of Africa (Prudencio, 199&omeret al, 1998 and Tittonelét al.,
2005) leading to the classification of fields athei HFs (fields closest to homesteads and
typically more fertile) or OFs (fields further awand less fertile), although cases of higher

fertility in OFs compared to HFs have also beemrgl (Haileslassiet al, 2007).

The fertility variability between fields is largen@ugh to strongly affect crop response to
applied nutrients (Mtambanengwe and Mapfumo, 2@@goreet al, 2008). Several studies
have assessed the impact of farmer-induced soilaspariability on nutrient uptake and
consequent plant growth (Prudencio, 1993; Zingaral, 2008), but there have been few
studies that have assessed the effect of the kpatiability on soil physical properties and

plant growth. Therefore, this study seeks to complat these studies through investigating



the effects of combined manure and inorganic feetil application on soil physical and

hydraulic properties of HFs and OFs.

2.3 Aggregate stability and formation dynamics

The breakdown of soil aggregates and attendant gmibstructural conditions often restrict
crop root growth and consequently limit their alilio explore the soil profile for water and
nutrients (Haynes and Naidoo, 1998). Furthermomegraded soil structure is often poorly
perforated such that infiltration is inhibited wailsurface runoff and nutrient loss is
frequently high. This leads to poor crop growth daeestricted root penetration, nutrient

deficiencies and water stress.

Aggregation determines organic C stabilization aihds imperative to understand the
mechanisms of carbon protection within the aggesgats well as aggregate formation
dynamics. An aggregation hierarchy concept propbsetisdall and Oades (1982) forms the
most significant advancement in the understandiraggregate-SOM interactions (Sx al,
2004). Tisdall and Oades (1982) explicitly desdalilbeicro-aggregates as being first formed
free and then serving as building blocks for thenfation of macro-aggregates. Oades (1984)
postulated that the plant roots and hyphae actrapdrary binding agents holding together
the macro-aggregates and later form the nucleusiaf-aggregation formation within the
macro-aggregates. Set al, (2004) reported that a hierarchal order of agapes exists in
the soil where SOM is the major binding agent. aggregates are formed within macro-
aggregates and that SOM is predominantly stabiliredstable micro-aggregates and
therefore, changes in the rate of macro-aggregdtiomover influence SOM stabilization

across soil types and disturbance regimes. Thud| &M be improved through management
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strategies that minimize aggregate breakdown araligiin the addition of organic residues

that act as binding agents in the aggregate foomatiocess.

Aggregate stability is an important parameter usedjuantify or predict changes in soil
properties with respect to soil and water erosidimafg and Horn, 2001). The susceptibility
of soil to erosion is linked to aggregate stabilitiiich basically characterizes resistance to
soil breakdown (Barthest al, 1999). Aggregate breakdown leads to superficiakting,

reduced infiltration, increased run-off and sodson (Levy and Miller, 1997).

Many different methods exist for measuring aggregaability. The most commonly used
include Yoder (1936), Kemper and Rosenau (1986) bedBissonnais (1996). Using
different methods helps to give information abdu stability of aggregates to different
forces and the breakdown mechanisms, which is dicator of the soil’'s susceptibility to

erosion (Barthes and Roose, 1996).

2.4 Infiltration rates and soil porosity

The quantity, size, shape and continuity of soilegoare used to characterize soil structure.
Soil pores influence the ability of soils to suppgliant, animal and microbial life. Soil pores
retain water, allow drainage, allow entry of oxygamd removal of carbon dioxide. Soils
pores are also indirectly responsible for modifythg mechanical properties of soils so that

cultivation can be carried out successfully (S&@00).

Luxmoore (1981) arbitrarily classified pore size®ithree groups. He defined macropores as
those greater than 1000 um and also as those riyatly eat tension greater than 15 cm of
water. Macropores allow rapid drainage of wateeralteavy rainfall or irrigation. The size
and distribution of macropores usually bear noti@heto the particle size distribution and the
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related micropore distribution (Scott, 2000). Mes@s were defined as ranging between 10-
1000 pm. Luxmoore (1981) further defined micropasshose less than 10 um which hold
water tightly, some of which is available for plargte. In contrast to macropores, micropores
closely correspond to the solid phase of the 3diey dominate total porosity of most fine-

textured soils (Scott, 2000). Therefore, a gootl §muld have many mean pore sized pores

which also allow infiltration and water retention.

Several models have been used to estimate itibiixaamong them the Kostiakov model
(Kostiakov, 1932), the Horton-type equation (Morand Benjamin, 1977) to give
approximate descriptions of one-dimensional watefiltration. Infiltration rates and
hydraulic conductivities have been measured usiagbke ring infiltrometers (Bouwer,
1986), single rings, tension infiltrometers (Whéaad Sully, 1987) and rainfall simulators
(Nyamadzawo, 2004). According to Bouwer (1986)gknrings overestimate infiltration
rates due to lateral divergence resulting fromltzapy of unsaturated flow of ponded water
in the ring while the use of double rings has bemmmmended as they create a buffer zone
(Swartenrubler and Olson, 1961) and so reducealaterw of water. On the other hand,
rainfall simulators have the advantage of simutptactual rainfall events although their
major disadvantages are that they are expensiydesual to result in overestimation of soil
and nutrient losses (Wauchope and Burgon, 1993)tdusse of small plots (i.e. 13n
Tension infiltrometers, on the other hand, allow f@apid measurement of hydraulic
conductivity (Ky), sorptivity ($), macroscopic capillary length and mean pore sineshave
been used by many researchers including Mabral, (1986) and Wilson and Luxmoore
(1988). Tension infiltrometers have been used grayme the limitations of the double rings
(White et al, 1992) as they allow conductance of water throseglected pores at a given

tension while with double rings all pores condueteyv (saturated water flow).
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2.5 Soil water studies

Cropping in Zimbabwe is largely rain-fed and e#iai utilization of rainfall is important to
improve yields (Nyagumbo, 2002). Utilization ofmall to improve availability to crops can
be achieved through cultural practices that minemianoff, increase infiltration, reduce
surface evaporation and enhance availability of waiter to crops. This section explores

issues that influence soil water balances andasdér productivity.

2.5.1 Water use efficiency (WUE)

Efficient and sustainable agriculture depends oop@r management of water and plant
nutrients (Hatfieldet al, 2001). Different definitions of WUE have beeredsn research
depending on the objective. From an agronomic poinview WUE can refer to yield
(biological, photosynthetic or economic) per unitveater used, while to an agricultural
engineer it refers to the ratio of water storedhi@ root zone to that delivered for irrigation

(Kijne et al,, 2002).

Increasing water storage within the solil profilenecessary to increase plant available water
(Hatfield et al, 2001). This can be achieved by tillage whichglmns the soil surface and
breaks apart any soil crust thus increasing iafibn as well as reducing soil water
evaporation. Maintenance of crop canopy cover plags a role in water conservation by
reducing erosion and protecting soil surface frajgragate breakdown and compaction by
raindrop impact (Bennie and Woyessa, 2004). Thecefbf tillage on water infiltration is

considered positive although some results by Batd, (1971) and Papendiek al., (1973)
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suggested that excessive tillage may reduce etfitin because of its negative effect on

hydraulic conductivity.

Soil management practices that increase soil watkling capacity improve the ability of

roots to extract more water from the soil profileerefore they have potentially positive
impacts on WUE. Organic matter content of the Ba8 been shown to play a central role in
water availability and Hudson (1994) showed thagroa wide range of soils there is an

increase in water availability with increase in SOM

2.5.2 The Concept of Crop Water Productivity

The concept of crop water productivity (CWP) hasrbdeveloped in the search for measures
to improve WUE in an environment of increasing watarcity (Magodo, 2007). In physical
terms CWP refers to the ratio of the product, whishusually the weight biomass of
harvestable component (fresh or dry) to that amaofintvater depleted or applied (Kijret

al., 2002). Assessment of how agricultural water @verted to beneficial output is
important particularly in SSA where water availépiis a major constraint to rain fed crop

production.

Numerous studies have been conducted on the vaagpexts of crop yield to water relations
(de Wit, 1958; Doreenbos and Pruit, 1977; Zhangl, 2003). In these studies, choice of the
numerators have ranged from value or amount ohgjigid to above ground or total biomass
yield and the denominator ranging from value or amaf water input to water consumed
(Kijne et al, 2003). Since crop productivity is governed bgnspiration it is sensible to

express CWP in terms of cumulative transpirationilldll 1982) or cumulative

evapotranspiration. Most studies have used actagdatranspiration (Zwart and Bastiaansen,
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2004) because transpiration is difficult to measatréeld scale (Kijneet al, 2002) and also

because transpiration and evapotranspiration amengly correlated particularly after
complete canopy formation. According to Igbadiral, (2006), CWP varied between 0.4-
0.7 kg m*grain yield in terms of seasonal evapotranspirafionthree maize cultivars under
irrigated conditions in Tanzania and around theldvonaize (grain yield) CWP has been

reported to range between 0.3-2.7 kg (Bastiaansseret al, 2003).

2.5.3 Simple Soil Water Balance Methods

Soil water balance refers to the various pathwhgsugh which water is gained or lost from
the soil profile. According to Raes (2002), thetrpone is regarded as a single reservoir with
incoming and outgoing fluxes and therefore watactfiates over time. Rainfall, irrigation,
and capillary rise add to the root zone while evapon, crop transpiration, surface runoff
and deep percolation losses remove water fromaibezione. Marshall (1959) suggested a
water balance equation:

ET = P-D-R #4S (2.1)
Where ET= evapotranspiration, P = precipitatiors; Beep percolation, R = runoff an® =
changes in soil water content.
In situations where runoff can be assumed to bégikelg, equation 2.1 reduces to equation
2.2

ET = P-D £4S (2.2)
And where both runoff and drainage are assumee teefgligible it further reduces to
equation 2.3

ET =P £4S (2.3)
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2.5.4 Soil Water Based Models

The reliable simulation of soil evaporation, trainson, root water uptake and soil water
content is without doubt one of the most cruciaingoin any water balance model under
cropped conditions. Given the problems associati#ll mveasuring the various components
of the field water balance, simulation modelingeo$f an opportunity to better understand
water balance processes that are otherwise difftoumeasure (Cassat al, 2000). Most
models, however, suffer from limitations to thejppécability due to variation in soil
characteristics, spatial and temporal climatic dos and unavailability of data to input
into the models. It is therefore important to cadile and validate models before they can be

used.

2.5.4.1 The Parch-Thirst Model

The Parched-Thirst model (Young and Gowing, 19%#8suequation 2.2 and has been used
by van der Meeet al, (1998) to estimate crop transpiration, soil @rafion and drainage.
Assuming drainage to be occurring only when outgoiflux exceeded maximum
evapotranspiration (Efy and potential evaporation from a bare soil orrspacanopy
estimated from a pan-factor of 0.7, the methoddgelweekly estimates of evaporation and
drainage successfully which are considered tooectachdequately describe the rapid water

dynamics and furthermore it overestimates evapspriaation (Nyagumbo, 2002).

2.5.4.2 The BUDGET Model

The BUDGET model is a water balance model thatrdetes water storage and salt content
in the profile by keeping track of the incoming andgoing water fluxes within the root zone
boundaries on a daily basis (Wiyo, 1999)cdnsists of several sub-models, which describe
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the various processes of one dimensional vertieaémmovement and soil water uptake in a

free draining soil (Raes, 2002).

However, its major limitation is that capillary eiss ignored and it is not suitable for swelling
or cracking soils because these do not wet frofaseirdown. The BUDGET model was
satisfactorily used by Magodo (2007) to analyseswptoductivity of 3 maize cultivars at the

Agriculture Research Trust (ART) farm in Zimbabwe.

2.5.4.3 AquaCrop Model

AquaCrop is FAQO’s crop water productivity model uktg;g from the revision of FAO
irrigation and drainage (Doorenbos and Kassam, Y1918 model estimates the effect of
water deficiency on crop yield by computing dailyilsvater balance. The effects of soll
water and atmospheric stress on yield are evaluatdcexpressed as percentage yield. Yield
is calculated on the basis of water stress thairsaturing each critical stage of development
using K factor (Doreenbos and Kassam, 1979).

1-(Ya/Ym)= K(1-ET/ET)) (2.4)
Where Y, = actual crop vyield
Y m= maximum expected or potential yield
ET. = crop evapotranspiration under standard condition
Ky = yield response factor

ET, = crop evapotranspiration as adjusted to actuaditions under which it occurs
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2.5.5 Advantages of using AquaCrop

AquaCrop was chosen to simulate actual crop trasspn in this study because it requires a
significantly smaller number of parameters, forrmapée only 5 weather parameters, which
are daily maximum and minimum air temperature ydalnfall, daily evaporative demand of
the atmosphere (EY and the mean carbon dioxide concentration indatmosphere are
required for the atmosphere module. This requditeatic data for the study sites was easily
available. Further, AquaCrop has the advantageabfiding some management aspects such
as fertilizer, irrigation which affect soil watemalance, crop development and final yield

(Stedutoet al, 2008).

2.6. Key Components of AquaCrop Model

2.6.1 The atmosphere module

Five weather input parameters are required to rguna€rop. These include daily maximum
and minimum air temperature, daily rainfall, dadyaporative demand of the atmosphere
(ETo) and the mean carbon dioxide concentration in d@mosphere. The first four are
derived from typical meteorological stations, bud,Cconcentration uses the Mauna Loa
Observatory record in Hawaii (Stedwtbal, 2008). The EJis calculated using procedures
described in the FAO Paper No.56 (Alleh al, 1998). Also included in the model is a
software program (Raex al, 2008) for ET, calculation based on the FAO Penman-Monteith

equation.
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2.6.2 The crop module

In AquaCrop, the crop system has 5 major componamisassociated dynamic responses
namely, phenology, aerial canopy, rooting deptbmaiss production and harvestable yield.
Different responses occur during water stress tfttanajor feedbacks: reduction of canopy
expansion (typically during initial growth), closupf stomata (typically during completed
growth) and acceleration of senescence. The camepyesents the source for actual
transpiration that gets translated with a propoglamount of biomass produced through the
water productivity equation:

B = WPxXTa (2.5)
Where B is biomass (kg/fy Ta is the crop transpiration (mm) and WP is wateductivity
parameter (kg biomass#fmm of cumulated water transpired over the perioavhich the
biomass is produced) (Stedwbal, 2008). The harvestable portion of such biomgisd)
is then determined via the HI equation:

Y = B.HI (2.6)

Where, Y is the final yield, B is biomass and Hthg harvest index.

In AgquaCrop biomass production is decoupled fromopg expansion and root deepening
and so AquaCrop avoids dealing with the compleaitg uncertainties associated with the
partitioning process which remains among the leasterstood and most difficult to model
(Stedutoet al, 2008).

The root system is simulated through its effectreeting depth (ERD) and its water
extraction pattern. The ERD is defined as the dedth where most of the root water uptake
is taking place and 90-95 % of the water uptakeoissidered to be taken up within the ERD
in AquaCrop (Stedutet al.,, 2008).
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2.6.1.3 The soil module

The soil component of AquaCrop is configured asispatsed system of variable depth
allowing up to five layers of different texture cpaosition along the profile. For each texture
class, the model associates a few hydraulic cheriatit and it estimates them for the texture
entered by the user through pedotransfer funct{@btesdutoet al, 2008). Alternatively, the
user can input specific values for the texturalssts and also specific hydraulic
characteristics including drainage coefficiet)t fiydraulic conductivity at saturation {X,
volumetric water content at saturation, field cafyasnd permanent wilting point. It further
performs a water balance that includes the prosesteun-off (through curve number),
infiltration, redistribution or internal drainageleep percolation, capillary rise, uptake,

evaporation and transpiration (Rasl, 2008).

2.6.1.4 The Management module

The management component is divided into two categothe field and water management.
Field management in AquaCrop considers optionseele the fertility level or regime to be
adopted during crop simulation, and to field sugfgcactices, for example mulching, soil
bunds etc. Three fertility levels are consideredn-hmiting, medium and poor fertility.
These levels influence WP, the canopy growth c§€€C), maximum canopy cover (CCx)
and the rate of decline in green canopy during smTee. Water management considers
options related to rainfed agriculture or irrigatitype which can be user defined (Stedeito

al., 2008).
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2.7 Studies on physical properties and crop produitity

Several studies have been carried out, and thegatigsaddressed issues of soil fertility
management practices on the soil physical enviromm@/ilcocks and Cornish (1988),
Nyamangaraet al, (2001) reported improvement on soil pH, watetdimy capacity,
hydraulic conductivity with manure addition. Incsed infiltration rates, improved
aggregation, soil porosity and decreasing bulk idengith long term continuous manure
application have been reported in literature (RA€91; Hatiet al, 2007). However, in as
much as a lot has been done in studying the pHysiocaronment, little has been done in
terms of relating the effects of physical propertie crop productivity. Multiple regression
can be used to quantify the extent to which sevierdépendent variables influence one
dependent variable (Mead and Curnow, 1986). Thezefmse of this approach offers

opportunities to analyse effects of soil physicalgerties on crop productivity.
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Chapter 3

General Materials and Methods

3.1 Site description

The study was conducted in the Darare and Manjaligges (Ward 28) of Murewa (17°39 S
and 3147E) smallholder farming area which lies 80 km eddtarare (Figure 3.1). Murewa
is located in agro-ecological zone Il (Natural oegill) with a subtropical climate and
receives between 750-1000 mm rainfall annually ionamodal pattern (October- April).
However, the amount received varies between yeaisalso within the season, spatial and
temporal variations are not an uncommon feature. ditea is characterized by mainly two
soil types, namely the dominant lixisols (Nyamagfet991) which are derived from granitic
rocks and are inherently infertile, and luvisolgided from dolerite. Nyamapfene (1991)

described the luvisols as the best agriculturds sniZimbabwe.

The farming system consists of mixed crop-livestpasduction and there is close interaction
between the crops and livestock. Livestock proddgt power to enable timely cropping and
manure for soil fertility improvement while cropsidues provide feed for livestock which is
key during the dry season when natural grazingasce and of low quality. Maiz&éa mays

L.) is grown as the staple crop and is allocatedhth&n farming area. Other crops including
groundnut Arachis hypogaed..), sweet potatolfomaea batatas.), sunflower Helianthus

annusL.) are grown either in rotation with maize oriatercrops. Cattle constitute the main

livestock although some farmers may also possests gnd donkeys.
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Weed control is largely achieved through ploughafdields during land preparation and
also through hand weeding after crop emergencevé&ional mould-board ploughing is the
main tillage practice, ox-drawn ploughs are usepldogh to 10-20 cm depth before planting
and in some cases as cultivators with their mowdi® removed for weed control and to

create ridges for moisture conservation.

10 0 10 20 Kilometers

Figure 3.1: Map showing Ward 28 (Study area) in Muewa District, Zimbabwe

3.2 Selection and characteristics of experimentaites

Selection of sites was based on initial work ofgéire (2006) that established the existence
of large variability of soil fertility between défent fields on the same farm, and on different
farms. Farmers were involved in the demarcationfiells into different plot types in

accordance to what they (farmers) considered &s ltlest, average and worst plots which
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was achieved by classifying the different plotdarms of (i) distance from homestead, (ii)

perception of soil fertility status and yield pati@l and (iii) resource allocation trends.

The main experiment (experiment 1) was establisiredwo such farms, one on the sandy
and the other on the clay soils representativén@fdlominant soil types in the area. On each
of these two farms, a field closest to the homels{ga50 m) and another at some distance
(100-500 m) were selected to provide fields reprgare of typical homefields and outfields
in the area. In the current study, fields which eveubjected to similar management (Table
3.1) for 6 consecutive years were regarded as temg- experiments and used in
determination of the effects of soil fertility mageament practices on soil physical properties
including SOC, bulk density, aggregate stabilitggregate protected carbon and soil
hydraulic properties in the long-term. Another expent (experiment 2) consisting of four
fields representing homefields and outfields ontthe soil types was established in 2007.
This experiment was used to determine the effeictertlity management on soil physical
and hydraulic properties in the short-term (2 ypdf®wever, for the short term experiment,
the sandy fields did not exhibit clear cut differes of homefields and outfields as the farmer
had already established his crop on what he coregides best plot. Therefore, he offered the
use of what he considered ‘average’ fertility ptot represent the homefield although
chemical indices such as SOC, N and pH measuredeshthat the two plots were actually

both outfields.

3.2.1 Experiment 1: Long term solil fertility experments in Murewa

The experiment is an on-going fertility experimémat was established in 2002 by Zingore
(2006) on two farms of contrasting soil types, onghe sandy and the other on the clay soils
representative of the dominant soil types in tlreaaFields representative of homefields and
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outfields were used. Initial soil characterizatiwwas done on these fields (Table 3.2). Field
layout followed a completely randomized block des{(CRBD) with three replications and
the plots measuring 6 X 4.5°mvere subjected to 9 treatments shown in Table Bhe.
objective was to investigate maize crop respongd¥,tGa, Zn and P from mineral fertilizer
and cattle manure after 3 years of consecutive arapplication. This study was anchored
on this on-going experiment to determine the effettsoil amendments with cattle manure
(control, 100 kg ha N + 5, 15 and 25 t Fflamanure) on soil physical and hydraulic properties

of HFs and OFs after 5 and 6 years of similar mamsmnt.

Table 3. 1 Treatments for the long term experiment

Treatment | Manure and mineral fertiliser application rates

1 Control (no amendment added)

100 kg N h&

100 kg N ha + 30 kg P ha(i.e. 15 tons manure Ha

100 kg N h& + 10 kg P hd(i.e. 5 tons manure Hj

100 kg N h&d + 10 kg P hd(SSP) + 20 kg Ca Har 5 kg Zn  ha+ 10 kg Mn h&
100 kg N h& + 30 kg P hd(SSP) + 20 kg Ca Hat+ 5 kg Zn hd + 10 kg Mn h&
100 kg N h& + 50 kg P hd(SSP) + 20 kg Ca Hat+ 5 kg Zn ha + 10 kg Mn h&
100 kg N h& + 50 kg P hd(i.e. 25 tons manure Hp

100 kg N h& + 500 kg lime ha

© 00 N o 0o b~ 0N

Table 3. 2 Selected soil properties for the long s fields in Murewa in 2002 when the
experiment was started. Soil sampled from 0-20 cmegbth.

Sand % Silt % Clay % C% N %
Sandy homefield 85 2 13 0.5 0.04
Sandy outfield 88 4 8 0.3 0.03
Clayey homefield 46 15 39 1.4 0.08
Clayey outfield 42 14 44 0.7 0.05

Source- Zingore (2006)
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3.2.2 Experiment 2: Short term fertility experiments in Murewa

Experiment 2 was established in November 2007.0kpective was to determine the effects
of cattle manure and inorganic fertilizer applioation the physical and hydraulic properties
of HFs and OFs after 2 years. In this study’s cdant2 years was regarded as short-term. It
consisted of four fields, 2 HFs and 2 OFs on twib types. Prior to planting, soil samples
were randomly collected from the new fields (0-1B)dor characterization of parameters
that included texture, pH, OC, total N, availablé@sen), cation exchange capacity using

standard methods (Andersenal, 1993). Soil characterisation data is shown inl@8.3.

The experimental design followed a completely randed block design (CRBD), replicated
three times on plots measuring 5 x 4.5 Whe two main factors were manure application rate
(fertility treatment) and field type. Manure waghed at 5, 10, 15 and 20 t Hgr® + N, P,

K, Ca, Mg, and Zn & B at rates 100, 30, 29, 20,a@ 5 kg ha' B respectively. The manure
rates were intentionally selected to differ frore hyear experiment manure rates to achieve
uniform increments which were both below and abiherecommended 10 to 12 t*him
Zimbabwe (Mugwira and Shumba, 1986; Avila, 198i)adldition, basal fertilizer and micro-
nutrient application was included to facilitate moped crop growth. The fields were
subjected to a soybean-maize rotation over twoossasSoybeans were fertilized as the

maize treatments except for N which was added &g4ta’.
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Table 3. 3 Selected soil properties (0-15 cm) foné fields used for short term
experiments in Murewa established in 2007.

pH Sand | Silt Clay | OC Total | C:N Total P | CEC
(CaCb) | (%) (%) (%) (%) N (%) | ratio (mg/kg) | (cmol/kg)
Sandy | 5.0 88.5 | 5.2 6.3 0.69 0.09 7.6 313.0 6.5
HF
Sandy | 5.2 89.0 | 3.2 7.8 0.60 0.09 6.7 475.5 7.0
OF
Clayey| 5.1 47.0 | 27.1 25.9 1.80 0.18 10.0 250.0 25.9
HF
Clayey| 4.7 31.0 | 379 | 311 | 1.11| 0.13| 85 238.0 30.9
OF

Note: HF = homefield, OF = outfield

3.3 General Management of the Experimental Fields

Maize variety SC 525 and Safari soybean varietiesewplanted on the experimental sites.
Land was first prepared by conventional ploughising ox-drawn ploughs. Maize plant
population of 44 444 plants/ ha was used at 0.9 @25 m inter- and intra- row spacing
while soybean plant population was targeted at@Dplants/ha at 0.45 m inter-row spacing
respectively. Manure was broadcast first and tinenrporated into the soil to between 0-10
cm depth using hoes. Samples of the manure usedlobésined by randomly taking 10 sub-
samples using a hoe from the cattle manure heapspdrenously mixing them and getting a
representative sample. The representative samm@estaken to the laboratory for N, P, OC,
sand and ash determination (Table 3.4). At sowigsal fertilizer compound D (N;,®s;

K,O: 7; 14; 7) was applied to the short term fieltishe rates described in section 3.2.2.
Ammonium nitrate (AN, 34.5 % N) fertilizer was dpéipplied as top dressing at 3 and 6
weeks after crop emergence (WAE) for maize. Weedrobwas done manually using hand

hoes just before fertilizer top dressing (AN).
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Table 3. 4 Characteristics of the cattle manure uskover the two seasons

Season applied % OC % ash % sand % P % N
2007/2008 43 26 32 0.148 1.73
2008/2009 44 36 20 0.133 1.92

3.4 Soil sampling for field characterisation

The soil samples for field characterization wergaoted in all fields prior to planting in the
1% season. Ten sub-samples were randomly sampledeaaim block and thoroughly mixed
to obtain a representative composite sample. ToexeB composite samples were obtained
per field. The soil samples were then air-dried] areved to pass through a 2 mm sieve

before the analyses could be carried out.

3.4.1 Soil pH
Soil pH was determined using calcium chloride (GaQ@oil and 0.01 M CagGlwere mixed

in the ratio 1:5 and the mixture was shaken usingeahanical shaker for 30 minutes. After
shaking the mixture was allowed to settle and pkhsueed from the supernatant suspension

using a pH meter standardised at pH 4.0 and pAnhQGerson and Ingram, 1993).

3.4.2 Soil texture
Air-dried soil (40 g) passed through a 2 mm siewas weighed into a beaker and 100 ml of 5

% sodium hexametaphosphate added together withn806f distilled water to bring the
mixture to the mark. The mixture was shaken on ahaeical shaker overnight to achieve

chemical dispersion. The mixture was then transteto a 1000 ml cylinder and distilled
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water added to bring the volume to the mark. Thietem was mixed by inverting the
cylinder carefully 10 times after which a hydromietes carefully inserted exactly four and
half minutes later. A hydrometer reading was take&actly 5 minutes later to obtain the
density of clay and silt (< 20 um diameter) in srspon. After 2 hours another reading
reflecting the density of clay only was obtainedt (sad settled). Each time readings were
taken, the temperature of the suspension was ne&dent silt and clay in the soil were then
calculated using the initial amount of soil anddgjusting for temperature (Okaleko al,
2002). Percent sand was calculated as the differeebiveen 100 and the total percentage

sum of silt + clay.

3.4.3 Soil organic carbon
Organic carbon was determined using the modifiealki®y-Black method (Houbat al,

1989). One gram of previously air-dried soil sievlbbugh a 0.5 mm sieve was added to a
conical flask, oxidized using potassium dichromagelphuric acid and external heating
applied for 1 hour to achieve maximum oxidationeTiixture was then titrated against
ferrous ammonium sulphate using diphenylamine atdicwhich changed colour from black

through purple and then blue-green at the end point

3.4.4 Total N and P determination
The digestion of the soil samples (0.5 g) was based Kjeldhal digestion of the material to

leave a sulphuric acid solution (Okaledioal., 2002). The digestion mixture was made up of
selenium powder as a catalyst, lithium sulphatedréxyen peroxide and concentrated
sulphuric acid. The mixture was digested in a bldigjester at 361 until the solution was
colourless after which it was removed from the dgige and allowed to cool. The solution

was diluted with 25 ml distilled water and allowedcool. The volume was made up to the
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100 ml mark with distilled water and the solutalitowed to settle in order to obtain aliquots

for colorimetric determination of N and P usinge@&rophotometer.

3.4.5 Cation exchange capacity determination
Ammonium acetate solution (100 ml, at pH 7) waseadtb 5 g of air-dried soil and the

mixture shaken for 1 hour before it was filteretheTresidue on the filter paper was washed
with absolute alcohol and transferred to a Kjeldtesk. Distilled water, sodium chloride
(NaCl), antifoam mixture, 1 N sodium hydroxide (N&Qa few anti-bumping granules and a
small amount of zinc filings were added. After shagkthese together and allowing mixture
to settle, the suspension was distilled into,Gf@e 5 N HCI in a conical flask which
contained methyl red indicator. Distillation wasntoued until the indicator changed from
pink to green. The CEC of the soil was calculatsith@i back titration (Summer and Miller,

1996).
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Chapter 4

Effects of Soil Fertility Management Practices on 8lected Soil
Physical Properties of Two Contrasting Soils in Muewa

Smallholder Farming Area

4.1 Introduction

Manure is often credited with improving soil phyigroperties with benefits such as
reduced run-off and erosion (Gilley and Risse, 2000rtmann and Walters 2006), reduced
bulk density, increased micro- and macro-porositg @ncreased hydraulic conductivity.

Addition of manure also results in increased sajbaic carbon due to increased formation of
water stable aggregates associated with an incrieaparticulate organic matter (Oades,
1984, Sixet al, 2000). Moreover, soil carbon sequestration thhoenhanced aggregation is
an important strategy to mitigate the increasedentration of atmospheric G@Shresthaet

al., 2007).

Soil aggregate size distribution and stability mn@ortant indicators of soil physical quality
(Castro Filhoet al, 2002), reflecting the impact of land use and seanagement on
aggregation or degradation. However, not only isreanagement the only factor influencing
soil quality, soil texture is another key deternminaf soil quality as it moderates the
behaviour of several soil processes, including S@&amics, aggregate formation dynamics

and C sequestration (Kettleral, 2001).
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It is therefore important to study the impacts oil $ertility management on soil physical
properties in an attempt to improve crop yields anoimote sustainable farming methods.
Many different methods exist for measuring aggregaability. Among them some of the
widely used ones include Yoder (1936), Kemper amdeRau (1986) and Li Bissonnais
(1996). Using different methods helps give infonmatabout the stability of aggregates to
different forces and the breakdown mechanisms, lwhg& an indicator of the soil's

susceptibility to erosion (Barthes and Roose, 1996)

The aim of this study was to determine the effeftsattle manure and inorganic fertilizer

application to soil on SOC, bulk density, aggregatbility and aggregate protected carbon
on differently managed fields (homefields and @) in the short and long term. It was
hypothesized that SOC, bulk density, aggregateilisyabnd aggregate protected carbon

would improve with manure application.

4.2 Materials and Methods

Experiments 1 and 2 which are the long-term andtgbkom trials respectively were used.
Details of the general description of the experitaksites and their management are given in
sections 3.2.1 and 3.2.2 in the preceding chapteleviaboratory procedures are detailed

below.

4.2.1. Soil sampling, pre-treatment and storage

Soil sampling was done in April after harvest fottbexperiments in 2008 and 2009.

Sampling cores of 5 cm diameter and height of Svare used to obtain undisturbed samples
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from a depth of 0-10 crfor bulk densitydetermination in plough layeRisturbed composit
samples from each treatment, replicated three fimee randomly obtained for aggreg
stability, aggregate protected carbon SOC at a depth of 0-1(plough layer'cm using a
spade. The samples were air dried, sieved throudf], 2 and 0.5 mm sieves and package

khaki bags and stored for subsequent ane of SOC and water stable aggrege

4.2.1 Soil Organic Carbon (SOC

Organic carbon was determinfollowing the method detailed in sectior4.3.

4.2.2 Water stable macroaggregationand macro-aggregate protected carbor

determination

Water stable aggregates were determined followingethod by Bartheand Roose (1996)
where 4g of air dried samples passed through mm sieve were immersed in deionis
water for 30 minutes and then wet sieved througt2anm sieve with a Yoder machine fo
minutes. A sample of aggregates > 200 um was ovied dt 105°C, the dry fraction (F
200 um) was theweighed and dispersed 0.05M NaOH solution for 30 minut: for sand
correction The coarse sand fraction (CS) was oven dried wagjhe. Stable macro
aggregate index (Ima) was definec

Ima = 1000{F> 0.200 — CS) /(gDM — CS) (4.1)

Where DM = dry matter of the sample determinedraften drying at 105°C

g = mass of soil sample used in gre
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Aggregates for aggregate protected carbon werengotaising a wet sieving technique. The
aggregates were obtained by sieving the soil thrau@5 mm sieve and retained on a 2 mm
sieve. Fifty grams of air-dried 2-4.75 mm aggregatere placed on a nest of sieves with
pores 250 um and 53 pum (Franzluebbers and Arsi&@i]), and the sieves were gently
immersed into a tank of distilled water such ttmet bottom of the top sieve just touched the
water in the wet sieving machine. The aggregate® \abowed to wet for 30 minutes and
then the wet sieving machine was switched on tofourlO minutes. The sieves were gently
removed and placed on top of an oven (30°C) wittvspapers underneath to dry the
aggregates. Two aggregate treatments were esidblfghntact > 250 um aggregates and (ii)
crushed > 250 um aggregates (to pass through gr@5€creen using pestle and mortar). Sub
samples of aggregate treatments (5-10 g) wereutlhr@feighed into jars. The soil was then
moistened to field capacity (approximately 55 %l amcubated in the constant temperature
room at 25°C in sealed jam jars containing €t@aps (0.1M NaOH). Samples were corrected
for moisture after every 3 days. The £@ps were changed on days 3, 7, 14, and 21 and the
respired C was measured by titration with HCI ugphgnolphthalein indicator (Beaet al,
1994).

The carbon content of the soil samples was caledilas follows:

mg C = (B-V).(NE) Stptzky, 1965) (4.2)

where B =volume (ml) of the standard acid needddrtte the trap solution from the blanks
V=volume (ml) of the standard acid needed totgttae trap solution from the sample
flasks.
N =normality of the acid, in milliequavalents L
E = the equivalent weight of carbon in £@iven as 6 as the data was expressed in

terms of C (i.e. mg CEC)
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The macro aggregate protectind unprotected carbon was then calculated as fel
Unprotected &n 1) =intact aggregate & ()
Protected Giny =crushed aggregate ) — intact aggregate min ()
Where Gin (IS the cumulative C mineralized at time t (day®)nfruncrushed and inta

aggregates (Beast al., 1994)

4.2.3 Bulk density

Undisturbed core samples were taken from a deg3 -8 cmto characterize the plough lay
(0-15 cm). This was done by scrapping approximately 3 cormftbe surface soil and tl
metal cores (5 cm diameter and height) were ggnighed deep into the soil until they w
totally filled with soil. A hoe was then used t@ydhem out and soil on both erof the core
was gently scrapped away with a knife until it ieaseled out. Both ends of the cores w
closed using lids and then transported to the &tboy

In thelaboratory, the cores were weigt put in an oven at 166 and dried to constant me
When there was no weight change, the soil was rethénom the cores and the mass of
empty cores measured. The difference between nfass® + dry soil and mass of emj

core gave the oven dry mass of soil only. Bulk dgmveas calculated &

Mass of oven dry soil

Bulk density = (4.3)

Volume of zoil core

4.2.4 Statistical Analyses
Analysis of variance was conducted using Genstat sfatistical package. A t-way

ANOVA was used to analyse for differences betwfertility treatments, field types d
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fertility treatment x field-type interactions. Theast significant difference (LSD) at p<0.05
was used to differentiate between statisticallyfed#nt means. Further, the Pearson’s
correlation coefficient was used to investigate teé&tionships between SOC and the
measured physical parameters after which regres$imttions were determined if

correlations were found to be significant.

4.3Results

4.3.1 Soil Organic Carbon

Soil fertility treatment significantly increased 8n both sandy and clay soil (Fig. 4.1a
&c). Soil organic carbon was significantly (p<0.086)ver in the control than the initial SOC
content of the fields when the experiment was etiaeind the margin was greater on the
homefield owing to the higher initial SOC conteititial differences in SOC observed
between the homefields and outfields (Zingore, 208&e no longer evident after 6 years on
both soil types. In the short-term, cattle manypliaation significantly (p<0.05) increased
SOC relative to the initial soil SOC and control tbe clay fields. Furthermore, there was a

significant (p<0.05) difference between the homdfand outfield (Fig. 4.1b).
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Figure 4.1: Soil organic carbon levels in the plouglayer (a) long-term clay soil (b)
short-term clay soil (c) long-term sandy soil (d) lsort-term sandy soil. The bar shows the
LSD at p = 0.05. HF is homefield and OF is outfield.

Soil fertility treatment did not significantly inease SOC on the sandy short-term fields and
SOC ranged between 0.4-0.9 %. The short-term saodyefield and outfield were not

significantly different (Fig. 4.1d)
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4.3.2 Bulk density

Cattle manure application did not have a significetfect on bulk density (p > 0.05) on both
soils. Bulk density ranged between 1000 -1100 Kbfon the clay soils while in sandy soils it
ranged between 1300 — 1550 k&'.nOn the other hand, bulk density on the sandyieidtf
was significantly higher than the homefield posgibibcause of its greater proportion of the
heavier sand particles (Table 3.1). In the shaortitields, bulk density was relatively higher
on the clay outfield than homefield, though notngigantly. Bulk density ranged between
1000-1300 kg i and fertility treatment did not result in any sfiggant differences. The
short-term sandy soils did not show any significeminge in bulk density after 2 years of
cattle manure application (Fig.4.2d). Bulk densitianged between 1350 and approximately

1500 kg i,

4.3.3 Water stable macro-aggregation

Soil fertility treatments on the clay long-termlfie had a significant effect (p<0.05) on
aggregate stability as measured by macro-aggregataex (Fig. 4.2a). Macro aggregation
indices on the long term clay sites were betweeh1I7® % higher on the 25 t hananure

treatments than where no manure was applied on thathefield and outfield. However,
there were no significant differences between figftes on the long term fields. Addition of
manure on the short term clay fields resulted gnisicantly higher macro aggregation
indices (between 98-119%) on the manure treatnretasve to the control (Fig. 4.2c) while

between the homefield and outfield no significaffedences were observed.
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Manure application on the sandy soils did not idany significant increase in macro
aggregation indices on both long term and shom+teelds. Macro-aggregation index ranged
from 55-102 on the long-term sites compared totdleom sites’ 70 to 120. Field type had no

significant (p> 0.05) effect on both long-term asibrt-term fields.
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Figure 4.2 :Macro aggregation indices on (a) longerm clay soil (b) short-term clay soill
(c) long-term sandy soil (d) short-term sandy soilThe bar shows the LSD at p = 0.05.
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4.3.4 Macro-aggregate Protected Carbon

Macro-aggregate protected carbon was only detedvimelay soils because the aggregates
were absent in sandy soil. Cattle manure signiflgancreased (p < 0.05) macro-aggregate
protected carbon in manure treatments comparedritbat on both homefield and outfield

(Fig 4.3a) on clay long-term soils. The same tretag shown for macro-aggregate protected
carbon in the short term fields (Fig 4.3b). Howewerthe short term, applying cattle manure
at 5t ha did not result in significant differences in ma@ggregate protected carbon relative
to the control on both field types. There was aisicant difference when cattle manure was

applied at 15 t h&.
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Figure 4.3: Macro-aggregate protected carbon on clafields after (a) 6 years (b) 2 years.
The vertical bar denotes the LSD at p = 0.05.
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4.3.5 Regression relationships between SOC, aggrégatability and aggregate

protected carbon

No regressions were done for the sandy soils ae there no significant differences in bulk
density and Ima after cattle manure additions otthe long-term and short term implying
that other factors such as primary composition rothan SOC were responsible for soil

structure.

Regression functions of SOC with macro-aggregaimtices and aggrergate protected
carbon were used to analyse the variabilty in thnsigal properties caused by SOC. In the
clay soils, aggregate stability and aggregate ptetecarbon showed a highly positive linear
relationship with SOC which explained 85 % and 82fthe variability respectively (Fig.
4.4a & b). Other possible relationships such avelinear and quadratic gave lowef R
values. The short-term clay fields also showedtp@sincreases in macro-aggregation index

(R*=0.81) and aggregate protected €£R.57) with increasing SOC (Fig. 4.4a & b).
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4.4 Discussion

4.4.1 Soil organic carbon

Soil organic carbon was significantly higher wheedtle manure was added relative to the
control treatments on long-term fields. Despiteitiigal differences between the homefields
and outfields arising from long-term site specgal management by the farmer (Batiogto

al., 2006; Zingore, 2006) SOC was found to be similaHF and OF after 6 years of same
cattle manure application rates. Increase in SORremration in manure and inorganic
fertilizer treatments could be as a result of oiganatter addition through cattle manure
application and enhanced crop growth with highet lmomass (Acharyat al, 1988; Mikha

and Rice 2004). Similar results confirming the imipoce of management practices that
prioritize C addition to coarse textured soils amBabwe through organic C resources
application have been reported (Chivergal 2007). Organic carbon content in the soil is
closely associated with clay and silt contents eag types, which influence the stabilization
of organic carbon (Bationet al, 2006; Chivenget al, 2007) and this partly explains the
differences in SOC levels reached in clay and sawilg receiving the same quantities of

cattle manure in this study.

In the short-term fields, cattle manure applicatggnificantly increased SOC on the clay
fields only. Similar results of significant increagn SOC after 2 years of farmyard manure
application at 30 and 60 t hdave been reported (Shiraial, 2002) while increases in one
season have been reported by Haynes and Naidd@g8)(48d Nyamangast al, (2001). The
clay homefield showed higher SOC relative to th#ield owing to the initially higher levels
of SOC accumulated over time. On the other hangl,sindy short-term fields’ SOC was

marginally increased after cattle manure additResponse to fertilization were similar on
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both fields on sandy short-term fields owing to lnek of fertility variability at the beginning

of the experiment.
4.4.2 Bulk density

The lowest bulk density was observed at 25% ¢wttle manure indicating an improvement in
aggregation and amount of pore space (Schjgneiirad, 1994; Hatiet al, 2006) although

the decrease was not significant compared to dénielity treatments. On the other hand, the
sandy outfield was significantly higher than themadield possibly because of its greater
proportion of the coarse sand particles while ligrttreatment did not show any significant

(p>0.05) effect on bulk density.34

After 2 years of cattle manure application, thefield on the clay soil showed relatively
higher bulk densities than the corresponding haslgfiand the highest bulk density was
1265 kg n? in the control on the outfield. This difference svattributed to the effects of
manure application to the homefield from past managnt. The sandy soils did not show
any significant change in bulk density after 2 geaf manure application. Similarly,
Nyamangarat al, (2001) reported some lack of consistency in ldksity with 3 years of
cattle manure application on a Zimbabwean sandycsaitaining 6 % clay, indicating the

poor responses of the soils to manure application.

4.4.3 Water stable macro-aggregation

Cattle manure application increased macro-aggm@gatidex on both long- and short-term
clay soils, a trend that was consistent with SO€§eolked for the same soils. Generally, SOC

is a basic factor affecting aggregate stabilityli¢El 1986) through increased microbial
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proliferation and the resulting binding of clay-dasilt sized particles and micro-aggregates
by mucilages into macro-aggregates (Oades, 1984:t%il 2000). Nyamadzawo (2004) and
Su et al, (2006) reported a strong relationship betweerCS&hd aggregate stability,
confirming the importance of SOC in aggregationnsistent with these findings, SOC could
explain 85 % and 81 % of the variation in Ima ba tlay long term and short term fields
respectively. In other experiments, water stablgregates (WSA) were found to be highest
in manure + NPK treatments compared to compostgaroc fertilizer only and control
treatments (Hatet al, 2006; Shiraniet al, 2002). Mikha and Rice (2004) also reported
significant increases in aggregates greater th&® 20n with manure addition which was
attributed to the input of additional fresh orgaresidue and available C to the solil resulting
in enhanced microbial activity and production ofysaccharides (Tisdall and Oades, 1982)
which then act as binding agents (Tisdall and Oadé82; Haynes and Francis, 1993).
Furthermore, addition of manure could have incrédbe macro-faunal population such as
earthworms which are known to improve aggregatioth mutrient cycling (Lee and Foster,
1991; Bossuyet al, 2005). This is achieved through the secretiommatus in their guts
which may strengthen bonds between organic ardrsoeral components when they ingest

the organic matter and soil (Martin and Marinissed93).

There was no significant (p>0.05) effect of farnmanagement (field-type) on aggregate
stability after 6 years of manure application iradiicg that initial differences were a result of
differential resource allocation targeting the héieid at the expense of the outfield. Manure
application can therefore be considered as an rmopio restoring fertility on degraded

outfields.
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On the sandy soils, manure addition did not resulany increase in Ima despite the
significant differences in SOC. Regardless of marapplication, clay +silt content seemed
to have greater effect on quantity of stable agapesgyas indicated by similar aggregation
indices in all fertility treatments on sandy soilBhe greater proportion of water stable
aggregates on the clay soils relative to the saradsa result of the limited carbon protection
capacity of sands due to low clay contents. Sinéamults were reported by Kemper and
Koch (1966) who showed that aggregate stabilityaased to a maximum level depending

on the clay and free Fe-oxides.

4.4.4 Macro-aggregate protected carbon

A significant increase in macro-aggregate prote€@esglas observed between the control and
subsequent manure application rates in the ordeomtfol < 5< 15 < 25 t Ramanure. In the
short-term experiment, there was a significantedéhce when manure was applied dts t
ha'. The comparison of C respired from crushed (growitt mortar) and uncrushed WSA
showed that crushing increased amount of C mirsemliincreased respiration in crushed
samples resulted from breaking down of stable agges and organic matter fractions
increasing their surface area and accessibilityntorobial attack. Physical protection of
carbon by aggregates is accomplished by formatfgphgsical barriers between microbes,
enzymes and their substrates therefore increas@il $Edwards and Bremmer, 1967;
Tisdall and Oades, 1982; Set al, 2000). The crushing of aggregates thereforegased
the carbon by exposing the plant roots, hyphaemandlages that hold together the macro

aggregates and micro-aggregates (Oades, 1984g@akdnwn by enzyme action.

SOC explained 82 % of the variation in aggregatdgated carbon on the long-term fields
and only 57 % on the short term fields. The highredation between SOC and aggregate
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protected carbon was a result of development dflestaggregates over time with cattle
manure addition. Elliot (1986); Beaet al, (1994) and Mikha and Rice (2004) reported
significantly greater proportions of labile C assted with macro-aggregates than micro-
aggregates and they concluded that macro-aggretisesfore, contribute more to nutrient

cycling than micro-aggregates.

4.4.5 Regression relationships between SOC, aggrégatability and aggregate

protected carbon

In the clay soils, aggregate stability and aggregeabtected carbon showed highly positive
linear relationships with SOC. The observed in@ess SOC due to manure application
caused an increase in the stability of aggregateshain turn resulted in increasesd C
protected within macro-aggregates. Soil organib@arshowed a significant negative linear
relationship with bulk density, indicating that kuflensity decreased as organic carbon
increased after 2 and 6 years of manure applica@iner studies have also reported highly
positive linear relationships between SOC and btalof aggregates, and negative linear
relations with bulk density (Evrendilek al, 2004; Heusheet al, 2005; Hatiet al, 2007 ;

Wanget al, 2010).

4.5 Conclusion

This study indicated that equal cattle manure aodganic fertilizer application on HFs and
OFs allows for the restoration of degraded clayissaifter 6 or more years. Spatial
variabilities were therefore a short-term phenomepna clay soils unlike in sandy soils
which did not show any positive response to cattenure application. Manure application

showed limited effects on physical properties anghndy soils probably because of the very
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low clay content (6—13 %) limiting the stabilizaticapacity of the soils, but acted more as a
source of nutrients and modified the soil bio-cheahenvironment. In the clay soils it acted
as both a source of nutrients and optimized the [8otphysical environment. Therefore,
manure application rates greater than or equabto Ha' yeaf* are recommended for soil
structure build-up and maintenance in clay soilslevin sandy soils rates 5 t hayear’
would be more efficient for the purpose of complatimg the inorganic fertilizers and to
regulate and reduce acidity in sandy soils. Theothgsis that different manure rates
combined with inorganic fertilizer lead to improv&DC, bulk density, aggregate stability
and aggregate protected carbon was therefore edjastimprovements were only reported in

some physical properties in the clay soil whileyodOC was improved on the sandy soil.
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Chapter 5

Soil hydraulic properties as influenced by soil fetility

management on two contrasting soils in Murewa

5.1 Introduction

Smallholder farmers have over time found widespraad of locally available forms of
organic nutrient resources such as woodland ligggren manures, composted materials, crop
residues and cattle manure (Campletlial, 1998; Mapfumo and Giller, 2001). However,
cattle manure is the one that is mostly used asfdund at the homestead where the cattle
are kept and therefore it is readily available ey for livestock owners (Mtambanengwe
and Mapfumo, 2005). It is often applied as suppl@nand/ or complement to inorganic
fertilizers which are usually scarce under smaftleol farming systems. As a nutrient
reservoir, it is often a poor source as it hasga kd:N ratio (N concentration relative to lignin
and polyphenols) and high sand concentrations duepdor grazing and handling
(Materechera, 2010). There is therefore need tysits complementary role in developing
soil fertility technologies as it has low turn-ovates and subsequently it is a good precursor

to SOM build-up.

SOM binds soll particles together into aggregatesimproves soil structure that favours the
downward flow of water into the soil (Boylet al, 1989). Long-term cattle manure
application has been found to improve soil physipebperties including bulk density,

aggregate stability, infiltration rates (Hati al, 2006) and water retention (Schjgnnetal,

1994; Rose 1991). According to Letey (1985), watartent or potential is the key variable
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of the soil physical parameters directly relate@rmp productivity. Therefore it is important
to investigate the effects that cattle manure appbn has on the soil hydraulic properties of

soils variable in soil fertility.

In Zimbabwe Nyagumbo (2002), Thierfelder and W&D{9) evaluated the impact of
reduced tillage and conventional tillage on inditton rates and crop water availability while
Nyamadzawoet al, (2008) evaluated the changes in infiltrationesatand hydraulic
conductivity under a maize-fallow rotation using pimoved fallows. These studies all
addressed different contexts that include compasidetween tillage practices and types of
improved fallows. This study dwells on the hydraydroperties of differently managed fields
(homefields and outfields) to complement the wdnktthas been done on the chemical
aspects and nutrient use efficiencies (ScoonesTamndimin, 1999; Tittonellet al, 2005;
Zingore, 2006). The aim of the study was to ingsgt the effects of cattle manure
application to homefields and outfields (farmeruoed fertility gradients) on steady state
infiltration rates, porosity, unsaturated hydrautisnductivity and soil moisture retention
characteristics. The hypothesis tested was thahyldeaulic properties under study improve
with increasing manure application rates over tiam& in the long-term there are no

differences between HFs and OFs.
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5.2 Materials and Methods

Experiments 1 and 2 which are the long-term andtgkam trials respectively were used.
Details of the general description of the experitaksites and their management are given in
sections 3.2.1 and 3.2.2. All field measurementsevad®ne in May up to July in 2009, after
harvesting. Soil sampling for moisture retentiomreltteristics determination was also done

after crop harvest in May 2009 using metal samptioiges.

5.2.1 Infiltration Rates measurement

Double rings and tension infiltrometers were usedeasure infiltration rates and hydraulic
conductivity (Anderson and Ingrams, 1993). Measeets were conducted from May to
July (after harvest) on both long term and sharhtelayey fields on the control, 20 thand

25 t ha manure treatments only for short-term and longutefields respectively.
Unfortunately, measurements could not be done ont-térm sandy fields as the owner of
the farm quickly ploughed the fields soon aftervieat despite our efforts of letting our
intentions known. The time needed to reach stegatg #filtration rate was long therefore
field measurements were done on the two extrenatntents but in all replications due to
budget constraints. The method entailed first ahgastover from the surface from subplots
of 1.5 x 1.5 Mareas. Metal rings (30 cm and 60 cm inner and alitaneters respectively
and height 30 cm) were driven into the soil for atbhbs cm using a rubber hammer and then
filled with water to a height of 13 cm and waterswedlowed to infiltrate (Fig. 5.1a). Refilling
was done each time water dropped by 5 cm, taking abthe water level before refilling.
Water levels in both rings were maintained at thmes level. Measurements were stopped
when the time required to infiltrate a certain wvokiof water remained constant. Cumulative
infiltration was then calculated from differencesdepth recordings according to a method

by Landon (1984). Infiltration data from the doulslag measurements was fitted to the
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Kostiakov's infiltration model (Hillel, 1982) whichave the best fit (R> 0.90) compared to

other models. The Kostiakov model which was usegivien in equation 5.1

F=at (5.1)
where Fis the infiltration in (cm Hhf), the constant a represents the cumulative iafitin
after time t of infiltration and constant b givasiadication of the relative importance of time

to infiltration.
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Figure 5.1: Photo showing (a) infiltration measurerents using a double ring
infiltrometer (b) Tension infiltrometer measurements soon after double ring
measurements used to obtain porosity parameters

5.2.2 Porosity measurement

Measurements were taken soon after double rinfrorheter measurements using a tension
infiltrometer and the soil was assumed to be stdréFig. 5.1b). Hydraulic contact between
the porous ceramic materials of the tension iwfilteter's cap and the soil matrix was
facilitated through a thin layer (0.02 mm) of figeain silica sand cap placed on the surface

of the soil. Tension infiltration measurements weomducted at 5 and 10 cm therefore
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involving pores with diameter < 600 um and < 300 pespectively. These pores are
important because they transport most water in sbg under high water potential

(Nyamadzaweet al, 2008). Pore sizes were estimated from the eapikquation (Eq. 5.2)

Watson and Luxmoore, (1986):

R=-25cosa = -0.15

pgh h (5.2)
where :c is the surface tension of waterjs the contact angle between water and the pore
wall (assumed to be 0p, is the density water , g is the acceleration dugravity, r is the

pore radius and h is the head (crOl

Applying the capillary equation (Eq. 5.2) at 5 cminimum pore radius was 0.03 cm.
Macropore conductivity (K) was calculated as the difference in ponded rafitbn rate (I)
and infiltration rate at (K at 5 cm. The maximum number of effective macrepgoer unit
(N) area at 5 cm tension was given by:

N = 8.Km/ zpg (0.03} (5.3)

Wherey is the viscosity of water (MET™), K., is the macropore conductivity.

The total effective macroporosify, (m*> m®) was calculated by multiplying the maximum
number of effective macropores per unit area (N)tH®y cross sectional area of the pores
using minimum pore radius. At 5 cm tension, it \gagen by :

0, = N’ = Nz (0.03) (5.4)

Where: 6, is the total effective porosity.
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5.2.3 Unsaturated hydraulic conductivity using a tasion infiltrometer.

Measurements for unsaturated hydraulic condugtivére taken from initially dry soil (Fig.

5.2). A tension infiltrometer (20-cm diameter bgdate; CSIRO,1988) was calibrated as
outlined in the user manual (CSIRO, 1988) before theasurements were conducted.
Tensions of 5 and 10 cm which exclude pores > @i > 0.03 cm in diameter were used
during measurements. The measurements were cauteals described in section 5.2.2 and
tension was adjusted by increasing the depth aératiny tube in the water from 5 cm and 10

cm (CSIRO, 1988).

e MRS -\ W

Figure 5.2: Photo showing (a) preparation of the sal cap using fine sand for placement
of tension infiltrometer (b) measuring of unsaturaed hydraulic conductivity using the
tension infiltrometer on an initially dry soil.

54



(a) Sorptivity

Sorptivity (§) was calculated from the early time data througittipg of volume flux of
water (Q#r?) against the square root of timét). The slope of the straight line portion gave
the sorptivity with units of length/\(t) (CSIRO, 1988). Sorptivity was required for the

calculation of hydraulic conductivity.

(b) Steady state flow rate
Steady state flow rate was found by plotting themglative infiltration during the last part of
the infiltration (using the last 10 readings) aiaction of time. The slope of this line gave

the steady state flow rate £cf).

(c) Hydraulic conductivity (K )
The hydraulic conductivity of the soil at the pdiahat which the measurement was made
was calculated from:
Ko = Qlato >— 4bS % 216 (6o h) 5.5
Where; K -hydraulic conductivity, (g#?) is the steady state flow rate, iS the sorptivity, &
is the radius of the ring, is the volumetric moisture content at the measun¢mpetential 6,
is the volumetric moisture content at initial pdtaeh and b is a dimensionless constant whose

values lie between 0.5 aatlt, (CSIRO, 1988).

(d) Macroscopic capillary length and mean pore size
The macroscopic capillary length ) which is a flow weighted mean soil-water potentia
(White et al, 1992) was derived from the sorptivity, hydrautonductivity, and the

volumetric water content at the measurement pateatid initial potential using equation 5.6
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e = bS>2 (00— 0n)Ko (5.6)

Macroscopic capillary length§ and a predetermined soil constant of 7.4 were tseql to
calculate the characteristic mean pore size, wisichsoil structure index (White and Sully,
1987) using the relationship in equation 5.7 (CSIRE88).

dm = 7.4 e (5.7)

5.2.3 Soil moisture retention determination

Undisturbed core samples were taken from a dep8&tm . This was done by scrapping
approximately 3 cm from the surface soil and the@ameores (5 cm diameter and height)
were gently pushed deep into the soil until theyentetally filled with soil. A hoe was then
used to dig them out and soil on both ends of the was gently scrapped using a knife until
it was leveled out. Both ends of the cores wersedousing lids and then transported to the
laboratory. The soil samples were subjected toigustof 5, 10, 100, 200 and 1500 KPa in
the laboratory. For the lower suctions (5 and 1GaKte tension table was used (Rose,
1966). A nylon cloth was securely tied to one ehdhe sampling core containing the soll
sample using a rubber band. The samples were tlaeedinto a wetting tray with foam
rubber close to saturation and allowed to soakrogbkt. The following day the cores were
placed on a tension table set at a suction of 5akfélethe cores were monitored every 2 days
by weighing them until there was no change of weigh successive weighings. Once
equilibrium had been established the equilibriumgiwewas recorded and the cores placed
onto a tension table at 10 kPa and the same proepsated. The weight of the core, rubber
band and nylon cloth were also determined for use¢he gravimetric moisture content
determination of the soil samples (Baruah and Bdéxth 1998). For higher suctions pressure
plates were used (Klute, 1986). Sample retainingsriwere placed on ceramic plates, and
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then portions of soisamples from 5 and 10 kPa determinations were mpuhém. The
samples were then saturated with an exof water in the ceramic plates for 24 hours &
which the ceramic plates were placed into the presshambers, and the desired pres
applied. A burette filled with distilled water wagtached to the outflow tube to ens
through its readings thautflow had ceased after which the soil sampleswgerantitatively
transferred to preveighed metal trays weighed, oven dried atC for 24 hours weighe

again and the weights recorded. Gravimetric maestantent of the soil as calculated as:

_ Mazs of water _
Soil water % = : —x100 (5.8)
Mazz of oven dry soil

Where, mass of water = mass of wet — mass of oven dry of soll

mass of dry soil = (mass of dry soil + tre mass of empty tre

Volumetric moisture content was calculated by nplythg gravimetric moisture content |
bulk density. Bulk density weobtained from the measurements donsection 4.2.3 ¢

chapter 4.

5.2.4 Statistical analysis

Steady statenfiltration rate:, hydrauic conductivity, macroscopic capillary length, me
pore sizes, total effective porosity and pore dgnsere analysed for significant differenc
using two way ANOVA wher¢cattle manure application was usesl the fertility treatmer
and field type (HF or OF) were the twosources of variationAnalysis of variance o
moisture retention characteristics was done fohgaessure levelGenstat 7.1 statistic
package was used and significance level testedat 5 % with LSDs (least significa

differences) being used thfferentiate between statistically different me,
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5.3 Results

5.3.1 Steady state infiltration rates

Infiltration rates were 238% and 129% higher with tAa’ cattle manure application than
control on long-term clay homefield and outfieldpectively (Table 5.1). On the short-term
clay fields, infiltration rates were increased hyleast 30 % with 20 thacattle manure
application over control, while no changes in syeathte infiltration rates were observed
with manure application (p>0.05) on sandy soilera@ years. Steady state infiltration rates
were obtained by fitting the data points to the tid®v model which gave a good fit {R

0.90) on all fields types and soil types.

Table 5.1 Steady state infiltration rates using tb Kostiakov-type model

Treatment Steady state infiltration saem hr')
Clay fields Sandy fields

Long-term fields HF OF HF OF

Control 6.2 8.3 15.7 18.6°

25 t hat M +100 kg hd N 22.4 16.58’ 16.8* 24.F

LSD (P < 0.05) 3.3 2.4

Short-term fields

Control 17.¢ 22.6

20 t ha' M +100 kg h& N 41.3 30.¢

LSD (P < 0.05) 6.1

Note: means in the same column and under the same parameter followed by the same
superscript are not significantly different at P = 0.05. HF = homefield and OF = outfield
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5.3.2 Total effective porosity and pore density

Pore density and total effective porosity of pore800 um that were included in the transport
process at 5 cm were almost 3 times and more thatimes higher in 25 tiacattle manure
than control in long-term clay homefield and outfieespectively (Table 5.2a). In addition,
cattle manure at this rate significantly increapede density and total effective porosity of
pores < 300 um by between 1.8 to 2.8 times onlthesoils after 6 years (Table 5.2a). Pore
density was lower at 5 cm tension and increasddrason was increased to 10 cm implying
that pores of radius < 300 pm were more dominaart those of radii < 600 pm which are

involved in the transport process at 5 cm.

Short-term clay fields’ pore density and total effee porosity were between 1.2 to 2.8 times
higher in 20 tha cattle manure plots than control at both 5 andtrhOtension (Table 5.2b).

There were also significant fertility and field g/preatment effects (p<0.05). The homefield’s
pore density and total effective porosity were 1ffater than the outfield. Compared to the
clay long term fields pore density and total effieetporosity were generally higher on the

short term fields.

The sandy fields’ pore density and total effecfnagosity were not significantly different (p>

0.05) as a result of manure application for 6 y€aable 5.2¢).
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Table 5.2a Pore density and total effective porositon long-term clay fields

Pore density (i)

Total effective porosity (Am™)

Treatment 5cm 10 cm 5cm 10 cm
Control (HF) 429 6897 127 152
25 tha M + 100 kghd N (HF) 1130 19540 32 437°
Control (OF) 565 9699 16° 237
25 tha' M + 100 kghd N (OF) 975’ 17528 27 387
LSD (P< 0.05) 383 4637 11 102

Note: means in the same column followed by the same letter are not significantly different

at P=0.05

Table 5.2b Pore density and total effective porositon short-term clay fields

Pore density (/)

Total effective porosity (Am™)

Treatment 5cm 10 cm 5cm 10 cm
Control (HF) 1163 19274 102.8 425

20 tha® M + 100 kghd N (HF) 3228 55362 285.0 1227
Control (OF) 1650 27398 145.7 605°

20 tha’ M + 100 kghd N (OF) 2313 38514 204.2 850
LSD (P< 0.05) 462 9109 41 201

Note: means in the same column followed by the same letter are not significantly different
at P=0.05

Table 5.2c Pore density and total effective porosity orohg-term sandy fields

Pore density (i) Total effective porosity (Aim™)

Treatment 5cm 10 cm 5cm 10 cm
Control (HF) 68 995 22 78
25tha' M + 100 kghd N (HF)  55° 1399 19 123
Control (OF) 727 1223 25 108
25tha' M + 100 kghd N (OF)  60° 1238 23 109
LSD (P< 0.05) 19 181 6 22

Note: means in the same column followed by the same letter are not significantly different
at P=0.05
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5.3.3 Unsaturated hydraulic conductivity, macroscoje capillary length and mean pore

sizes

Hydraulic conductivity (i) was significantly (p<0.05) higher in 25 thananure treatments
relative to where no manure was applied on hontefied outfield of clay long-term fields at
5 cm, while at 10 cm there was no difference (Tablda). Hydraulic conductivity,
macroscopic capillary lengtihd) and mean pore sizeks.j all improved by at least 1.2 times
with manure addition at 25 thaat 5 cm tension. Transmission at 5cm was throumiesp
between 380-600 um while at 10 cm it was througtepe 300 um, consequently, Was

lower at 10 cm since transmission occurred thramghller sized pores.

Table 5.3a Unsaturated hydraulic conductivity (K;) , macroscopic capillary length and
mean pore sizes on the clay long term fields

Treatment K, cm h' Macroscopic capillary Mean pore size
length (mm) diameter (mm)

5cm 10 cm 5cm 10 cm 5cm 10 cm
tension  tension tension tension tension tension

Control (HF) 1.83 2.14 19.67 24.80 0.38 0.29

25tha M+ 100 kg N ha  3.00 2.34 12.89 24.50 0.58 0.30

(HF)

Control (OF) 2.03 1.85 15.49 25.20 0.48 0.29

25tha*M + 100 kg N hd  2.34 1.87 12.33 25.50 0.60 0.29

(OF)

LSD (P< 0.05) 0.31 0.86 3.55 11.02 0.10 0.18

Note: means in the same column followed by the same letter are not significantly different
at P =0.05. K, is unsaturated hydraulic conductivity.

On the clay short-term fields, unsaturated hydcaatinductivity was significantly higher in
20 tha' manure treatment on the homefield (1.57 cthlat 5 cm, while at 10 cm there were

no significant changes (Table 5.3b). Furtheg, Was significantly lower in the outfield
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relative to homefield by between 17 — 26 %. Maoopsc capillary length and mean pore

sizes were however not significantly different bedn fertility treatment and field type.

Table 5.3b Unsaturated hydraulic conductivity (K,) , macroscopic capillary length and
mean pore sizes on the clay short-term fields

Treatment Ko cmh Macroscopic  capillary Mean pore size diameter
length (mm) (mm)
5cm 10cm 5 cm 10cm 5 cm 10cm
tension tension tension tension tension tension
Control (HF) 149"  1.28 16.10 28.80  0.46 0.26
20 tha' M + 100 kghd N 1.57 1.5¢ 14.006 27.06 053 0.28
(HF)
Control (OF) 1.14 1.07 18.10 32.00 0.43 0.23
20 tha' M + 100 kghd N 1.15 1.32 12.80 2530 0.58 0.37
(OF)
LSD (P<0.05) 0.37 0.42 9.29 11.66 0.22 0.12

Note: means in the same column followed by the same letter are not significantly different
at P =0.05. K, is unsaturated hydraulic conductivity.

Hydraulic conductivity, macroscopic capillary lehgnd mean pore sizes were all not
significantly (p > 0.05) changed by manure appiarator 6 years (Table 5.3c) on sandy

fields.

Table 5.3c Unsaturated hydraulic conductivity (K,) , macroscopic capillary length and
mean pore sizes on the sandy long-term fields

Treatment Ko cmh Macroscopic capillary Mean pore size diameter
length (mm) (mm)
5 cm 10cm 5cm 10cm 5cm 10cm
tension tension tension tension tension tension
Control (HF) 2.27 1.73 187.39 161.65 0.04 0.05
25 tha' M + 100 kg N ha (HF) 2.29 1.96 119.27 24263 0.06 0.03
Control (OF) 1.55 1.54 11347 10535 0.07 0.07
25 tha" M + 100 kg N ha (OF) 1.99 1.96 167.84 16552 0.0 0.05
LSD (P<0.05) 0.47 0.31 73.00 84.20 0.03 0.03

Note: means in the same column followed by the same letter are not significantly different
at P =0.05. K, is unsaturated hydraulic conductivity
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5.3.4 Moisture retention characteristics

Manure application at 25 tHaresulted in a significant volumetric moisture @nttincrease
(p< 0.05) of between 10-12 % at 5 kPa and betwe@rb®6 at 10 kPa on clay long-term
field (Fig 5.1a). In addition, moisture retainedsakPa in the clay short- term homefield was
higher in the manure treated plots than contraj @-1Lb). At higher suctions of 33, 100, 200
and 1500 kPa moisture retained was not signifigauiifferent between the fertility
treatments on both long- and short- term fieldgshélgh volumetric moisture content was
not significantly changed at 1500 kPa, if field aejpy was assumed to be at 10 kPa,
available water capacity was higher in 25%lcattle manure treatment than in control in the
clay long-term fields by between 7-10 %.

On the sandy long-term fields moisture retainedyeanbetween 2-20 % and there was no

significant difference between treatments at angmisuction (Figure 5.1c).
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Figure 5.3. Moisture retention characteristics for(a) long-term clay (b) short-term clay and (c) longterm
sandy fields.The vertical bars represent the LSD at p < 0.05. * 20 tha™ manure on short-term fields
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5.4 Discussion

5.4.1 Steady state infiltration rates

Application of 25 thd cattle manure + mineral fertilizer in the clay dpterm clay trial
increased steady state infiltration by 3 times amkfield and 2 times in outfield when
compared to the control. The responses in shari-teal were also significant but of a lesser
magnitude. Homefields were more responsive to lition compared to outfields an
indication of the underlying fertility variabilitdue to the preferential fertility management.
The increase in steady state infiltration rates atisbuted to the improved soil structural
stability and effective porosity. Higher infiltrath rates on the manure plots were also
ascribed to possible preferential flow of waterd@ot channels due to concomitantly higher

root biomass generation with organic and inorgéenitdlization (Christensen, 1988).

Increased steady state infiltration rates trandlatéess run-off therefore making available
more water in the soil for crop use. Positive ceses of ponded infiltration to manure have
been reported in other studies (Ekwue, 1992; Eaal, 2007). However, no changes in
steady state infiltration rates were observed wiétile manure application on the sandy soil
trials and this was attributed to lack of stablgragates due to the low clay content (< 15 %)

of the soils.

5.4.2 Pore density and total porosity

Pore density of pores < 600 um that were includeithé transport process were lower in the
control treatments relative to the 25 theattle manure treatments on clay long-term trial,
subsequently, total effective porosity at the egl@mat pressure head was lower. The
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difference indicated the effect of cattle manurelitoh on soil porosity compared to no
manure application. Cattle manure improved poresitheand effective porosity as a result of
improved soil aggregation. The response at 10 asida for pores < 300 um was significant
but of a lesser extent. This indicated that finerogity was less susceptible to changes in

management (Eynaset al, 2004).

On the short-term clay fields pore density and lteféective porosity were significantly
different between fertility treatments and fieldo¢yand there was an interaction between
fertility and field type. Manure applied at 20 t*heesulted in the highest pore density than
the other treatments. The results were howevercosistent with ponded infiltration rates
and unsaturated hydraulic conductivity at simileegsure head which could have been due to
possible collapse of the soil structure under #émsion infiltrometer (Watson and Luxmoore,
1986) since the measurements were conducted omattusoil soon after double ring

measurements.

The effect of cattle manure application and figleatment were however not significantly
different on the sands after 6 years implying leditcattle manure effects on soil physical
properties on sandy soils which could be attributethe poor SOC stabilizing capacity due

to the sandy nature (> 85 % sand fraction) of the s

5.4.3 Unsaturated hydraulic conductivity, macroscoje capillary length and mean pore
sizes

Infiltration rates under tension reflect differeade soil porosity, pore size distribution and
stability (Eynardet al, 2004). In this study measurements were condwtt&kcm and 10 cm
tensions which refer to pores < 600 um and < 300egmvalent cylindrical diameter pores
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active in water transmission, respectively. Meamepsize in 25 tha cattle manure was

significantly larger than in control at 5 cm tensiohich implied that cattle manure improved
soil aggregation and consequently the size of pooeslucting water under high potential.
Consequently, hydraulic conductivity was higherthe manure treatments at 5 cm than in
control treatments in the long-term clay fields.eTihcrease in hydraulic conductivity with

manure application was attributed to increased npeaia sizes and pore continuity due to
better aggregation. Manure has been reported tedse soil organic matter, which binds soill
particles together into aggregates, and this imgsosoil structure and favours downward

flow of water into soil (Boyleet al,1989; Abrisquettat al, 2006).

A higher proportion of very fine macropores in gg& no-till > tillage treatments in a study
by Eynardet al, (2004) indicated greater biological activitymndarly, more macropores in
manure treatments possibly suggested greater lmalagctivity compared to plots where no
manure was added. Hydraulic conductivity was diyeatfected by\. andi, and this was

reflected in the consistency of results obtainedfg A. and\, in the clay long-term fields.

The sandy soil showed marginal changes in hydraquioperties after 6 years of manure
application compared to no manure plots possibbabse of low carbon stabilizing capacity
and hence little structural change with manure.Sttent with steady state infiltration rates
and effective porosity, hydraulic conductivity wam®t significantly different between

treatments on the sandy long-term fields.

5.4.5 Moisture retention characteristics

Volumetric moisture content was significantly highie 25 tha cattle manure treatments

than in control on long-term clay soils at 5 andKEa suctions. The soil water retention
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characteristic relates soil water potential to watentent and can be used to assess water
availability to plants since it expresses the watdding capacity of the soil (Nyamangaia
al., 2001). It can be used to assess changes irstsodture and management (Connolly,
1998). The effects of application of cattle mantwethe soil were evident at the lower
suctions because structural changes occur at lswetions while at higher suction water
retention is texturally controlled (Hillel, 1982)wvailable water capacity measured at 10 kPa
as field capacity and 1500 kPa as permanent wilimigt was approximately 55 and 50 % in
25 t ha manure and control plots respectively on the lwrga clay field. This difference
indicated that plants in the manure treatment wdwdde more water available for uptake
compared to control. Water holding capacity is oalled primarily by the number of pores
and their size distribution and the specific swefacea of the soils (Haynes and Naidoo,
1998). At higher suctions of 33, 100, 200 and 13®a moisture retained was not
significantly different between the fertility treaents. Soil texture (clay content) which is not
affected by manure application is more importantcamtrolling the volume of small and
intra-aggregate pores (Hall, 1991). Marginally gigant differences were observed in the
short-term clay field at 5 kPa but at higher sudi@nd at all suctions in the outfield, there

were no significant differences in moisture content

Nyamangaraet al, (2001) reported significantly improved waterergton with manure
application in the first year at low suctions bela@® kPa in a loamy sand soil in Zimbabwe.
In other long-term studies (Ha#t al, 2007; Chakrabortet al, 2010) combinations of
inorganic and farmyard manure resulted in increametsture retention than sole inorganic
fertilizer and control plots below 50 and 33 kPgpetively. In contrast, the sandy long-term
fields did not show significant differences in ntare retention between treatments and these

results were consistent with results obtainedribltiation rates as well as porosity and pore
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size distribution owing to the little response olwed between this soil type and SOM

stabilization which in turn affects soil structypra@rameters.

5.5 Conclusion

Manure application in combination with inorganiatilezer improved clay soil’'s physical
properties and consequently soil’'s hydraulic progsr Increased steady state infiltration
rates, hydraulic conductivity and moisture retemttcansform to increased available water
capacity which is vital for crop growth and produity. On clay soils manure application
improved very fine macroporosity and subsequertiy amount of water infiltration and
retention in the soil. Equal cattle manure appilocatresulted in improved physical
environment, for both homefield and outfields ie thng term. On the sandy soil, there were
marginal effects of manure application on poroaitg hydraulic conductivity after 6 years of
addition possibly due to poor soil structure ang tarbon stabilization capacity of the soil.
The hypothesis that selected soil hydraulic progerimprove with increasing manure
application and that HFs and OFs have similar ptegsewas therefore accepted for clay

soils but rejected for the sandy soils.
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Chapter 6

Investigating the effects of soil fertility managerant practices and
selected soil physical properties on crop yields drcrop water

productivity through modelling

6.1 Introduction

A third of the African population faces widesprdaghger and chronic malnutrition and is
exposed to a constant threat o acute food crigifamine (Haile, 2005). The most affected
are rural households whose livelihoods are head&pendent on traditional rain-fed
agriculture. Arid and semi-arid or sub-humid zoass characterized by low erratic rainfall of
below 700 mm per annum and inter-annual rainfailaality from 50-100 % and 20-50 % in

the arid and semi-arid zones respectively (httpyiaisd.org/casl/ASALProject Details

25.02.10). Consequently, droughts are one of #ies mffecting agricultural productivity and
household food security (Haile, 2005). These edfeate further compounded by the
increasing global warming and the ultimate effdotlonate change. Increasing efficiency of

water use by crops is key to improving crop yieldghese regions (Hatfieket al, 2001).

Water use efficiency (WUE), represents a given ll@fediomass or grain yield per unit of
water used by the crop (Hatfield et at., 2001¢alt also refer to a range of observations, gas
exchange by individual leaves for a few minuteggtain yield for the whole season. In
agriculture, it is linked to the effectiveness log tuse of precipitation and as such the concept
of crop water productivity (CWP) has evolved frorhawis traditionally referred in literature

as water use efficiency (WUE) (Steduto and AlbriZ2005). In physical terms, CWP refers
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to the ratio of the product, which is usually theight biomass of harvestable component
(fresh or dry) to that amount of water depletecapplied (Kijneet al, 2002) expressed in
terms of cumulative transpiration (Hillel, 1982)@mulative evapotranspiration. Crop water

productivity is thus governed by the same parametdiuencing WUE.

Musick et al, (1994) reported increased wheat yield with sobdifying management
strategies resulting in increased WUE. Modificatodrthe soil surface will lead to changes in
the soil water balance in terms of soil water evapon and infiltration into the soil profile
(Hatfield et al, 2001) and therefore have potentially positiveacts on WUE and/ or CWP.
Organic amendments such as manure are reportatctease soil organic matter (SOM)
which binds soil particles together into aggregatesseby improving soil structure which

favours the downward flow of water into the soibfe et al, 1989; Hudson, 1994).

Numerous studies have been conducted on the vaagpexts of crop yield to water relations
(Doreenbos and Kassam, 1979; Hatfietcal, 2001; Zhanget al, 2003). Most studies have
used actual evapotranspiration (Zwart and Bastegn2004) because transpiration is
difficult to measure at field scale (Kijnet al, 2002) and also because transpiration and
evapotranspiration are strongly correlated parwidyl after complete canopy formation.
Further, given the problems associated with meagute various components of the field

water balance, it is easier to make use of modg(lZassat al, 2000).

Aquacrop, a yield-response to water model developeg FAO provides a method of
estimating attainable yield under water- limitingonditions in arid and semi-arid
environments (Raest al, 2008). Yield is calculated on the basis of wateess that occurs

during each critical stage of development usigddctor (Doreenbos and Kassan, 1979). As
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compared to other crop models, Aquacrop has afsigntly smaller number of parameters
and a better balance between simplicity, accuracl rabustness (Stedu&t al, 2008). Its

driving growth engine is expressed in the equaién

In addition, correlation and multiple linear regges techniques have been used to identify
the important soil properties affecting crop yieldshe use of such techniques, offers
opportunities of determining soil factors affectiogp yields on which to base management
decisions. This process is complex due to theaotemms among various factors (Ayouddi
al., 2009). However, the problem of correlation ammagiables can be circumvented by
using multi-variate techniques, such as principamponent analysis (PCA) and factor

analysis (FA) (Haiet al, 1987; Kaspaet al, 2004).

6.2 Materials and Methods

Experiments 1 and 2 which are the long-term andtgbom trials respectively were used.
Details of the general description of the experitaksites and their management are given in
sections 3.2.1 and 3.2.2. In this study observegd grelds were measured over two seasons
(2007-08 and 2008-09) on the short and long-terpeemental fields. Aquacrop model was
used to obtain actual cumulative transpiration Wwhwas used to calculate crop water
productivity on the long term fields. Modelling wast done on short-term fields due to
financial constraints experienced in the second@eaMultiple linear regression techniques
were used to model the soil physical properties whe largest effect on crop yields within

the experimental management regimes
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6.2.1 Grain yield

Harvest for grain yield determination was donenfrthe net plots (1.8x2  for each
treatment. A crop moisture meter was used to measwisture content of the grain at
harvest. The fresh weight was then standardizeddpysting to 12.5% and 11 % moisture

content for maize and soybean respectively.

6.2.2 Crop water productivity modelling using AquaGop

There are four modules involved when modelling gshguaCrop and they are the weather,

soil, crop and management modules.

6.2.2.1 Estimating Evapotranspiration (ET)

Reference Evapotranspiration (f§Was calculated from the FAO Penman-Monteith eéqoat
(Equation 6.1) (Allenet al, 1998). Daily weather data of maximum, minimumilyda
temperature, solar radiation, net radiation, reéatiumidity and horizontal wind speed at 2 m
were obtained from the nearest meteorologicalatath Marondera, approximately 60 km
away from the site while rainfall was measured t@nasing rain gauges. The weather data

was processed into daily values and used to cadcH® using a submodel within the model.

0408R ~G)+y— 299 | (e —e)
ET, = i T+273 % ° * 6.1)
0 A+ y(1+ 034u,)

Where ET, is the reference evapotranpiration (mmdgyR, is the net radiation at the crop

surface (MJ rif day?), G is the soil heat flux density (MJ fiday') which is considered
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negligible on a daily time scale, T is the mearydair temperature at 2 m height (°C), is
the wind speed at 2 m height (i)s & is the saturation vapour pressure (kPa)isethe
actual vapour pressure (kPa), is the slope of saturation vapour pressure tenyrera

relationship (kPa °C) and yis the psychometric constant (kPa3C

6.2.2.2 Soil parameters used to simulate evaporatio

Soil samples for field capacity, permanent wiltipgint, available water content moisture
retention characteristics in the surface horizoesewobtained as undisturbed cores in April
2008 soon after harvest (section 4.2.1). Field c&pdFC) was determined at 10 KPa for
medium to heavy textured soils, while permanentingl point (PWP) was determined at
1500 kPa following guidelines by Landon, (1984)c{sm 4.2.3). Available water capacity
was obtained as the difference in volumetric moestontent at FC and PWP. Volumetric
moisture was obtained from the relationship:

Ov = 0g*pu/pw (6.2)
Wherebv is volumetric moisture contertig is the gravimetric moisture content gnds the

bulk density of the soil obtained in section 4.2,3is density of water.

Soil profile descriptions for the two experimensaties were done close to the experimental
fields (approximately 1-1.5 m away to avoid distagothe experimental plots) to determine
soil profile characteristics. The profile charaseecs are given in Appendix 2. Horizon

thicknesses together with the textural classes wWese used to define the sub-surface soill
water characteristics of FC, PWP, AWC for the gk treatments under study using
pedotransfer functions within the model. AquaCrepigrmed a water balance that kept track

of daily incoming and outgoing water fluxes througgdotransfer functions that simulated
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run-off (through curve number), infiltration, intedl drainage or redistribution, deep

percolation and capillary rise in the soil profile.

6.2.2.3 Crop parameters used to simulate transpirain

The crop parameters required to input into the enmalule included date of sowing, date of
harvest, length of the growing season, crop caeffic(K;) and rooting depth. Records for
dates of sowing and harvest dates were recorded Wiese activities were carried out and
length of the growing season was calculated asigingber of days from date of sowing until
harvest date. Crop coefficient {ikwas obtained from the SeedCo crop manual (200yev

it is provided by the producer Seed Company of Zibvie for the different seed varieties
that they produce. Rooting depth was determinedadiately after harvesting the maize crop
by digging pits up to 0.7 m adjacent to the conamd 25 t hd manure treatments which was
a destructive method, therefore only the extreraattnents were considered in modelling

CWP. The crop parameters were then used to simidatepiration.

6.2.2.4 The management module

Field management practices that included soil mytdughing, ridges and soil fertility were
specified in the model. These were based on aéieldl management practices that were
done in the fields. For the control plots no exééamendments were added therefore nothing

was specified, while fertilizers and manure useensgrecified for the fertilizer treatments.
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6.2.3 Validation of AquaCrop Model

To validate AquaCrop modelactual il moisture content of the soil was measuand
compared with simulated moisture content. Actual soil morstuwas determine
gravimetrically using the auger method. The sahgkes were augured Im each horizon as
determined in the profile descriptions and up taB0on clay soils because of hindrance:
stones and boulders beyond this depth (AppendixV®jisture content was measured
planting, 2 weeks after crop emergence (WAE), 6 WAE)D WAE and 14 WAE. So
samples from each replicate were augured, storddbilled plastic sampling bags whi
were securely tied and transported to the laboyatorthe laboratory they were immediat
weighed and oven dried at 105 °C for at least 24r4. The actual soil moisture content d
was obtained as the mean for the 3 replicates doh éreatment and was plotted aga
simulated moisture content and thé statistic was obtainethrough a simple regress
analysis. In addition,wo statistice criteria namely, normalized deviation (ND) and mic
efficiency (EF) were used to further evaluate thezle (Beaudoiret al, 2008.

w1 P | R
Lijzg =2y O

Tt (0i-0)*-F]L (Si-0i)" 6.
=F= TIL (0i-0)2 ©2

WhereSi is simulated moisture content, Oi is observati@iis the mean observed va.
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6.2.4 Calculation of crop water productivity

Water productivity in this study was defined as tlaéio of harvestable grain yield to

cumulative transpiration. The validated AquaCropdelovas used to estimate daily actual
crop transpiration and cumulative transpiration foe entire growing season. This was
achieved through a simple water budget submodasttount for the water inputs and outputs
into the root zone. Actual grain yield used for C\3#kculation was the same as that obtained

from the net plots (section 6.5).

6.2.5 Principal components analysis theory

Principal component analysis is an exploratory metthat helps learn from the data about
interrelations between variables and objects (S#nal, 2002). It aims at data reduction
through linear combinations of the original vareg(Marten and Naes, 1989). The resulting
principal components (PCs) or factors accountterrmaximum variance within the data set
and can be utilized to represent the whole datansatsimpler manner (Semd al, 2002).
The PCs are orthogonal and independent therefores ipossible to investigate the
interrelations among the variables through the getbpe variable loadings. The size of the
variable loadings in relation to the considered IBG measure of the importance of that
variable for the PC model. Total variance of eB& is defined as eigenvalue (Swan and
Sandilands, 1995) and PCs or factors with eigemgaiu (Bredjaet al, 2000) and those that
explained at least 5 % of the variation in the d@¥dlander and Bollero, 1998) are retained

for the subsequent regression analyses.
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6.2.5.1 Multiple regression modelling

The method used involved use of principal comporaalysis (Jagadammnet al, 2008).
Analysis of variance (ANOVA) of soil physical prapies including SOC, bulk density,
aggregate stability, aggregate protected carbaadygt state infiltration rates, unsaturated
hydraulic conductivity and total effective porosiyas done using Genstat 7.1 statistical
package in preceding chapters (chapter 4 & 5). @dge properties that showed significant
differences (p<0.05) between fertility and fielgp¢ytreatments were used in the multiple
regression analysis in this study. All retained gl properties were subjected to
correlation analysis using the Pearson Product Mwn@®rrelation in Sigma plot 11.0 to
identify associations between soil properties arup gields. Principal component analysis
was used to eliminate multi-collinearity betweerriatales that have common underlying
effects (Ayoubiet al, 2009) on maize grain yields. Soil propertiesstibating a PC or factor
were selected based on the correlation coefficientgriable loadings in that factor (Sharma,
1996; Johnson and Wichern, 1992). Soil propertigis variable loadings > 0.4 were chosen
to be included in the factors as there are no kstedol rules to help decide what a ‘large’
variable loading is (Mallarinet al, 1999). If the variable loading was > 0.4 in mdhan
one factor, it was included in the factor having tighest coefficient value for that property.
The resulting groups of factors which were mutualyhogonal and uncorrelated (Seatal.,
2002) were then used in multiple regression maugllMultiple regressions were performed

using SigmaPlot 11.0 statistical package.
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6.3 Results

6.3.1 Rainfall data

A total of 811 mm and 672 mm of rainfall was received dyr290’-08 and 0-09 seasons
respectively. The rainfall pattern was almost samifor the two years, althougslight
differences were observed during some months. Mdiote rainfall was received during tt
month of January in 20008 while in 200-09 distribution was almost evi The rainfall
received in 20008 fell within the average range (&1000 mm) for the region while belc

average rain was received in the seasor008-09.
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Figure 6.1 Rainfall distribution in Murewa , 2007-08 and 200899 seasor

6.3.20bserved Grain Yields

6.3.21 Grain yield on the lon¢-term fields

Maize grain yield was increased (p<0.05) by attl@a8 times on clay soils when fertiliz
was applied at 100 kgHan combination with at least 5 t* cattle manure compared

control (Table 6.1 Amongst the cattle manure application rate$)* yielded significantly
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lower than 15 and 25 tHawhile there was no statistical difference betwapplication at 15

and 25 thd (Table 6.1).

On the other hand, sandy soil’s grain yields sigaiftly increased by at least 3.5 times with
5 tha® cattle manure compared to control. Mean grairdyiet 5, 15 + 25 tha cattle manure
rates in 2007-08 season was 2.5'tkend 1.84 thdon clay and sandy soil respectively.
Compared to the mean vyield on control plots (0& @nd 0.17 sandy tfathe change in
grain yield due to fertilizer and cattle manurelagation was twice greater on sands than
clay soil. Generally grain yield was higher in 2608 season (maximum of 4.7 thathan
2007-08 (Table 6.1), although rainfall was highethe former season, probably due to other

factors such as early planting in the latter season

Table 6. 1 Observed maize grain yield for two sease on the long-term fields

Clay long-term maize grain vield &h

2007-08 2008-09
Treatment HF OF HF OF
Control 0.53 0.65 0.9 0.9
5tha M +100 kghdN 158" 1.88 3.4 2.7
15tha M +100 kg hdN 3.3 2.08 4.5 4.2
25tha M +100 kg hdN  3.35 2.99° AT 4.3
LSD 1.15 0.8

Sandy long-term maize grain yieltidt)

2007-08 2008-09
Treatment HF OF HF OF
Control 0.26 0.07 0.4 0.7
5tha M +100 kghdN  0.93 1.43° 2.3 0.75
15tha M +100 kg hdN  1.74 2.44 3.3 1.9
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25tha M +100 kg hdN  1.97 2.5 3.3 2.3
LSD 0.59 0.53

Values in the same column followed by the same letter are not significantly different at P <

0.05.

6.3.2.2 Grain yield on the short-term fields

Soybean grain yield on clay fields significantly<(p.05) increased from control (mean 1.2
tha') by 75 % when mineral fertilizer only was appliaaid by at least 87.5 % when mineral
fertilizer was applied with at least 5 thaattle manure. Unlike long-term fields, additich o
cattle manure at rates between 5-20'tfua one season did not result in any significaatdy
differences amongst the manure rates (Table 6.2anVboybean grain yield on sandy soils
was 0.7 thd in control with an increase of 100 % and 143 %hwaddition of mineral
fertilizer only and fertilizer combined with at ka5 th& cattle manure respectively.
Generally, yields between homefields and outfieMdse in the same range, therefore the

trend observed was in the order varied as clagldlay OF > sandy HE sandy OF.

In the second season, maize grain yield on clalyiscieased by 3.5 times and at least 4
times with sole mineral fertilizer and combinedtieamanure and fertilizer respectively over
control (P < 0.05). Maize grain yields were higberclay (2.5 — 4.5 t h8 than sandy soils
(1.8 - .2.9 t hd). Addition of mineral fertilizer and 20 tHacattle manure significantly out-
yielded application between 5-15 thaattle manure (Table 6.2). On all field types, the

control yielded less than a tonne per hectare €raid).
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Table 6. 2 Soybean and maize grain yields on theatftterm fields during the two
seasons

Clay Short-term grain vielch&?)

2007-08 (Soybean) 2008-09 (Maize)

Treatment HF OF HF OF
Control 1.26 1.14 0.9¢° 0.5¢°
Mineral fertilizer only 2.08 2.14¢ 2.50 2.73
5t ha' M + mineral fertilizer 2.2% 2.20° 3.79 2.68
10 t ha M + mineral 2.34¢ 2.49° 4.00° 2.8¢
fertilizer

15 t ha M + mineral 2.94 2.59¢ 4.38° 3.26"
fertilizer

20 t had M + mineral 3.07 3.00 4.43 3.69
fertilizer

LSD 0.90 0.71

Sandy short-term grain yielthgt)
2007-08 (Soybean) 2008-09 (Maize)

Treatment HF OF HF OF
Control 0.92 0.5¢ 0.85' 0.74
Mineral fertilizer only 1.80 1.20 1.88 1.98
5t ha' M + mineral fertilizer 1.96f 1.56" 2.20° 1.83
10 t ha M + mineral 2.23" 1.59" 2.62¢ 1.92
fertilizer

15 t ha M + mineral 2.42 1.90" 2.34° 217
fertilizer

20 t ha M + mineral 2.66 2.10 2.97 2.44°
fertilizer

LSD 0.71 0.79

*mineral fertilizer refers to application rates: N, P, K, Ca, Mg, Zn and B at 100, 30, 29, 20, 10,
and 5 kg ha " respectively. For soybean N was @ 40 kg ha™
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6.4.1 Crop parameters used in the model to simulateanspiration

The sandy fields were planted at the beginning @dinber 2007 and as a result the length

of growing days was longer than for the clay sailsich were planted later in the same

month. The difference in planting dates could hplaed a significant role in the resultant

predicted and observed yields as the amount ofigtaton used would inevitably be

different. The same seed variety was planted aacetbre the crop coefficient and growth

stages were the same. Rooting depth depends ombenwf factors such as availability of

moisture, nutrients and ease of penetration, tbhexefor the two soil types and fertility

treatments there were differences in rooting d€péile 6.3).

Table 6. 3 Crop parameters used to simulate crop @anspiration during 2007-08 season
on both clay and sandy soils.

Crop parameter Clay sites Sandy sites

Control 25 t/ha manure | Control 25 t/ha manure

+ 100 kg/ha N + 100 kg/ha N

Sowing date 23.12.07 23.12.07 03.12.07 03.12.07
Harvest date 01.05.08 01.05.08 24.04.08 24.04.08
Length of growingl 131 131 143 143
season (days)
K¢ during the crop 0.3 (I), 1.2 (M),| 0.3 (I), 1.2 (M),| 0.3 (1), 1.2 (M),| 0.3 (I), 1.2 (M),
development stages | 0.6 (L) 0.6 (L) 0.35 (L) 0.35 (L)

Growth stages (days)

| (20), CD (4
M (50), 30 (L)

D), (20), CD (40),
M (50), 30 (L)

| (20), CD (40),
M (50), 30 (L)

| (20), CD (40),
M (50), 30 (L)

Measured
depth (m)

rooting

10.38

0.65

0.38

0.7

Where | is the initial growth stage, CD is crop development stage, M is mid-season and L is
the late season stage as given in the SeedCo manual. K is the crop coefficient
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6.4.2 Soil parameters used to simulate evaporation

The soil parameters were used to generate daibgmimg and outgoing fluxes in the water

balance. The soil parameters that were used indlidiel capacity, permanent wilting point,

saturation water content. Clay soils showed higleter contents compared to the sandy soils

which retained less water (Table 6.4). The separabf evapotranspiration into soil

evaporation and crop transpiration was done to dawbe confounding effect of non-

productive consumptive use of water through evamrgRaeset al, 2008).

Table 6. 4 Initial soil parameters used to simulaterop transpiration on clay soils.

Soil parameter Control 25 t/ha manure + 100 kg/hdN
1 layer 2%layer 3 layer f'layer 2layer 3 layer
Layer thickness (m) 0.13 0.25 0.20 0.13 0.25 0.20
Textural class Clay Clay Clay Clay Clay Clay
Saturation water 50 60 68 53 64 69
content (vol %)
FC (vol %) 31 335 33.5 33 35 36
PWP (vol %) 17.4 17.4 17.4 18 18 18
Curve No. 75 75

Table 6.5 Initial soil parameters used to simulaterop transpiration on sandy soils

Soll Control 25 t/ha manure + 100 kg/ha N
parameter
1st 2nd 3I’d 4th 151 2nd 3I’d 4th
layer layer layer layer layer layer layer layer
Layer 0.14 0.36 0.23 0.47 0.14 0.36 0.23 0.47
thickness (m)
Textural Coarse Coarse Coarse Coarse | Coarse Coarse Coarse Coarse
class loamy loamy loamy sandy |loamy loamy loamy sandy
sand sand sand loam sand sand sand loam
Sat water 38 38 37.6 35 38 38 38.4 41
cont* (vol %)
FC (vol %) 12 12 12.8 18 26 26 27 34
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PWP (vol %) 4 4 7.8 10 8 8 8.3 10
Curve No. 65

Sat water cont* is saturation water content

6.5 Validation of AquaCrop model

The R value obtained from the regression relationshipveen observed and simulated root
zone water content was 0.75 which was highly pasitind significant (p<0.0001). The
values obtained for ND and EF were 0.08 and 0.5peetively as calculated from the
equations 6.1 and 6.2 respectively. Calibration e@ssidered as adequate since the values
fell within acceptable limits of ND < 0.1 and EF05 (Beaudoiret al, 2008), therefore the
validity of the water balance sub-model of AquaCiopsimulation of root zone moisture

content was confirmed.

60
y=0.76x +5.4
50 7 R*=0.75
p<0.0001

Simulated moisture content (vol %)

O T T T T T
0 10 20 30 40 50 60

Observed moisture content (vol %)

Figure 6.2: Regression graph between observed anisilated root zone moisture
content
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6.6 Crop water productivity

Crop water productivity expressed per cumulatiaagpiration was significantly increased

by more than 5 times in plots where cattle mamas added at 25 tHahan control plots on
clay soil. On the other hand, sandy soils’ CWP atdeast 4 times higher in 25 thaattle
manure relative to control. There were howeverigniicant differences in CWP between

the two field types on sand while on the clay saitle manure application increased CWP by

25 % more on the homefield than outfield (Fig 6.3).
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Figure 6.3: Crop water productivity using actual transpiration on long-term clay and
sandy soils.
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6.7 Multiple regression modelling

6.7.1 Multiple regression modelling on the long-ten clay fields

On the long-term clay fields the soil physical pedpes that were considered for correlation
analysis were SOC, Ima, aggregate protected cgmieg), steady state infiltration rates as
well as hydraulic conductivity and total effectiperosity at 5 cm which showed significant
changes with fertility management (Chapter 4 &Nggize grain yield was significantly and

positively correlated to SOC, Ima, i.rates and pityo(>> 0.68) (Table 6.5).

Table 6.6 Pearson’s correlation coefficients ang values for soil properties and maize
grain yield on the long-term clay field

Ima APC i.rates  Porosity Ko Yield
SOC 0.66 0.12 0.83 0.72 0.32 0.68
<0.001 0.61 <0.001 0.05 0.32 <0.001
Ima 0.21 0.83 0.82 -0.08 0.85
0.33 <0.001 <0.001 0.80 <0.001
APC 0.41 0.50 0.06 0.14
0.19 0.09 0.84 0.51
i.rates 0.86 0.21 0.93
0.001 0.51 <0.001
Porosity 0.05 0.84
0.88 <0.001
Ko 0.10
0.75
Yield 1

Values in italics are p values. SOC, soil organic carbon; Ima, macro-aggregation indices; APC,
aggregate protected carbon; i.rates, steady state infiltration rates; TEP, total effective

porosity; Ko, hydraulic conductivity
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When these soil properties were subjected to P@Aihg factors > 0.4 were obtained in one
factor (factor 1) which explained 59.9 % of theigion (Table 6.6). Factor 2 and factor 3
had small eigenvalues of 0.99 and 0.91 respectiaety consequently could not be used in
the regression equation. Factor 1 was used in mgpfiie regression model that best
explained variation in maize grain yield with resp® the soil physical properties studied.
The model was highly significant (p<0.00%,7r 95.3). The best fit model included Ima and
steady state infiltration rates, while SOC andltetéective porosity were not retained. The
regression equation was given by:

Yield = 0.01(Ima) + 0.15(steady state infilioat rate) -1.6 (6.3)

Table 6.7 Principal components for the clay long-term filel

Variable Factor
Factor 1 Factor 2 Factor 3

Initial eigenvalue 3.59 0.99 0.92
Proportional variance explained (%) 59.90 - -
Cumulative variance explained (%) 59.90 - -
SOC 0.46 -0.26 0.30
Ima 0.47 0.22 0.26
APC 0.25 0.21 -0.88
i.rates 0.51 -0.05 0.03
TEP 0.49 0.15 -0.07
Ko 0.10 -0.90 -0.23

SOC, soil organic carbon; Ima, macro-aggregation indices; APC, aggregate protected carbon;
i.rates, steady state infiltration rates; TEP, total effective porosity; K,, hydraulic conductivity

6.7.2 Multiple regression modelling on the long-tan sandy fields

Soil organic carbon, steady state infiltration safierates) and hydraulic conductivity showed
a significant change in long-term sandy fields unfistility and field-type treatment as

measured in the preceding chapters (Chapter 4&&ixelation analysis showed a positive
and significant relationship between yield and S&@¢ (p < 0.05, r = 0.89). Consequently,
linear regression was performed between the twd,aasimple linear model (equation 6.4)

was obtained. The correlation matrix is given ipepudix 1.
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Yield = 1.41(SOC) -0.24 (6.4)

6.7.3 Multiple regression modelling on the short-ten clay fields

The soil properties that were considered for cati@h on the short-term clay fields included
SOC, macro-aggregate stability (Ima), aggregateepted carbon (APC), steady state
infiltration rates, total effective porosity (TEBh hydraulic conductivity. Maize grain yield
was positively correlated with SOC, Ima, APC, steatlate infiltration rates and total
effective porosity @ >0.78). When subjected to a multiple regressioalyasis multi-
collinearity existed between Ima and APC, and alstwveen steady state infiltration rate and
total effective porosity (Appendix 1). The correldtvariables were pooled together to form
one factor that explained 89.6 % of the total varéin grain. A simple linear regression
analysis between this factor and yield gave theehimdequation 6.5 (p < 0.05 * 0.7).

Yield = 1.25 +3.6* 18(pooled factor) (6.5)

No regression analyses were done for the short-samay fields due to lack of significant

changes on soil physical properties under soillitgrand field-type effects (chapter 4 & 5).
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6.8 Discussion

6.8.1 Grain yields

Manure application and mineral fertilizer increasegize grain yield by at least 2.8 times on
clay soils and by more than 3.5 times on sandy@wiipared to control. Organic resources
are considered crucial for sustainable crop pradocin smallholder farming systems.
According to Giller (2002), crop yields are incredsunder combined organic and inorganic
fertilization due to (i) addition of multiple nuémts including P, base cations and
micronutrients, (ii) improvement of the physicaloperties and (iii) the improvement of

synchrony between the availability of N and its a@ewhby crops.

The higher grain yields on clays were partly attrdal to better fertility and higher SOC, pH,
CEC (Grant, 1981) on such soils than on the inligrenfertile granite derived sandy soils
(Nyamapfene, 1991). Similar results, where clayssbave shown better yields than sands

were also reported by Zingoe¢ al, (2008) working in the same area.

There was a steeper yield gradient between coatiimineral fertilizer + manure treatments
on sandy soils than clay soils, yield increase tmase as high in sands than clay and was
credited to the ability of clay soils to supporami life better than sands even without external

fertilizer application due to inherent fertility.

Soil fertility gradients initially reported by Zimge (2006) were reduced after 6 years of
mineral fertilizer + cattle manure application totlo homefields and outfields. This implies
that resources not limiting, it can take at leaste@rs to reclaim outfields to productivity.

However, with the scarcity of manure and the poaaligy of manure (Mugwira and
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Murwira, 1998; Mtambanengwe and Mapfumo, 2006; Msetkera, 2010) within farm
fertility variability will probably remain a chargaristic of smallholder farmers fields. It was
noted that 15 and 25 tha&attle manure application resulted in similar cy@ids, therefore it

is efficient to apply the scarce manure resourcthatlower rate and achieve greater area

coverage.

Cattle manure + mineral fertilizer also signifidgnincreased soybean yield in one season.
These results show that it is necessary to appijider to legumes contrary to the traditional
farmer practices where legumes are mostly croppétbut or with little fertilizer (Zingore,
2006). The use of rhizobia inoculants is on theeptiand an economic way that can be used
to boost soybean productivity in smallholder fargisystems. This has the advantage of
possibly increasing farm income since most legumaps are grown for marketing. In
addition, increased biomass production resultsangd biomass additions of the N rich

residues to the soil and utilization of residuatili¢gy by the next crop in the rotation cycle.

6.8.2 Crop water productivity

AquaCrop’s water balance sub-model was satisfdgtoalibrated and validated for Murewa
climatic conditions. Three methods were used in vhédation process. The *Rvalue
obtained when simulated soil moisture data wasessgd against actual moisture content
was significant, showing the strength of the wdtalance sub-model in simulating actual
root zone moisture content. Further, the model gquasntitatively validated using normalized
deviation (ND) and model efficiency (EF) and thdues obtained were within acceptable

limits therefore AquaCrop was accepted for estiamatf actual transpiration.
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Crop water productivity was significantly higher2s tha' manure + 100 kghaN treatment
than control on both soil types. Expressed as atifum of transpiration, CWP gives the
amount of harvestable yield that can be realizedket®@ry mm of water that is lost through
transpiration. Water consumption in the form ohgpiration occurs at a cost to crop growth.
However, it is beneficial in that it occurs whee thlant’s stomata open to allow assimilation
of CO,, which is a raw material in carbohydrate formatidaring the process of
photosynthesis. Therefore, crop transpiration isenb@neficial to the crop when for the same
amount of water lost, more harvestable yield idized. In this study more than 4 times more
grain was predicted to be produced when 25 tt&tle manure + 100 kghid\ was added to

the soil compared to control.

Crop water productivity values obtained for acttrahspiration were consistent with other
values reported in literature. Dujmovieh al, (1996) reported CWP (grain to transpiration)
values between 2.33-5.86 g mmm under sub-humid conditions of Argentine while Ztvar
and Bastiaansen, (2004) reported values betweer3.9%2 g mm' m? (grain to
evapotranspiration) in literature from Latin Amenccontinents and some examples from
Africa. In Zimbabwe values between 7.7- 9.5 g Tnmi® were reported for maize in Harare
by Magodo (2007), although it is of importance taenthat these values were obtained using
a water balance model (BUDGET). Furthermore, tHfemince with values obtained in this
study could be due to the fact that experimentsMbgodo (2007) were done under irrigation
conditions in a commercial farms-a-visrainfed conditions in smallholder farming areas in

this study.

Application of fertilizer and manure could havere&sed crop growth and root development

than no application (Haet al, 2006). This implied that the crops could utilizel water
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from deeper horizons which on the other hand cooldbe accessed by shallow rooted plants
in control. Increased crop growth implied bettenagay cover which consequently reduced

water loss from the soil surface as evaporation.

The results obtained in this study conform to tdap@ation mechanisms recommended by
Rockstromet al, (2003) for increased CWP. These include increkg@dant water availability
through maximum rainfall infiltration, minimizingf @nproductive water losses (evaporation,
run-off), and increased soil water holding capaatyd maximized root depth. Further,
experiences in Burkina Fasso have shown that wateragement alone is not enough in
CWP improving strategies, but soil fertility managent plays an important a role too,
greater CWP was realized with fertilizer applicatithan supplementary irrigation alone

(Rockstromet al, 2003).

6.8.3 Multiple regression analysis

Correlation analysis among soil variables showeat there were significant correlations
between SOC, macro-aggregation indices, aggregateegbed carbon, steady state
infiltration rates and effective porosity. It fueth highlighted the significant correlation

existing between the soil parameters and maiza graid.

Existence of correlations amongst the soil propsrtaused multi-collinearity to be reported
when the soil parameters were subjected to multggeession analysis with yield. Principal
component analysis provided a rational criterion ifaicluding and arranging correlated

variables in multiple regression models relatingldiwith soil parameters (Ayoulat al,
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2009). Strong and positive correlation between S&@ macro-aggregation indices were
reported, while steady state infiltration rates wasrelated with total effective porosity. A
resulting factor arising from the combined effetthe correlated parameters explained 59.9
% of the variation in grain on clay long-term fieldhakrabortyet al, (2010) also reported
very strong and positive correlation between agafieg indices and SOC. These results are
further substantiated by the findings of Achastaal, 1988 and Hatet al, (2006) who
reported increased aggregation with long-term appbn of mineral fertilizer and manure.
Consequently, maize grain yield for the study siethe specified season could be predicted
from the soil parameters including SOC, Ima, stestdye infiltration rates as shown by the
regression model (Equation 6.3). Significant pesittorrelations between maize grain yield
and SOM, water stable aggregates (WSA) and availaldter capacity have also been

reported by Shucklat al, (2004).

In contrast to clay soils, sandy soil's grain yietalld be predicted from SOC only (p<0.05; r
= 0.89) because there was no improvement in thesuned soil physical properties with

increase in cattle manure application.

The soil physical properties studied in this stedyld partially explain the variance in crop
yield and the remaining variance could have beldngenon-measured variables such as
chemical properties, biological properties and ngan@ent practices such as weed control

within the fields.
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6.9 Conclusion

Combined cattle manure and mineral fertilizer aggdlon is important to increase crop water
productivity therefore it can be used as mitigato@asure to dissipate the effects of poor and
erratic rainfall in semi-arid areas of Zimbabwetdmms of grain yield, efficient cattle manure
application rate after 6 years was at 5 tdrathe sandy soil, while for the clay soil 15 t*ha
achieved both improved soil physical properties emog yields. Soil organic carbon, macro-
aggregation indices, total effective porosity amdiltration rates explained the greatest
variation in grain yield on clay soils thereforal $ertility management that attempts to attain
optimum physical health will result in improved prgields. In contrast, concomitant yield
increases were attained with SOC increases on sawitdy It should however be noted that
for recommendations to be made across sites, base@WP and multiple regression
modelling a wide range of climatic conditions, iednd soil types have to be considered,
therefore the results obtained in this study aig walid for the specified fields and season.
The hypothesis that inorganic and organic fertiliapplication improves yields to similar
levels on homefields and outfields was thereforeepted. Also the hypothesis that cattle
manure application improves CWP over no applicatreas accepted. However, not all
physical properties analysed were necessary in imgglerop yields on clay and sandy soils

as hypothesized, therefore the hypothesis wastegjec
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Chapter 7

General discussion, conclusions and recommendations

7.1 Discussion and conclusions

7.1.1 Cattle manure application and the soil physa environment

Combined cattle manure and inorganic fertilizerligggion significantly increased SOC of
both clay and sandy fields in the long-term. Inhittkfferences between homefields and
outfields were no longer evident after 6 years gfig¢ application of cattle manure and
inorganic fertilizer. In the short-term, SOC wagnsficantly increased by manure and
fertilizer application on the clay soils and thissvattributed to increase in organic matter
through manure application and enhanced crop gratthhigher root biomass (Mikha and

Rice, 2004).

Macro-aggregation index and aggregate protectebonamwere improved with manure
application in the clay soils. Highly positive asidnificant relationships were found between
SOC, Ima and aggregate protected carbdrr (8.57) indicating the importance of SOC in
aggregate formation in clay soils. Sandy soilsmhtl show significant changes in aggregate
stability despite change in SOC implying that SO@swnot the only limiting factor in
structure build-up possibly clay + silt contentreee to have greater bearing on aggregate
formation. This was in line with results from a dyuby Kemper and Koch (1966) that
aggregate stability increases to a maximum leved wlay content and free Fe-oxides content

and consequently, soils with low clay content hiye aggregation indices. The potential of
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cattle manure to maintain soil physical fertilityasvthus limited by the soil type amongst

other factors.

This study also showed that changes in soil phiygicgerties in long-term clay soils were
accompanied by improvement in soil hydraulic prtipsr that included steady state
infiltration rates, pore density, total effectiverpsity, unsaturated hydraulic conductivity and
the mean pore sizes of pores involved in waterstrassion at 5 cm potential. Cattle manure
application increased steady sate infiltrationgdig increasing the mean pore size diameter
of pores involved in the transport process from 430 in control to 560 pm in 25 tha
manure treatment. This change was accompanied liycagase in pore density per square
meter of the mean sized pores at the potentialghath the measurements were conducted

which resulted in more water which infiltrated iritk@ soil.

Further, the advantages of cattle manure additiooldy soils were demonstrated by the
increased soil water retained at 5 and 10 kPamntiThe difference between control and
treatments where cattle manure was applied meattniore water was availed for crop
uptake in the manure plots. Of interest was the atestnated increase in crop water
productivity in manure plots compared to contradthbin clay and sandy soils. This clearly
revealed that benefits of cattle manure applicatmrsoils go beyond increasing nutrient
availability only but also increase water availapiland improve crop water productivity.

This is particularly important especially deviswgys of mitigating the effects of mid-season

dry spells which are a results of increasing clenadriability.

Besides supplying multiple nutrients, cattle manodeiced pronounced positive responses of

soil physical properties on clay soils. Large ameunf cattle manure 15 tha" were required
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for significant improvement of soil physical propes. However, these amounts may not be
sustainable for most smallholder farmers who afply 5 t h& yr'. In Zimbabwe, however,
recommended rates are between 10 to 12't(NMugwira and Shumba, 1986; Avila, 1987)
which is close to 15 t Raapplication rate which significantly improved clagil’s physical
properties in this study. It therefore imperatiseé¢commend manure management strategies
that result in the concentration of the scarce manesource in small areas where there will

be a positive impact of the manure on soil phygicaperties.

7.1.2 Cattle manure and inorganic fertilizer appli@tion on crop yields

Application of inorganic and organic fertilizer mijcantly improved maize and soybean
grain yields on both clay and sandy soils. Cropaese to sole mineral fertilizer application
in the first and second season in short-term erparis did not significantly differ with the
lower cattle manure rates (5 - 15 tfhavhich could be a result of slow mineralizationtio®
manure. Manure application has been reported asokeaaintaining crop productivity due to
its multiple benefits which include multiple nutntesupply, reduction of soil acidity and
improvement of soil physical properties if the chasilt content are not limiting. On sandy
soils, application of cattle manure at 5 t'hmould be ideal as no improvements to physical
properties are expected because of the very low <€lailt content of the soil used in this

study.

7.1.3 Use of modelling in soil water studies

AquaCrop proved to be a useful tool in modellingaofual transpiration. Calibration of the
model using the climate data obtained from Maroadenich was the nearest weather station
resulted in the model passing all the three catéhniat were used to validate it. Modelling

using AquaCrop helped partition evapotranspiratmriranspiration and evaporation. Crop
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water productivity therefore was expressed as atimm of the actual water that was used
towards harvestable biomass formation. The diffezenin CWP between 25 t haattle
manure application and control were reflective bfogher benefits that are coupled with
cattle manure application. The importance of thedehavas in that it used a minimum
number of climatic factors which were quite easitgessed. It can therefore be usefully used
to obtain crop water productivity trends which daused to inform farmer's management

decisions to mitigate against unreliability of faihin rain-fed agricultural systems.

7.1.4 Regression modelling of soil physical that rsbsignificantly affected crop yields

Regression analyses performed between SOC, salgatyroperties and maize grain yield
revealed that macro-aggregation, steady statedratfdn rates, aggregate protected carbon
and SOC were the most significant yield predictarslay soils. In contrast, only SOC was
used to predict yield on sandy soils due to lackaditive ameliorative response of physical
properties in the sandy soils studied. Factor amalywas very effective in dealing with
collinearity amongst soil properties which wereselly related in the field. Adding cattle
manure to clay soils improved the physical propsrivhich in turn partially accounted for
the increase in grain yield but SOC only was enadtagpredict yield variation due to cattle
manure application on sandy trials in this studyisTstudy was important towards evaluation
of the most sensitive soil physical properties tinéiuence crop yield, therefore making it
necessary to carry out further studies that can shgethesized to obtain general

recommendations that have a wide applicability.
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7.2 Recommendations

This study showed that crop yields were signifibamhproved with combined cattle manure
and mineral fertilizer application. It is recommeddhat farmers should strive to apply cattle
manure to their fields annually to increase SO(Qyrowe soil physical properties and CWP.
Cattle manure application rates at 5 t*hgear are recommended in the sandy soils to
complement the inorganic fertilizers while in clsgils in cases where cattle manure is not a
major limitation, optimal rates at least 15 t'haere recommended. Alternatively, if cattle
manure resources are too limited to be spread lgqualall fields, judicious and consistent
application to selected fields at low rates ovemngkr time frames (> 6 years) should
eventually result in improved soil physical heakimd crop vyields. In addition, spot
application of cattle manure in conservation adtnice basins achieves the high

concentration required for significant improvemehsoil physical and hydraulic properties.

7.3 Areas of Further Research

There is need to explore other options such asf@gsgiry legumes and crop rotations
including grain legumes with fertilizer to minimisitrient mining from the outfields since

this study focussed on soil fertility restoraticsing cattle manure and mineral fertilizer.

Studies based on reduced tillage might be worthoexyg on the outfields so as to promote
SOM build-up through reduced mineralization in thefields. Furthermore, the use of basins
under conservation agriculture combined with spanuame application should also be

pursued as an option to restoring fertility to @é¢pdl outfields.

There is also need to continue managing the lomg-experiments at the current fertilizer

application rates and in the long run SOC databeansed to assess when C-saturation levels
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will be reached for the soil types and thereforadevmaking recommendations that would
eventually result in excess C that will be free @od contribute to aggregate development

and overall structure enhancement.

Further research work using the crop water balanodel to predict CWP and regression
modelling of soil physical properties with the maggnificant effect on crop yields across
different sites with different climatic conditionspil types and time scales are required to as

to develop a systematic way to predict the effe€tgrious soil management practices.

There is also need to investigate the effects afraataunal activities on soil physical and
hydraulic properties such as aggregate formatiorctwlsan also be influenced by cattle

manure application in the experimental fields tiphe the attribution of observed effects.

It is also important to carry out work to establibk critical level of clay + silt below which

application of manure will not result in signifidamprovement in soil physical properties

due to poor physical stabilization.
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Appendix 1
Regression analyses results for the long-term sandiglds and short-term clay fields
Long-term sandy field

Cell Contents:
Correlation Coefficient
P Value
i.rates Ko Yield
SOC 0.476 0.460 0.889
0.524 0.540 0.00317

i.rates -0.374 0.285
0.626 0.715
Ko 0.574
0.426
Yield 1

Linear Regression
Data source:Data 1 in Pearson's correlation (LT sandy)

Yield =-0.239 + (1.411 * SOC)

R =0.889 Rsqgr=0.790 Adj Rsqr=0.755

Standard Error of Estimate = 0.610

Coefficient Std. Error t P
Constant -0.239 0.482 -0.496 0.638
SOC 1.411 0.297 4747 0.003

Analysis of Variance:

DF SS MS F P
Regression 1 8.396 8.396 22.531 0.003
Residual 6 2.236 0.373
Total 7 10.632 1.519
Normality Test (Shapiro-Wilk) Passed (P = 0.899)
Constant Variance Test: Passed (P =0.423)

Power of performed test with alpha = 0.050: 0.886
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Short-term clay fields
Pearson’ correlation (ST clay)

Cell Contents:
Correlation Coefficient
P Value

Ima APC i.rates TEP Ko Yield
SOC 0.902 0.752 0.853 0.849 0.553 0.958
0.00217 0.0315 0.147 0.151 0.447 0.000184

Ima 0.887 0.892 0.886 0.250 0.937
0.00334 0.108 0.114 0.750 0.000599
APC 0.902 0.896 0.197 0.787
0.0978 0.104 0.803 0.0204

i.rates 1.000 0.275 0.919
0.000119 0.725 0.0813

TEP 0.280 0.913
0.720 0.0869
Ko 0.284
0.716
Yield

Multiple Regression
Data source:Data 1 in Pearson' correlation (ST clay)

Yield = -2.519 + (1.500 * SOC) + (0.00962 * Ima)0-000374 * APC)

R=0.973  Rsqr=0.947 AdjRsqr=0.907

Standard Error of Estimate = 0.460

Coefficient Std. Error t P VIF
Constant -2.519 0.709 -3.550 0.024
SOC 1.500 0.706 2.125 0.101 5.705
Ima 0.00962 0.00804 1.196 0.298 11.600
APC -0.000374 0.00137 -0.273 0.799 4.964
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Warning: Multicollinearity is present among the @peéndent variables. The variables with
the largest values of VIF are causing the problem.

Analysis of Variance:

DF SS MS F P
Regression 3 15.017 5.006 23.677 0.005
Residual 4 0.846 0.211
Total 7 15.862 2.266

Column SSincr SSMarg
SOC 14548 0.955
Ima 0.453 0.302
APC 0.0157 0.0157

The dependent variable Yield can be predicted fadmear combination of the independent
variables:

P
SOC 0.101
Ima 0.298
APC 0.799

Normality Test (Shapiro-Wilk) Passed (P = 0.951)
Constant Variance Test: Passed (P =0.120)

Power of performed test with alpha = 0.050: 0.998

Principal components analysis
*** Latent Roots/ eigenvalues ***

1 2 3
2.695 0.249 0.056

*** Percentage variation ***

1 2 3
89.85 8.29 1.86

**k% Trace *k%k
3.000
*** Latent Vectors (Loadings) ***

1 2 3
APC -0.56485 0.72723 0.38998
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Ima -0.59799 -0.03506 -0.80074

SOC -0.56865 -0.68550 0.45468
Linear Regression
Data source:Data 1 in Pearson' correlation (ST clay)

Yield = 1.251 + (0.00000359 * SOC*Ima*APC)

R =0.839 Rsqr =0.704 Adj Rsqr = 0.655
Standard Error of Estimate = 0.884

Coefficient  Std. Error t P
Constant 1.251 0.548 2.282 0.063
col(10)xcol(5) 0.00000359 0.000000950 3.780 0.009
Analysis of Variance:

DF SS MS F P
Regression 1 11.171 11.171 14.286 0.009
Residual 6 4.692 0.782
Total 7 15.862 2.266
Normality Test (Shapiro-Wilk) Passed (P = 0.561)
Constant Variance Test: Passed (P = 0.233)

Power of performed test with alpha = 0.050: 0.778
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Appendix 2

Murewa (Ward 28) soil profile descriptions

Clay site

Site characterisation

Coordinates : 81.098S, 3134.360E

Elevation 11360 m

Geology : Dolerite

Surface features : Stones and boulders

Vegetation Brachystegia spiciformis, B. boemii and Piliostigma
thonningii

Landuse : Cultivated to maize previous season

Slopes : Gently undulating, 4-5 % on pediment

Profile description

0-13cm Dark reddish brown (2.5YR 3/3m); modesatidveloped medium sub-
angular blocky; slightly hard dry, friable moisticky and plastic wet
consistence; clay; good permeability and well dedimumerous very fine
roots; clear smooth transition to:

13-38 cm Dark reddish brown (2.5YR 3/3m); modesatidveloped medium sub-
angular blocky; slightly hard dry, friable moisticky and plastic wet
consistence; clay; good permeability and well dedirfairly numerous very
fine roots; gradual smooth transition to:

38-68 cm Dark reddish brown (2.5YR 3/3m); modaatieveloped medium sub-
angular blocky; slightly hard dry, friable moisticky and plastic wet
consistence; clay; good permeability and well drdiroccasional fine roots;
gradual smooth transition to:

> 68 cm Stony and bouldery

Particle size and pH Analysis Results

Depth (cm) 0-13 13-38 38-68
Lab No. S319 S320 S321
DM % 100 100 100
Texture C C C
Clay % 48 64 67

Silt % 18 13 14
Fine sand % 26 17 14
Medium sand % 6 4 3
Coarse sand % 2 2 2

pH (CaC}) 5.0 5.2 5.0
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Sandy site

Site characterisation

Coordinates

: £49.517S, 3132.988E

Elevation : 1274 m

Geology : Granite

Surface features : Gravel and small stones dacair

Vegetation Terminalia sericealominant plusAzanza garckeana,
Psedolachnostylis maprouneifolia

Landuse : Cultivated to maize previous season

Slopes : Gently undulating, 3-5 % on pediplain

Profile description

0-14 cm

14-50 cm

50-73 cm

73-120 cm

Brown (10YR 5/3m); weakly developed finé-sungular blocky; soft dry,
very friable moist, non sticky and non plastic wensistence; coarse grained
loamy sandy; good permeability and well drainedjyffaumerous very fine
roots; clear smooth transition to:

Light yellowish brown (10YR 6/4m); modeigtdeveloped medium sub-
angular blocky; soft dry, very friable moist, sltiyhsticky and slightly plastic
wet consistence; coarse grained loamy sand; gowdgadility and well
drained; few fine roots; clear smooth transition to

Yellowish brown (10YR 5/4m); weakly devsal fine sub-angular blocky;
soft dry, very friable moist, slightly sticky anlightly plastic wet consistence;
coarse grained loamy sand; rapid permeability aelll dvained; gravel and
common small quartz stones; occasional fine raptsjual smooth transition
to:

Yellowish brown (10YR 5/6m); massive lairg to moderately developed
medium sub-angular blocky; slightly hard dry, fi@imoist, slightly sticky
and slightly plastic wet consistence; coarse gchsandy loam; good
permeability and well drained; gravel and commoumlsparent material
stones; occasional very fine roots

Particle size and pH Analysis Results

Depth (cm)
Lab No.
DM %
Texture

0-14 14-50 50-73 73-120
S326 S327 S328 S329
100 100 100 100
cLS cLS cLS cSalL
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Clay % 5
Silt % 5

Fine sand % 22
Medium sand % 28
Coarse sand % 40
pH (CaC}) 3.6

a1 ©

25
27
34
3.4
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46
11
31
4.0

18
15
44
5.1






