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Abstract.

ABSTRACT.

Soil moisture available to crops is among the main constraints on crop production by smallholder
farmers in semi-arid Zimbabwe. Other restrictions, such as limited use offertilisers and herbicides,
stem primarily from socio-economic rather than biophysical constraints. To improve smallholder
farming, it is essential to promote soil and water conservation practices (SWC) that consider
farmers' management constraints, such as limited availability oflabour and Draught Animal Power
(DAP).
This study describes the soil water regime of different SWC systems and discusses its impact on
crop water availability, while delivering practical tools for data analysis and modelling exercises.
Soil moisture and weather data have been critically reviewed and used to calculate seasonal water
balances. Estimated drainage, evaporation and transpiration fluxes support observations that the
main impact ofSWC practices on sandy soils is to prevent weed water uptake. Weed competition
for soil moisture was found to greatly increase the detrimental effect of dry spells. Water uptake
of emerging weeds has been studied in a field experiment. Weed transpiration was governed by
soil physical constraints rather than by evaporative demand, with transpiration rates between
0.9-2.5 mm day-I
The P ARCHED-THIRST model has been used to describe long-term effects of SWC and crop
management strategies. To perform these tasks, the soil water movement routine has been
improved and a simple weed management routine has been developed. The impact of
tillage-induced surface relief on crop water availability could not be simulated realistically. The
simulation of crop management scenarios representing different farmer livelihoods has
demonstrated how limited access to labour and DAPaffectsthe agricultural productivity that can
be achieved.
This study has used modelling teclu).iquesyarying
from
simple empirical to sophisticated process.
.
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based simulations. To be additive to research, the modelling approach requires such versatility.
Integration of modelling in experimentalreseiitch wi11further improve its contribution to
agricultural development research ..

"-'

....,....... ,

'., '.

-u-

Acknowledgments.

ACKNOWLEDGEMENTS.

In the end, too little time remains to acknowledge too many people that have been instrumental
to the completion ofthis thesis. The first person I want to credit is, naturally, Steve Twomlow for
his role as supervisor, colleague and friend. His drive to make a real contribution to improved
cropping practices for smallholder farmers has been highly infectious - what else to say? Many
thanks also to Patricia Bruneau for her support on modelling and so many other details, even after
her moving North to reinforce the Auld Alliance. A special accolade I grant to Ian Reid, for his
probing questioning of my results, and of course for his unrelenting efforts to instill in the mind
of a budding Anglophile like myself the ability not to abuse the English language. Darnion Young
from the University of Newcastle has been a great support for working with the PARCHEDTHIRST model. At Silsoe Research Institute, the statistical support ofRoger White has been very
constructive. I want to mention the International Development Group for their inspirational work
in development research, the Soil Science Group for providing contrasting points of view and the
Visual Media Group for their supporting work in general.
This thesis has been funded by a Silsoe Research Institute Studentship. The field work in
Zimbabwe was funded by the Crop Protection Programme ofDFID. Many thanks to Mrs. Hikwa,
head of the Zimbabwean Department of Research and Specialist Services, and to Mrs. Chifauba,
head ofMakoholi Experimental Station, for accommodating this experiment. The support of Mr.
Zvarevashe has been invaluable and is much appreciated. I would like to take this opportunity to
express my appreciation for the support and the work of the late Herbert Dhliwayo and the late
Smart Nyanhunszvi, who were taken away from us last year and who will be sadly missed.
Bonnie and Robert need to be mentioned for our exhaustive discussions on scientific and many
(un)related subjects, for enduring my coffee and presence, and for co-authoring a long list of
office-quotes ("Oh little aspirin! Where have all your brothers gone?"). Anton, Jackie, David and
many others have made Silsoe more than just a place to do research. My sisters and parents have
seen and heard too little of me but still managed to provide mental support and who remain close
enough to give lots of stick at St. Nicholas celebrations.
The final words are for Lynne. The end of this thesis signals the start of yet another foreign
adventure, but this time with more time together than ever.

-111-

Table o/Contents.

TABLE OF CONTENTS.

SECTION I. INTRODUCTION
1. BACKGROUND ............................................................................................... 1

1.1. Introduction

1

1.2. Soil & Water Conservation: Practices and Techniques

5

2. PROBLEM DEFINITION AND RESEARCH QUESTIONS ........................................ 15

2.1. Central Research Objective

15

2.2. Tillage Effects

17

2.3.

19

Weeding Effects

2.4. Modelling of Crop Management

20

2.5. Drought Impact Assessment

22

SECTION n. EXPERIMENTAL DATA
3. OVERVIEW OF AVAILABLE DATA ...................................................................

3.1. Weather and Climate
3.2.

Soil Physical Properties

24
26
38

3.3. Experimental Design and Methods

41

3.4. Experimental Results and Discussion

46

3.5.

General Discussion of Experimental Results

68

4. ANNUAL SOIL-WATER REGIMES ................................................................... 73

4.1. Material & Methods

75

4.2. Results and Discussion

83

4.3. Conclusions

98

5. WEED WATER USE ..................................................................................... 100

5.1. Theory

101

5.2. Material and methods

102

5.3. Results

105

5.4. Discussion

113

5.5. Conclusions

119

-\v-

Table a/Contents.

SECTION III. MODELLING SOIL WATER AND CROP MANAGEMENT

6. MODELLING AIMS AND OBJECTIVES ............................................................. 121
6.1.

Introduction

121

6.2.

Model Choice Criteria

123

6.3.

Model Review

127

6.4.

Model Choice

134

7. THE PARCHED-THIRST MODEL ................................................................... 137
7.1

Model Description

7.2

Model Adjustments

147

7.3.

Calibration and Results

159

7.4

Discussion

187

13 7

8. CHARACTERISTICS OF AGRICULTURAL DROUGHT ......................................... 189
8.1.

Introduction

189

8.2.

Impact of Droughts on Simulated Crop Performance

193

8.3.

Assessment ofIntra-Seasonal Drought

202

8.4.

Assessment of Seasonal Drought

212

9. SIMULATED CROP MANAGEMENT & DROUGHT IMPACT .................................. 222
223

9.1.

Definition of Simulation Scenarios

9.2.

Results and Discussion

226

9.3.

Conclusions

230

SECTION IV. CONCLUSIONS
10. GENERAL CONCLUSIONS ......................................................................... 233
10. 1 Quantification of Soil Water Regimes

233

10.2. Application of Modelling in Agricultural Development Research236

11 . REFERENCES ........................................................................................... 240
ApPENDIX I. Calibration of Soil Moisture Measurements .................................... 258
ApPENDIX IT. Standard Percentage Cover Chart ............................................... 260
ApPENDIX lIT. Paper ISTRO 2000, Forth Worth, Texas, USA............................ 261

-v-

List of Figures.

LIST OF FIGURES.

Figure 1.1.

Natural Regions in Zimbabwe compared to distribution and population density
of Communal Areas.

Figure 1.2.

Rural Livelihood Approach to poverty reduction

Figure 1.3.

Hand hoe weeding.

Figure 1.4.

Third furrow planting with an ox-drawn mouldboard plough.

Figure 1.5.

Mouldboard plough in Zimuto Communal Area. Tillage equipment is often old
and badly maintained.

Figure 1.6.

Cultivator weeding.

Figure 1.7.

Ridging using an ox-drawn ridger.

Figure 1.8.

Example oftine ripping in Zimuto Communal Area. Tine ripping requires a good
weeding regime after planting, as the inter-row is not disturbed.

Figure 1.9.

Hand planting in Zimuto Communal Area.

Figure 1.10.

Open plough furrow planting.

Figure 2.1.

Area of Zimbabwe with similar agro-ecological characteristics as the Makoholi
Experimental Station and the Cotton Research Institute.
Average monthly incoming radiation at the Makoholi Experimental Station and

Figure 3.1.

the Cotton Research Institute, over the periods 1991-1997 and 1989-1995,
respectively.
Average monthly class "A"

Figure 3.2.

pan~evaporation

at the Makoholi Experimental

Station and the Cotton Research Institute, over the periods 1991-1997 and
1989-1995, respectively.
Average monthly temperature at the Makoholi Experimental Station and the

Figure 3.3.

Cotton Research Institute,

over the periods 1991-1997 and 1989-1995,

respectively.
Rainfall drought index over since independence for the Cotton Research Institute

Figure 3.4.

and the Makoholi Experimental Station.
Average monthly rainfall at the Makoholi Experimental Station and the Cotton

Figure 3.5.

Research Institute over the past decade and past 30 years.
Figure 3.6Annual rainfall at the Makoholi Experimental station and the Cotton Research
Institute, over their respective calibration periods 1991-97 and 1989-95 and over a 30year period.
Figure 3.7.

Daily and cumulative rainfall at Makoholi Experimental station over the period
1991-97.

Figure 3.8.

Daily and cumulative rainfall at the Cotton Research Institute over the period
1989-95.

-vi-

List of Figures.

Figure 3.9.

Soil map of Zimbabwe.

Figure3.10.

Two soil profiles of a coarse sandy ferralic Arenosol at the Makoholi
Experimental Station, showing a gravel layer at 1 m and 0.2 m depth,
respectively.

Figure 3.11

Typical catena on granitic parent material.

Figure 3.12.

Average soil water content during the early stages of crop development under
five crop establishment techniques on a coarse sandy soil.

Figure 3.13.

Variation in average volumetric water content for four different tillage regimes
and two different weeding regimes at Makoholi Experimental Station over three
seasons.

Figure 3.14.

Average soil water content at anthesis under different weeding techniques, for
three different seasons.

Figure 3.15.

Weed dry weights at harvest after eight different weeding regimes in the seasons
91-92 and 92-93.

Figure 3.16.

Seasonal average water content for 5 different weeding regimes at MES for the
92-93 season.

Figure 3.17.

Moisture content of the 0-900 mm soil profile of trial W-2 during over a twoyear period.

Figure 3.18.

Progression of wetting front from an initially dry soil at MES, after 15 mm and
50 mm of rain

Figure 4.1.

Measured 0-900 mm soil water content of three treatments of the W-2 Weeding
trial at MES, plotted as a function oftime since the last substantial rainfall event.

Figure 4.2

Measured 0-900 mm soil water content of two treatments of the tillage trials T2 and TW-3 at MES, plotted as a function of the time since the last substantial
rainfall event.

Figure 4.3.

Measured 0-900 mm soil water content of three treatments of the tillage trial T-3
at CRI, plotted as a function of the time since the last substantial rainfall event.

Figure 4.4.

Illustration of the calculation of the NDE method.

Figure 4.5.

Calibration fits of the NDE and the DWE curves to soil moisture data of the T-2
and T-3/ trials, at MES and CRI, respectively.

Figure 4.6.

Comparison of the transpirationlevapotranspiration and the drainage fluxes as
calculated with the SWB and the NDE method.

Figure 4.7.

Comparison of the transpirationlevapotranspiration and the drainage fluxes as
calculated with the SWB and the DWE method.

Figure 4.8.

Seasonal soil water balance for the two weeding treatments ofMES trial IW-3,
in 3 consecutive growing seasons, as calculated with the SWB,NDE and DWE
methods.

-Vll-

Figure 4.9.

List of Figures.

Seasonal soil water balance for the W-2 trial at MES, for 4 treatments, in 2
consecutive growing seasons, calculated with the SWB, NDE and DWE
methods.

Figure 4.10.

Seasonal soil water balance for the T -3 2 trial at CRI, for four different
treatments, in three consecutive growing seasons, as calculated with the SWB
and the NDE methods.

Figure 5.1.

Experimental Area on 10 February 1998.

Figure 5.2.

Graphical sununary ofenvironmental conditions during the experiment in the 9798 growing season.

Figure 5.3.

Weed dry weight against percentage weed cover observations.

Figure 5.4.

Soil water contents between 0-60 nun depth, for weeding treatments A and B,
over the period 2 February-3 March.

Figure 5.5.

Results of the Student t-test of the difference in soil water content between
weedy plots and their weed-free controls at two levels of significance.

Figure 5.6.

Cumulative weed water uptake (nun) for the weeding treatments A .. D over the
period 3 February - 3 March 1998.

Figure 5.7.

Weed cover on plot Aw at the end of the experiment.

Figure 5.8.

Weed water extraction rate per period, per layer, for the four weeding
treatments A .. D.

Figure 6.1.

Relation between model functionality, data requirement and the scale of
application.

Figllre 7.1.

Soil moisture retention and hydraulic conductivity curves, for different depths
in MES soil profile, estimated with the Campbel\ and with the Van GenuchtenMualem equations.

Figure 7.2.

Values for the crust factor CF of Equation 7.15, for different crust thicknesses,
as a function of the sand fraction of the soil.

Figure 7.3.

Simulation ofa drainage event with linear "top-down" approach and piston flow
routine.

Figure 7.4.

Flow chart of the tillage routine.

Figure 7.5a,b

Crust formation (A) on a flat surface, (B) in a tied ridge system.

Figure 7.6.

Drainage from a saturated coarse sandy soil. Effect of the threshold value 'lfplon
the overestimation of the soil water content in the 0-900 mm profile during the
first days of the drainage process.

Figure 7.7.

Drainage from a saturated coarse sandy soil. Overestimation of the soil water
content during the first days ofthe drainage process, as simulated with the piston
flow routine.

-viiiFigure 7.8.

List of Figures.

Simulated water content against measured water content of the 0-900 mm soil
profile, for simulations of a bare soil, using five different threshold values for '!'Pt

Figure 7.9.

Three different simulations of the moisture content of a bare sandy soil, using
different versions of the Parched-Thirst soil water balance.

Figure 7.10.

Measurements of surface degradation in under conventional land preparation and
tied ridges.

Figure 7.11.

Scatterplot of simulated and measured yield effects of the different SWC
systems, compared to the control treatments, for the trials T-2, TW-3 and T-3.

Figure7.12a-e. Measured and simulated differences in soil water content between selected

tillage practices.
Figure 7.13.

Calibration of the weed growth routine. Results over the period December
1991-November 1992.

Figure 7.14.

Simulated Leaf Area Index for the weed free treatment of the W-2 weeding trial.

Figure 7.15.

Results of the simulation of maize performance under eight different weeding
regimes, over two growing seasons. Comparisons of measured and simulated
yield and above ground dry weight.

Figure 8.1 Crop simulation under standard conditions at the Makoholi Experimental Station and

for increasing soil water potentials.
Figure 8.2a,b.

Zero to unity reduction factor for availability of soil moisture and relative root
length per volume.

Figure 8.3

Relative transpiration rate of maize as a function of the soil suction for different
potential transpiration rates on a silty clay loam in Iowa.

Figure 8. 4a, b.

Effect of the drying factor fd«"" on (A) the rate of drying of the soil profile
during a simulated drought and ( B) on simulated crop yield for a 21-day
drought, starting at 105 days after emergence.

Figure 8.5.

Simulated effects of the timing of a 35-day drought period on crop yield and
above ground dry weight production (ADW).

Figure 8.6.

Simulated effects of timing and duration of a drought on crop yield and above
ground dry weight.

Figure 8.7.

Effect of a 35-day drought period on accumulation of above-ground dry
matter.Figure 8.8.

Probability distribution of rainy days over rainfall periods
of different lengths, at MES and CRI.

Figure 8.9.

Cumulative probability ofthe proximity of a second rainfall event> 3 mm, as a
function of the rain depth of a selected rainfall event.

Figure 8.10.

5-day Rainfall depth around a rainfall event, based on daily rainfall records of
MES, over the period 1962-1998 and of CRI, over the period 1989-1994.

-\x-

Figure 8.11.

List of Figures.

Effect of the threshold rain depth on the occurrence and distribution of drought
duration during the growing season, for a coarse sandy soil at MES.

Figure8.12a, b. Effect of different measures of intra-seasonal drought on the occurrence and

distribution of drought duration during the growing season, for a coarse sandy
soil at MES and a silty clay loam at CRI.
Figure 8.13.

Effect of measures of intra-seasonal drought on the occurrence and distribution
of drought days, for a coarse sandy soil at MES and a silty clay loam at CRI.

Figure 8.14.

Seasonal Rainfal1 atMES over the period 1967-1998, compared to four seasonal
drought characterisations.

Figure 8.15

Expected occurrence of seasonal drought per 10 year, calculated with six
different drought characterisation methods.

Figure 8.16.

Calculation of pedo logical drought days between December-March using the
swhc-based characterisation, for two levels of soil moisture holding capacity.

Figure 9.1 a, b.

30-year simulation results of simulated weed transpiration, for four farming
scenarios with different levels of weed control and land preparation practices.

Figure 9.2a,b.

30-year simulation results of simulated crop transpiration, for four farming
scenarios with different levels of weed control and land preparation practices.

Figure 9.3a,b.

30-year simulation results of simulated crop yield, for four farming scenarios
with different levels of weed control and land preparation practices.

Figure 9.4a,b

Simulated yield effect ofa 21-day drought during the grain filling period, with
different rates of soil drying, on a coarse sandy soil and on a silty clay loam.

Figure 9.5.

Cumulative yield gap with well-resourced farmers, simulated over a 30-year
period starting with season 1967-68, for a coarse sand and a silty clay loam.

Figure 10.1.

Simplified representation of the role of crop management in the link between
biophysical modelling and the socio-economic context that affects farm
strategies.

-x-

List of Tables.

LIST OF TABLES.

Table 1.1.

Factors affecting cropping practices of Smallholder Farmers

Table 1.2.

Estimated percentage of farmers in different resource categories for two
smallholder farming areas in Masvingo Province, Zimbabwe.

Table 1.3.

Percentage offarmers not applying fertilisers by Natural Region.

Table lA.

Equipment ownership per household, January 1997, for two small-scale farming
areas in Masvingo Province.

Table lA.

Extent of implement borrowing and hiring in Masvingo Province.

Table 3.1.

Summary of the major on-station trials conducted at the Makoholi Experimental
Station and the Cotton Research Institute.

Table 3.2.

Meteorological data available for the Makoholi Experimental Station and the
Cotton Research Institute.

Table 3.3.

Soil physical and hydraulic properties at Makoholi Experimental Station.

Table 304.

Soil physical and hydraulic properties at Cotton Research Institute.

Table 3.5.

Summary of experimental treatments of the trials in Table 3.1.

Table 3.6.

Comparison of yield results of crop establishment techniques, that plant in tillageinduced depressions, with their respective control treatments.

Table 3.7.

Comparison of yield results of the Tied Ridge tillage system and control
treatments.

Table 3.8

Efficiency offour weeding systems. Weed number m-2 remaining after weeding
once by hand or implement in 1994/95 at MES.

Table 3.9.

Crop performance of different weeding regimes.

Table 3.10.

Above ground dry weight, water use and water use efficiency for four weeding
systems.

Table 3.11.

Total crop biomass, water use and water use efficiency in response to time and
frequency of weeding at Makoholi Experimental Station.

Table 3.12

Maize grain yield, water use and water use efficiency in response to tillage and
time of weeding at Makoholi.

Table 3.13.

Number of weeds per m2 at harvest in 92/93 at Makoholi, for different weeding
regimes

Table 3.14.

Labour requirements for alternative implement systems in two communal areas in
Zimbabwe.

Table 3.15

Calculated return to labour for three experiments at MES.

Table 3.16

Maize yields, labour requirements and returns to labour of four maize weeding
systems at MES, carried out at 31 and 53 days following planting.

List of Tables.

-X1-

Table 3.17.

Variation in Labour Requirements for Crop Establishment and Weeding on Spring
Ploughed Land, Winter and Spring Ploughed Land and Unploughed FaIlowed
Land in 1995/96.

Table 4.1.

Summary overview of the three techniques to calculate the seasonal soil water
balance that are discussed in this chapter.

Table 4.2.

Parameters of the NDE and DWE calibration of the soil water balance, for five
sets of experimental data. Table 4.3.

Calibration of the NDE curve to the

measured soil water content of selected treatments of the different trials.
Table 4.4.

Calibration of the DWE curve to the measured soil water content of selected
treatments of the different trials.

Table 4.5.

Fits of the NDE curve to treatments that were not used for the calibation of the
decay factors fd""y> ac and aw •

Table 4.6.

Fits ofDWE curve to treatments that were not used for the calibation of decay

Table 4.7.

factors fd,c"" ac and aw
Correlation r ofthe(evapo)transpiration and drainage fluxes of three different
methods to calculate the soil water balance, for trials at MES and CRI,
respectively.

Table 5.1.

Date of Ox-drawn weeding for the four strips A.. D.

Table 5.2.

Most frequently observed weed species and their relative abundance during the
trial period.

Table 5.3.

Mean weed dry weight per unit area and percentage weed cover observations for
4 weeding treatments.

Table 5.4.

ANOVA table of the 0-700 mm soil water content.

Table 5.5.

Rooting pattern observations from two root observation pits in plotAw, taken on
17 February.

Table 5.6.

Weed transpiration rates over different identified periods.

Table 6.1.

Summary Table of models considered in this document.

Table 7.1.

Calculation of the weighting factors for weed transpiration and root growth.

Table 7.2.

Soil data input for the calibration of the soil water movement routines of
P ARCHED-THIRST for the coarse sandy soils at MES.

Table 7.3.

Soil data input for the simulation of the soil water movement routines of
P ARCHED-THIRST for the silty clay loam soil at CRI.

Table 7.4.

Calibration of the hydraulic behaviour of a bare soil, with particular attention to
the threshold potential for piston flow
content of 0-900 mm soil profile.

'JIpf'

Analysis results of simulated water

List afTables.

-XII-

Table 7.5.

Calibration of the hydraulic behaviour of a bare soil, with particular attention to
the threshold potential for piston flow,

'l'pf.

Analysis results of simulated soil

water content at different depths.
Table 7.6.

Crop parameters for maize that were used for the simulation runs at MES and
CRI.

Table 7.7.

Calibration and validation results of simulated water content for trial W-2, T-2 and

TW-3 at MES and for T-3 at CRI.
Table 7.8.

Calibration and validation results of the simulation of maize performance at the
trials W-2 and T-2 at MES and trial T-3 at CRI. Comparison of measured and
simulated yield, per growing season and over the simulation period.

Table 7.9.

Summary of the geometric input into the tillage module of the P ARCHEDTHIRST model, for different tillage practices.

Table 7.10

Calibration and validation results of simulated water content under different crop
growth conditions and tillage practices.

Table 7.11

Calibration and validation results of simulated water content under different crop
growth conditions and weeding regimes. Analysis results of simulated soil water
content at different depths.

Table 7.12

Calibration and validation results of simulated water content under different crop
growth conditions and weeding regimes. Analysis results of simulated soil water
content of the 0-900 mm soil profile.

Table 7.13

Calibration and validation results of the simulation of maize performance under
eight different weeding regimes, over two growing seasons ('91-'92 and '92-'93).

Table 8.1.

Settings of the weather parameters for the simulation of drought occurrence at
different stages of crop development.

Table 8.2.

Average number of drought days at MES and CRI, over the period DecemberMarch, as calculated with four methods for drought assessment.

Table 8.3.

Summary ofthe seasonal drought estimates discussed in this section.

Table 8.4.

Spearman Rank Correlations r between seasonal drought measures and observed
maize yields of a flat conventional cropping system, over the period 1991-1997
at MES and 1989-1995 at CRI.

Table 9.1.

Tillage and weeding options for farmers with different resources, on a coarse
sandy soil.

Table 9.2

Effect of the resource level of farmers on the crop establishment and weeding
technologies they are able to adopt.

Table 10.1.

Issues and management decisions that directly affect the livelihoods of smallholder
farmers. The elements in italics have been addressed in this thesis.

-1-

1. Background

CHAPTER 1. BACKGROUND

1.1. Introduction
The Zimbabwean population is currently estimated at 11.2 million (CIA 1999), of which
approximately half1ive in the government-owned Communal Areas (CAs) which cover a total of
163,500 km2 or 42% of the total surface area of Zimbabwe (Anderson et al. 1993). The
precursors of these communal lands, the "Native Reserves" (renamed "Tribal Trust Land" in
1962), were created during the colonial settlement from the late 19th century onwards. The CAs
gained their current name after independence in 1980. Smallholder farming in Zimbabwe is mainly
practised in the CAs. Privately owned land is predominantly used for large scale commercial
farming. The ownership of arable land is unevenly distributed and rural poverty is correlated with
land quality (low rainfall, poor soils), poor education and large families (DFID 1999).

Nevertheless, Ashworth (1990) concluded that despite the limiting preconditions for farming,
farmers in the Communal Areas were the dominant producers oftwo important crops, maize and
cotton. Unfortunately, this high level of productivity is mainly achieved in those CAs that are
located in areas with high agricultural potential through the adoption of high yielding varieties,
use of fertilisers and herbicides and the support of an efficient input supply and marketing system.
Most of the preconditions that would improve productivity levels have been absent in those CAs
located in areas with a low production potential. Consequently, 84% of the population of the CAs
fall below the poverty line defined by the UK government (DFID 1999).

The distribution of agricultural potential in Zimbabwe is, at first approximation, described by the
five Natural Regions of Zimbabwe (Vincent & Thomas 1960). In this classification, the area of
"high agricultural potential" is described as receiving over 750 mm of annual rainfall and
"normally enjoying reliable conditions, rarely experiencing dry spells during the growing season"
(Anderson et al. 1993). These conditions are represented by Natural Regions I and II in Figure
J. J. This figure also demonstrates how most of the CAs are located in NR III - V. Indeed, 90%

of smallholder farmers live outside the areas with high agricultural potential (Tembo, 1989).
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1. Background

The pressure of increasing population in Zimbabwe is felt strongest in the CAs. Between 1970
and 1990 the area of arable land in the CAs has increased by approximately 25% (Anderson et al.

1993). This expansion has forced fanners onto marginal soils, thus increasing the risks of crop
failure and environmental degradation. The communal farming system is based on mixed farming
systems and, with the population increase, livestock numbers between 1970-1990 grew by 70%
and 63% for cattle and goats, respectively, leading to substantial environmental damage through
overgrazing (Central Statistical Office 1990). Poorly resourced smallholder fanners in the CA are
thus most at risk from the consequences of seasons with below-average rainfall. This was evident
during the drought period between 1990 and 1992 which led to a dramatic reduction in livestock
numbers to the levels ofthe early seventies and widespread crop failure (Scoones 1996).

The cropping practices of smallholder fanners are subject to a large number of external factors
and constraints which are summarised in Table 1.1. Most constraints are of a socio-economic
nature, emphasising that crop production is an important element of fanner livelihoods, but also
that problems need to be addressed by a systems approach, such as the Rural Livelihoods
Approach (Figure 1.2.) (Carney 1998, Cox et at. 1998).

Table 1.1. Factors affecting cropping practices of Smallholder Farmers

Socio-Economic Factors
• Land (tenure)

Biophysical Factors
• Environment:

• Education (extension)

-Rainfall

• Off-farm income

-Soil Fertility (Economic?)

• Risk, Profitability

-Soil Moisture

• (Timely) Availability of:

• Crop Management:

-Labour

-Laod Preparation

-Draught Animal Power

-Crop Establishment

-Implements

-Weeding Practices
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1. Background

If the effectiveness of crop production in the CA is to be improved, it is essential to promote soil
and water conservation practices (SWC) that extend the period of water availability to the crop
(Twomlow & Van Der Meer 1998). These practices need to be compatible with the farmers'
management constraints and capabilities. Smallholder farmers in semi-arid Zimbabwe rely heavily
on the availability oflabour and Draught Animal Power (DAP). Together with well-maintained,
correctly used implements, they are the key resources that determine crop management practices
and hence the productivity and sustainabi1ity of the cropping system (Ellis-Jones & Mudhara

1997, Chatizwaetal. 1998).
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Figure 1.2. Rural Livelihood Approach to poverty reduction (Ellis-Jones,per.r. comm., derived from
Carney, 1998 and Cox et aI., 1998).
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1. Background

1.2. Soil & Water Conservation: Practices and Techniques

1.2.1. Crop Management and Resource Availability
The resource base of smallholder farmers and the cropping systems that are undertaken vary with
the socio-economic status of each household. The heterogeneity of the household resource
availability has been well established. Chatizwa et al. (1998) defined three broad categories of
farmers in the CAs, based on wealth and the recources available, and estimated the proportion of
farmers in each category for two neighbouring smallholder farming areas in Masvingo province

(Table 1.2):

Well resourced farmers (category 1): These include farmers with large well-developed arable
lands, no limitations of draught animals, a full range of implements (including plough and
cultivator) and who consistently sell agricultural produce.

Average resourcedfarmers (category 2): These include farmers with arable lands, have livestock
but inadequate draught power, a limited range of implements (plough only) with irregular sales
of agricultural produce, supplemented by remittances from family members in non-farm
employment.

Poorly resourcedfarmers (category 3): These include farmers with poorly developed arable
lands, no livestock, inadequate implements (hoe only), dependant on subsistence production
complemented by hand outs from drought relief and recovery programmes.

Table 1.2. Estimated percentage of fanners in different resource categories for two smallholder
farming areas in Masvingo Province, Zimbabwe. (Source: Chatizwa et al. 1998).

Resource category
Well

(I)

Average(2)
Poor

(3)

Zimutu

Mshagashe

5

35

60

60

35

5
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1. Backgrou/ld

Farmers have a range of crop establishment and weeding options available to them and their
decisions on cropping systems and Soil and Water Conservation practices (SWC) are dependent
on resource availability, soil and climatic conditions. The limited access to resources means that
crop management in many cases is sub-optimal andoften can be described as response fanning,
based on the apparent availability ofDAP, labour and fertilisers as well as actual weather (EllisJones & Mudhara 1995).

In a household survey, ZIDS (1989) found that as many as 90% of the farmers in the lowpotential regions of Zimbabwe did not apply fertilisers (Table 1.3.). Rohrback (1998) concluded
that the application of fertiliser was the single largest determinant of maize yields and that its use
was closely correlated to the use of credit. As a result, the chemical fertility of the soil can be
regarded as a socio-economic rather than a biophysical variable (Table 1.1.).

Table 1.3. Percentage of farmers not applying fertilisers by Natural Region.

(source: ZIDS household survey 1989)
Production System

Natural Region

% Farmers not

applying fertilisers
High Potential

I
Ha

lIb
Semi-arid

III
IV
V

73
52
68
75
91
90

SWC practices aim to make optimal use of the limited water that is available during the growing
season by improving or adapting existing tillage and weeding techniques. The high diversity of
farmers' resources has led SWC research to focus on techniques that are flexible and recognise
the variation in management capabilities within the rural farming community (Twomlow & Van
Der Meer 1998). The most common implements and cropping practices that are used by poorly
resourced farmers in semi-arid Zimbabwe are described in the following sections.
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1. Background

1.2.2 Soil & Water Conseroation: Implements

The following section provides a basic description of the most commonly owned tillage and
weeding implements in the CAs, while § 1.2.3 gives an overview of the tillage practices of
smallholder farmers.

From recent surveys, particularly in Masvingo Province and several CAs of Zimbabwe, Mujuru
& Chatizwa (1999) concluded that farmers are generally mechanized, using a variety of animal

and human powered implements (Table lA). Despite the level of mechanization, much of the
equipment currently in use is fairly old and often in poor condition. Soil type and the resource
status of the household determines ownership and usage, so that many households rely on
borrowing or hiring implements and draught animals from their neighbours (Table 1.5).

Table 1.4. Equipment ownership per household, January 1997, for two small-scale farming areas in
Masvingo Province (source: Mujuru 1997).
Equipment
Oxen
Ox-yokes
Hand-Hoes
DAP:Mouldboard ploughs
DAP:Cultivators
DAP:Ridgers
DAP:Rippers

Mshagashe
1.78
1.94

Zimuto
2.25
1.78

5.32
1.13
0.30
0.006
0.001

2.15
0.77
0.31
0.0005
0.004

Table 1.4. Extent of implement borrowing and hiring in Masvingo Province (source: Mujuru &
Chatizwa 1999).
Implement

% Household Borrowing

% Household Hiring

19.1

4l.6

Cultivator

5.6

0.0

Planters

0.0

0.0

Ridgers

0.0

0.0

Scotchcarts

0.0

3.4

Mouldboard Plough
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Hand hoe (badza)

Typical Working Depth: 50 mm (! OOmm f or a digging hoe)

Hand hoeing is traditionally perfomed with the badza, which consists of a wooden handle and a
vertical metal blad e (Figllre 1.5). The working depth of a badza is restricted and the level of soil
disturbance is further limited as it generally does not result in a blanket disturbance of the soil
surface. The badza is often used in conjunction with ox-drawn implements, for instance to
construct pot holes on freshly-ploughed land, to close the planting line, or to perform additional
in-row weeding after a passing with plough or cultivator.

Mouldboard Plough.

Typical working depth: 100-200 mm , width: 450 mm

Third furrow planting with an ox-drawn

mou~l~dbo~ar
;dd";;I.:;h."""'

Figure 1.4. Mouldboa rd plough in Zimuto Communal Area. Tillage equipment is often old and
badly maintained (B). (Photos Steve Twomlow).

The mouldboard plough is widely used by smallholder farmers in semi-arid Zimbabwe and it is the
most common animal-drawn tillage implement that is owned by farmers . It is usually drawn by
a single ox or a span of two oxen. The plough can be used with or without the mouldboard . The
latter option was used in the trial s for weeding effects. Ploughing with a mould board plough
leaves a rough soil surface and it creates a small ridge-and-furrow profile, both of which improve
the capacity to sto re water on the soil surface.
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Figlll~

1.5. Hand hoe weeding. (photo Steve Two mlow).

Figlll~

1.6. Cultivator weeding. (photo Steve Two mlow) .

1. Backgroulld

Cultivator.

Typical working depth: 50-100 mm, width: 300- 700 mm

The five-tine cultivator is generally used for weeding purposes, as its working depth is shallower
than the mould board plough, which makes it lighter to handle, while the width of cultivation can
be adjusted. The use of the cultivator leaves a soil surface with a roughness similar to the
mouldboard plough, but with a much smaller ridge-and-furrow profile.

Ridger

Typical working depth: 150-200 mm, width: 700 mm

The ridger body fits on a standard plough assembly and is used to create ridges prior to planting
and to perform ridge weeding after crop emergence. It consists of a central duck foot and two
wings that turn the soil during the ridging operation. When the ridges are subsequently tied, the
loss of water to runoff is greatly reduced . However, untied ridges may concentrate surface water
in the furrows leading to increased runoff rates and soil erosion.
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I. Background

Figlllf I.B. Example o f tine ripping in Z imuto Co mmunal Area. Tine ripping requires a good
weed ing regime after planting, as the inter-row is not disturbed. (photo Steve Twomlow) .

Ripper-Tine.

Typical working depth: 150-200 mm, width: 100//1//1

The ripper tine is a chisel that breaks up the soil along a narrow strip, thus creating a planting
furrow . Because it disturbs only a limited part of the soil surface, the depth of tillage is deeper
than other tillage methods with a similar level of energy input. However, weed control at planting
is limited . The ripper tine is not a commonly used implement by smallholder farmers in communal
areas. However, Shumba e/ al. ( 1992) argued that the use of the ripper tine reduced the time
needed for planting, thus increasing the timeliness of planting and decreasing the demand for
draught animal power.

1.2.3. Soil &

~/f'ater COllservatioll

Practit'lls

1.2.3.1. Land Preparation
Will/er alld Spring Ploughing

Winter and spring ploughing perform the function of clearing the land of stover, improving
infiltration of pre-planting rains and preventing depletion of the soil moisture storage by weed
transpiration . Land preparation is generally performed with the mouldboard plough, although the
preparation of ridges serves the same purposes as spring ploughing.
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1.2.3.2. Crop Establishment·

Hand Hoe Planting (HH)

Hand planting only takes place when no DAP is available because it is labour intensive and slow,
thus reducing the scope for timely planting. Weed infestations are slashed before and during
planting, while crops are planted at regular intervals. Soil disturbance is limited to the planting
holes (Figure 1.9).

Third Furrow Planting (3FP)

Third furrow planting is the conventional ploughing technique where the entire field is ploughed
over using a mouldboard plough (Figure 1.5). When the field is ploughed at planting, seeds are
placed in every third furrow, leading to a spacing between the crop rows of approximately 900
mm. The depth of tillage is not always constant leading to a variable depth of seed placement,
typically between 80-25 mm. The method is labour intensive which may restrict the timeliness
of the planting operation, but less so than hand hoe planting. It also leads to a high level of weed
control because all topsoil is disturbed and it leaves a rough soil surface that increases the storage
capacity of the topsoil, thus improving infiltration. However, on poorly structured soils, the
formation of a surface crust and the breakdown of aggregates on the soil surface can quickly
reduce the improved infiltration rate and the surface storage capacity (Bruneau & Twomlow

1999, Mellis et al. 1996).

Open Plough Furrow Planting (OPFP)

This planting strategy uses the mouldboard plough to open up a planting furrow, thus creating
a ridge-and-furrow profile with a height difference of approximately 100 mm between ridge top
and furrow bottom (Figure 1.10). The spacing between the crop rows is similar to other planting
techniques, approximately 900 mm. The ridge-furrow profile leads to a redistribution of surface
water into the plough furrow, which improves the availability of soil waterto the crop during the
early stages of development. OPFP technique reduces the requirements for DAP to a third of the
conventional third furrow planting.

-12-

I. Background

Figure 1.9. Hand
in Zimuto Co mmunal Area. (photo Steve Twomlow) .
Figll/~ 1.10. Open plough furrow planting. (pho to Steve Twomlow).

(fied) Ridging: RidgelFurrolV Planling
Tied ridging is a so il and water conservation technique that prevents the loss of soil and water
through runoff, ifproperly executed. The Zimbabwean extension services have recommended thi s
tillage technique since 1988 for most soil types and agro-ecological regions (Elwell & Norton
1988).

Before planting, ridges are created that are approximately 150 mm high at a spacing of900 mm

(Figure 1. 7). Ridges can be kept in place as a semi-permanent feature for a number of years,
although maintenance ofthe ridge stru cture is required and often they are re-created each season.
The furrows are cross-tied every 2 meters which creates a series of catchments that provide a
large surface storage capacity. The crop is planted by hand on the ridge top, in the furrows or on
the side of the ridges, depending on the farmer's planting strategy. Planting in the furrow bottom,
however, prohibits the use of animal drawn weeding, while planting on the ridge top can lead to
limited water availability to the crop during the early stages of development. The intensity of the
soil disturbance ensures good weed control early in the growing season.

Tied ridging is a planting strategy that requires a high input of labour and DAP which can only
be justified if the returns in terms of crop performance and/or soil conservation are sufficiently
high .
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Tine Ripping

The ripper tine opens only a narrow planting furrow (Figure 1.8). The speed of the operation,
together with the relatively shallow, but uniform planting depth, makes it possible to achieve
timely planting over a large area. The limited soil disturbance means that the planting operation
does not control weed growth between the rip lines between rip lines, which means that the use
ofthe ripper tine needs to followed by a good weeding regime.

The furrow that is left after the planting operation is very shallow and the redistribution of surface
water into this furrow will primarily take place during the early stages of development only.
However, the soil surface between the ripper tines is generally degraded and has little surface
relief, thus promoting the shedding of water into the planting furrows.

1.2.3.3. Weeding

Most weeding takes place during the first two months after crop emergence. Later in the
cropping season, if weed control during this period has been sufficient, crops tend to have a
competitive advantage and prevent further weed growth. Weeding also improves the
infiltration capacity of the soil surface, as the surface crust is broken up and the roughness of
the soil surface is increased (Ellis-Jones et at. 1993).

Hand Hoe Weeding (HH)

Weed control with the badza is labour intensive but the level of weed control is high, as in-row
weeds can be slashed without damaging the crop (Figure 1.5). The level of soil disturbance is
limited to the top 40-50 mm of the soil profile, while walking over the weeded surface results in
a flat compacted surface (Riches et al. 1997).
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Plough without Mouldboard (Plough - MB)

The omission of the mouldboard during weeding operations results in a tillage implement that is
narrower, lighter and more manoeuvrable. At approximately 100 mm, the depth oftillage is
shallower than during land preparation and planting operations. However, the technique is not
efficient in uprooting weeds in the inter-row. As the soil is not inverted and deposited in the crop
row, in-row weeds are not buried (Riches et al. 1997). This technique is therefore generally
followed by supplementary hand hoe weeding. The soil in the inter-rows is broken up, resulting
in a rough soil surface.

Mouldboard Plough: Mid-Season Ridging (MR)

Weeding with the mouldboard attached creates a furrow between the crop rows. As the soil is
turned, it is thrown in the crop row, creating a ridge with a height of 50-1 00 mm. The ridge-andfurrow system and the soil surface roughness increase the surface storage capacity considerably
and improve the soil water availability to the crop.

This technique can only be performed once the crop is sufficiently developed so that it is not
covered up by the ridge, which is typically 4-8 weeks after emergence. Weeds between the crop
rows are uprooted and turned by the mouldboard plough, while the soil displacement buries the
in-row weeds. This reduces the need for additional hand hoe weeding.

Cultivator Weeding

Weed control with a cultivator (Figure 1.6) is comparable to plough weeding without a
mouldboard. The level and depth of soil disturbance is similar and not all weeds are uprooted,
buried or slashed, so that additional hand-hoe weeding is required. However, the depth of
weeding is easier to control and the width of the implement can be adjusted. The roughness of
the soil surface after weeding is less than the soil surface after weeding with a plough.
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2. Problem Definition

CHAPTER 2. DEFINITION OF THE PROBLEMS AND RESEARCH QUESTIONS

2.1. Central Research Objective
Over the last twenty years, researchers of semi-arid agriculture have identified a range of conditions
that restrict crop production in smal1holder farming. Klaij & Vachaud (1992) concluded that nutrient
availability was a major restriction of crop production, while Metelerkamp (1989) stressed that, in
the semi-arid regions of Zimbabwe, inadequate rainfal1 was the main constraint, despite the need to
maintain soil fertility. He emphasised the importance of crop establishment, which raises issues about
the timing and timeliness of planting and the benefits of early establishment (Shumba et al. 1989,
Mullins et al. 1996). With water the main restriction, Riches et al. (1997) highlighted the detrimental
effects of weed competition for soil moisture. In addition, crop growth is often strongly affected by
the occurrence of within-season droughts, which cause an uneven distribution of water availability
over the growing season (Gregory 1989).
The relative importance of these restrictions changes with the agro-environmental and socioeconomic contexts of crop production and these vary from farmer to farmer. The fact that different
researchers have singled out so many different elements, each the key restriction of crop production,
reflects the wide variation in agro-environmental conditions of the different studies. However, it is
also an indication of the extent to which the research has been conducted within a variety of
biophysical and socio-economic frameworks.
With such a multitude offactors identified as affecting crop production, the key to the improvement
of efficient farming lies in an ability to assess the restrictions of a specific situation and to balance the
benefits and disadvantages of different management practices. Farmers make these assessments
through trial and error over a number of years. Research, both biophysical and socio-economic, can
speed up this process by recommending innovative alternatives of crop, weed and soil management.
It has an important role to play in the contribution of reliable figures on the likely effects of
management decisions in different agro-ecological environments. Crucial1y, this role includes
col1aboration with extension services, with other channels of dissemination and with farmers, in order
to forge essential linkages with farming practice.
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The Silsoe Research Institute (SRI) with the Zimbabwean Department for Specialist Services and
Research (DRSS) have been highly successful in establishing such linkages. The findings of on-station
trials have been introduced to farmer groups, initially as farmer-led, on-farm trials. These trials, in
return, have produced important insights into the adoption process of various management options
(Ellis-] ones et al. 1998). These insights, along with findings from other organisations, are now being
made available to farmers through a series of comprehensible guide books on soil and water
conservation practices for smallholder farming, which is being distributed by the Zimbabwe Fanners
Union (Twomlow & Hagmann 1999).

Whilst the dissemination of the field trial results is an ongoing process it has been acknowledged that
too little is known about the dynamics of the soil water regimes underlying the trial outcomes
(Bruneau & Twomlow 1999). Field experiments generally produce significant agronomic responses
to the treatments that are being studied, yet these responses may vary strongly from year to year as
a result of highly variable rainfall patterns (Schouwenaars 1988). This makes it difficult to establish
the impact of soil and water conservation practices on the soil water regime and on subsequent crop
performance.

A more fundamental understanding of the processes involved in the interaction between soil and
water management on the one hand and agro-eco!ogical environment on the other will increase our
understanding of experimental results and will improve the generic nature of field trials.

The central objective of this study stems from this need for a process-based assessment of
conservation tillage practices and can be formulated as follows:

" To deliver a generic description of the temporal distribution ofsoil water available to the
crop, under different soil and water conservation practices for resource poor smallholder
farmers in the semi-arid tropics. "

To arrive at such a generic description, this thesis addresses the question of how experimental data
that are available can yield most information about the processes that underlie agronomic responses.
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The· research is structured around the use of data from field experiments at the Makoholi
Experimental Station (MES) and the Cotton Research Institute (CRI). The pedological and
climatological constraints of these research stations are representative of more than 40% of
Zimbabwe (Figure 2.1). This figure shows the areas ofZimbabwe which have similar agro-ecological
conditions as MES and CRI, as calculated using the ACT data analysis tool (Corbett et al. 1998).
This area is inhabited by over 50% of Zimbabwe's population and, importantly, includes most ofthe
Communal Areas. The agro-ecological conditions are thus a close representation of the conditions
faced by many of the poor resourced smallholder farmers in Zimbabwe. The coarse texture of the
granitic sands at MES may place a pedological restriction on the generic nature of the research.
Nevertheless, the soil is typical of those used by smallholder farmers and it is the most common soil
resource in natural regions III and IV (Nyamapfene 1991). Despite this possible constraint, the thesis
aims to use and develop methodologies and insights, that are easily applicable to a wider geographical
area and to a wider range of soil types.

The construction of a soil water balance was chosen as the starting point of this study as it gives an
estimate of the actual crop transpiration and the impact of the different soil and water conservation
practices on the soil water regime. The objective of this exercise was to enable an assessment of the
extent to which the various conservation practices actually improve the water availability to the crop
during the growing season and how this affects crop perfonnance.

2.2. Tillage Effects
The impact of soil & water conservation practices on the soil water regime was divided between
tillage and weeding effects. Tillage affects the soil water regime through its impact on the physical
structure of the topsoil and the disturbance of a crusted surface, thus increasing the infiltration
capacity. However, in the systems under consideration, the most important aspect oftillage is thought
to be the generation of a new surface relief and an increased roughness of the surface.
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Figllre 2.1. Area of Z imbabwe with similar agro-ecological characteristics as th e Mak o holi Experimental
Statio n ( ,Soil water holding capacity 50-150 mm, seasonal rainfall 575 mm ±20%) and the Cotton
Research Institute (., Soil water holding capacity 150-200 mm, seasonal rainfall 665 mm ±20%) .
Source: FAO soils map of the world' and CLILTN, thro ugh the Almanac Characterisation Tool,
Blackland Research Center 1999).
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These sUlface characteristics affect the surface storage capacity and hence susceptibility to runoff.
They also have a considerable impact on the re-distribution of precipitation into furrows and other
depressions. This subsequently affects the distribution of water within the soil profile and the
accessibility of soil moisture to the crop. This is particularly the case early in the season, when the
rooting system of the establishing crop is not fully developed. The placement of seeds on ridges or
in furrows has a large effect on the water availability during this period. Bruneau & TwomIow (1999)
demonstrated how, in a tied ridge system, the zone with increased water availability in the furrow was
inaccessible to establishing crops planted on the ridge. Indeed, the lower water content in the ridge
frequently led to poorer establishment and a reduction in yields.

Many publications exist which deal with the impact of primary tillage on runoff (e.g. Casenave &
Valentin 1992, Roth & Eggert 1994) . The sandy soils in semi-arid Zimbabwe are generally located
in flat to gently sloping positions, which leads to a limited loss of precipitation to runoff. Runoff
occurs mostly during intense rain storms, which are generally large enough to restore the soil
moisture status to field capacity. Therefore, on soils with a low moisture holding capacity, reducing
runoff by soil conservation measures often leads to higher drainage losses rather than an improved
water availability to the crop (Moyo & Hagmann 1994). Therefore, this study does not put an
emphasis on the effects oftillage on runoff, but on its impact on crop available water.

2.3. Weeding Effects

Weed management for smallholder farmers generally consists of either hand hoe weeding with the
traditional badza, or weeding using an ox-drawn plough or cultivator (Ellis-Jones & Mudhara 1995).
Weeding has a direct influence on the soil water balance by reducing weed transpiration and by
altering the topsoil characteristics in a similar way to primary tillage, although the changes are
generally smaller. Because of this similarity, the soil disturbance effects of weed management are
discussed together with the impacts of primary tillage on the soil water balance. When the effects of
weeding are discussed, these will refer to the impact of weeding on crop-weed competition and in
particular on the competition for soil water resources.
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A quantitative assessment of the impact of weed growth on soil moisture competition requires data

on the transpiration characteristics of emerging weed populations. Weed competition and weed
management have been studied at great length for high-input agriculture in temperate regions, where
the competition for light is of greater importance than the competition for soil water (Kropff & Van
Laar, 1994). This is in contrast with most of the semi-arid weed research, which describes the
agronomic responses to weed management, or studies weed population dynamics, for example, the
effects oftillage on the weed seedbank (Mabasa & Rambakudzibga 1993). Limited information exists
on soil water competition by weeds, which in water-limited crop production systems can have a
severe effect on crop water availability. Hence, a need was identified for the collection of field data
on water uptake by establishing weeds under different weeding regimes.

2.4. Modelling of Crop Management.

The SRI and DRSS field experiments on conservation tillage and weeding practices have produced
encouraging results and have led to several hypotheses about how and why different soil and water
conservation practices generate observed differences in crop performance (Twomlow & Bruneau
2000, Riches et al. 1997, Mellis et al. 1996, Twomlow et al. 1994). However, the high variability of
the seasonal weather and its impact on trial management from year to year, has a strong influence on
the trial results. This is a substantial obstacle for the interpretation of conservation management. A
method that overcomes this is the application of computer models that simulate soil water movement,
crop growth and management practices. The use of such a simulation model, once calibrated to the
experimental data, enables an assessment of the effects of conservation management over a
sufficiently long time-series and it holds the promise of extrapolating the experimental results to
neighbouring agro-ecological environments.

A multitude of models on crop growth and soil water movement is currently available. The choice
of a specific model has strong implications for the generic applicability of the simulation approach and
care needs to be taken to assure that the model that is selected is compatible with the research
objectives. The aims and objectives of the modelling efforts in this study stretch beyond those
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presented in this thesis. They include the use of the modelling approach by others as an extension to
their field work. It is envisaged that the end-users of the model are agronomic researchers, working
in close collaboration with extension services. The model selected for this study therefore needs to
combine a high level of sophistication, as demanded by the scientific requirements of this study, with
a scope for a wide application in agronomic research and development (i.e. low data requirements
and user friendliness).

The challenge that this modelling approach poses, therefore, lies in the development of a useful
simulation tool that is based on an existing simulation model. Besides an adequate simulation of soil
physics and crop pertormance, such a tool has to provide a successful assessment of crop available
water and crop transpiration as a function of specified soil and water conservation options open to
smallholder farmers. This study focuses on the soil and water conservation options that address the
timing and timeliness of primary tillage, weed management and planting.

2.4.1. Tillage Modelling

Many modelling efforts have studied the effects of surtace relief on plot-scale runoff and soil erosion,
such as EPIC (Williams et al. 1989) or SLEMSA (ElIwell 1978). However, the effect of tillageinduced surtace relief on the within-plot re-distribution of surtace water and on the subsequent effect
on crop water availability has received limited attention in crop growth modelling. A simulation
routine will thus be developed that introduces the effects of tillage on crop water availability in a
simulation model. The effect of the tillage-induced, heterogeneous pattern of infiltration on the soil
water redistribution will be considered, even though the available soil water measurements are
deemed insufficient to provide a sound basis for establishing a spatially heterogeneous soil water
regime. Modelling such a system requires a two-dimensional soil water model (e.g. Bruneau &
Twomlow 1999), which defies the expressed need to develop an uncomplicated, user-friendly,
research tool.
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2.4.2. Weed Management Modelling

Despite recent efforts to incorporate weed competition in simulation models (Retta et al. 1991,
DeBaeke et al. 1997), most computer simulation studies to date have ignored or oversimplified the
effects ofweed transpiration on the soil water availability and overall crop performance (e.g. Bradley
& Crout 1994, McCown et al. 1996, Hoogmoed 1999). Data have been collected on weed water

uptake and re-growth after weed management, that, with existing data (Riches et al. 1997), will be
used to build a weed growth and management routine that can be easily incorporated in crop growth
models for semi-arid environments.

2.5. Drought Impact Assessment

Intra-seasonal droughts are a severe limitation on crop production in semi-arid Zimbabwe. The
definition of a drought period, however, is dependent on the disciplinary perspective. Wilhite et al.
(1987) defined four types of drought: (i) meteorological drought, based on the severity and the
duration of the dry period, (ii) agricultural drought, which concentrates on the water requirements
of the crop, (iii) hydrological drought, highlighting the effects of dry spells on the surface and
subsurface flow of water and (iv) socio-economic drought, defined in terms of the socio-economic
consequences of the lack of rainfall. Meteorological drought deals directly with the cause of drought,
while the other types are directly or indirectly related to the deficiencies of precipitation (Unganai &
Calooy 1992). The interest of this study, the effects of crop water availability on crop production,
leads to a focus on agricultural drought.

The calculation of agricultural drought is dependent on a well-formulated evaluation of the water
requirements of crops and the availability of soil moisture. In semi-arid environments, potential
evapotranspiration generally exceeds precipitation over the growing season (e.g. Wallace et at. 1993).
Crops are therefore dependent on the available water stored within the root zone and even more so
during periods of meteorological drought. Soil moisture status and root development are crucial
factors affecting the ability of crops to endure drought periods. The severity of a drought spell thus
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depends not only on meteorological factors, but also on soil type and the resistance of crops to
drought. This resistance is a function of crop type, the growth stage and the establishment of the
crop. These affect rooting depth and root proliferation, as well as the water demand of the crop, i.e.
the rate at which the soil water reserves are depleted. Weed water uptake further increases the rate
of soil water depletion and is another important factor detennining the severity of a drought spell.

Water conservation practices aim at increasing the soil moisture available to crops, not only by
improving the infiltration and distribution of water in the soil, but also by preventing unnecessary
water losses due to weed transpiration. It is difficult, however, to draw straightforward conclusions
about the effectiveness of conservation management in reducing the detrimental effects of dry spells.
The highly dynamic interactions between climatic, pedological and agronomical factors are difficult
to quantifY. Therefore, the use of simulation modelling can be beneficial in two ways. First, with weed
management and primary tillage options incorporated in the simulation model, their interactions with
climatic and pedological conditions can be studied for recorded and simulated weather patterns.
Second, using long-term weather data, the effects of inter- and intra-seasonal droughts can be
distinguished, which it is hoped will lead to a more general understanding of the management
practices that are studied and will thus complement the actual experimental findings.

It is the goal of this thesis to deliver practical tools for data analysis and computer simulations that
will make a useful contribution to ongoing research on improved soil and water conservation
practices for smallholder farmers.
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& DRSS SOIL & WATER CONSERVATION TRIALS 1990-98.

The data that were available for this study were collected by the Silsoe Research Institute (SRI)
with the Zimbabwean Department for Research and Specialist Services (DRSS), during a series
of research projects in semi-arid Zimbabwe, over the period 1990-1998. This research effort was
commissioned by the Department for International Development, DFID (formerly the Overseas
Development Agency, ODA) and included the following projects:

1) Conservation tillage management for marginal small farm systems in Zimbabwe.
DFID project n2 R4838, extended as R4840 in 1995.
SRI-Overseas Division 1993, Twomlow 1995,1999)
2) Moisture conservation through improved weed management in savannah cropping systems
DFID project n2 R6655; extended until September 1999.

The projects' central objectives were respectively to "Develop and promote improved techniques
for water conservation tillage" and "To identifY technical and socio-economic constraints to weed
management in semi-arid Zimbabwe and to produce guidelines for on-farm demonstration by
extension services". Parallel to the on-station experiments, a large research effort was conducted
in the field, in close collaboration with extension services and farmer organisations. The aim of
this research was to identifY and evaluate innovative techniques, which proved to be successful
under researcher-controlled conditions, with the objective to improve dissemination and the rate
of adoption. Experiences and perceptions of the participating farmers were used directly to
improve the designs of experimental treatments. As a result, much of the research findings have
already found their way through several dissemination pathways, in close collaboration with
extension services, national research centres and NGO's (e.g. Twomlow & Hagmann 1999).

The objective of the participatory research, to achieve widespread implementation of improved
techniques for soil and water conservation, highlighted the need for research into the general
relevance of the studied techniques. This research could then be used to assess the likely impact
of these techniques under a range of agro-environmental conditions.
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A generic description of the effect of conservation tillage requires an improved understanding of
soil hydraulic processes that govern the impact of these techniques on the water availability to
crops and hence on crop performance (Willcocks & Twomlow 1993, Bruneau & Twomlow
1999). A detailed study of the infiltration rate of soils as a function of soil crusting and tillage
induced relief was conducted by Bruneau et al. (1996). This was followed by a simulation
exercise that investigated the re-distribution of soil water under different tillage systems for two
contrasting, tropical soils using a two-dimensional soil water model (Twomlow & Bruneau 2000).
These studies made a significant contribution to the understanding ofthe soil hydraulic processes
that govern the distribution of water in the soil. The success of soil and water conservation
techniques is determined by their impact on these processes and this impact varies with
pedological and environmental conditions.

The experimental research was conducted at two research stations, the Makoholi Experimental
Station (MES) and the Cotton Research Institute (CRI), as well as in the Communal Areas that
are located in the vicinity of these stations. MES and CRI are located in two areas in Zimbabwe
with distinctly different annual precipitation patterns, indicated by the Natural Regions of Figure
2.1 and different soil types. However, the soils at both sites fall within the same fersiallitic group
of the Zimbabwean soil classification (Thompson & Purves 1978).

The research ofBruneau & Twomlow (1999) and Twomlow & Bruneau (2000) aimed to increase
fundamental insight into the hydraulic behaviour of a cultivated soil. A comprehensive data set
was compiled on surface relief and infiltration characteristics of cultivated soils. This data set was
complementary to the crop and soil moisture data of the agronomic trials at the experimental
research stations, which are summarised in this section.

The data from the agronomic trials include measurements of the soil water content, crop
performance and labour requirements of different cultivation practices. This chapter summarises
and reviews previous analyses of these data sets, focusing on the impact of the water conserving
properties of the different experimental treatments. Much of these analyses have been published
as internal reports ofSilsoe Research Institute, the Makoholi Experimental Station and the Cotton
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Research Institute, while the results have also been presented and discussed in several peerreviewed and edited papers. A number of these reports and publications have recently been
brought together by Twomlow (1999) in the final report of the Conservation Tillage project
R4840. The documents and the information that has been used for this review, has been provided
by the International Development Group (SRI), DRSS and the Zimbabwean Meteorological
Office. Table 3.1. summarises the trials that are discussed in this chapter and lists the references
for each experiment.

3.1. Climate and Weather

Zimbabwe is divided into five Natural Regions (NR), which are based largely on rainfall criteria
such as annual precipitation and intra-seasonal distribution (Figure 1.1). The Makoholi
Experimental Station (MES) is located in Masvingo province, Zimbawe (19°50'S, 300 46.5'E
elevation 1200m). The station is situated on the edge ofNR IV, bordering on NR Ill. The longterm average precipitation of NR IV lies between 450-650 mm.year- l and according to the
classification, this is a "fairly low total rainfall, suitable for semi-extensive farming based on
livestock production" (Vincent & Thomas 1960). The yearly rainfall distribution is unimodal and
the wet season falls between OctoberlNovember and March. Rainfall occurs typically as sporadic
convectional storms of high intensity. Little or no rain falls in the dry season (May to September).
The climate is further characterised by periodic seasonal droughts and the occurrence of severe
dry spells during the rainy season.

The Cotton Research Institute (CRI) is situated in Kadoma, south-west of Harare, Zimbabwe
(18°19'S, 29°53'E, elevation 1150m). It lies in Natural Region lIb, which is an intensive farming
region, with 750-1000 mm of rainfall per year (Vincent & Thomas 1960). Unlike NR.Ila, periodic
dry spells or short rainy seasons occur which affect yields. The unimodal rainy season is similar
to that ofMES, lasting from OctoberlNovember to March and is followed by a long dry season
from May to September.
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Table 3.1. Summary of the major on-station trials conducted at the Makoholi Experimental Station and the Cotton Research Institute, for the DFID
funded projects R4840 and R6655, over the period 1991-1998. All trials were planted with maize, save the trials at CRI, which studied a yearly rotation
of maize and cotton. Lab

=labour, DAP =draught annimal power measurements, Rltd blocks =randomised block design.

Experiment

Layout

Site - Field

Available Data
Crop! Soil Lab!
(years, n2) Weeds Water DAP

Location

Design

n

Seasons

Soil Physics
SP-I: Instantaneous Profile
SP-2: Soil Surface Characterisation

3
Rndblocks 5

MES,CRl
MES,CRl

'91
'90-'94(3)

Tillage Methods
1'-1 :
Ridging
1'-2:
Crop Establishment
1'-3:
Crop Establishment
1'-4:
Crop Establishment

Criss-cross
Criss-cross 1
Criss-cross
Criss-cross

3
3
3
3

MES-H6

MES-PI0 1
CRI-CD21172
CRI-C1'C

'92-'93(1)
'91 -'94(3)
'91-'94(3)
'89-'96(6)

1/
1/
1/
1/

Weeding
W-I: Method
W-2: Timing + Frequency
W-3:
Timing

Rnd blocks
Rnd blocks
Rnd blocks

4
4
4

MES-H4
MES-G7
M ES-Exp5

'92-'95(3)
'91-'93(2)
'9 I -'95(4)

1/
1/
1/

Crop Est. 'Weeding Method
Criss-cross 4
MES-expl
Crop Est'Weeding Frequency
Criss-cross 4
MES-exp3
Crop Est. 'Weeding Frequency
Criss-cross 1 3
MES-PI0 2
Crop Est'Weeding Method 'Land
Rnd blocks 3
MESPrep.
M2,3;H7,4
n-3 for soil water measurements, n-8 for Crop and Weed measurements.

'91-'95(4)
'91-'95(4)
'94-'97(3)
'93-'96(3)

1/
1/
1/

Tillage

lW-I:
1'W-2:
1'W-3:
TW-4:
1

2 Trial

tI'
tI'

Twomlow 1994
Bruneau & Twomlow 1999

1/

Twomlow et al. 1997b
SRI-OD 1993, Twomlow 1994
Mashavira et al. 1995
Mashavira et at. 1997

1/

Riches et al. 1997
Twomlow et al. 1997a
Dhliwayo 1996

1/

DhIiwayo 1996
DhIiwayo 1996
TwornIow & Dhliwayo 1999
Mashavira et al. 1997

1/
1/
1/
1/
1/

Reference

* Weeding
tI'
tI'
1/

1'-3 consisted of two identical trials with an annual cotton-maize rotation, one of which started with maize and the other with cotton.
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Table 3.2. Meteorological data available for the Makoholi Experimental Station and the Cotton
Research Institute.
Parameter

MES

Precipitation (mm)

Daily 1962- I 998

CRI
Daily

1990-1998

Monthly 1926-1998
Class "A:' open pan evap. (mm)
Sunshine hours per day
Temperature max/min

Daily 1990-1998

Monthly 1990-1998

The nature of the weather data that are available for the two experimental sites is summarised in

Table 3.2. The rainfall data at MES have been collected on-site, while the supplementary
meteorological observations, which were made available by the Zimbabwean Meteorological
office, were collected at the Makoholi meteorological station, which is situated 4 km from the
experimental fields. The sunshine hours data were used to calculate the incoming radiation
according to an empirical method, which is described in detail by Stephens et al. (1997).

3.1.1. Long-tenn Variation qfWeather Patterns
The inter-annual variation of annual rainfall is considerable. The coefficient of variation at MES
is as large as 41 % and is 33% at the CRI. While most of the inter-annual variation has been
unpredictable in nature, as far back as 1977, cycles have been observed in the occurrence of
"wet" and "dry" spells with an oscillation of 18-20 years (Tyson & Dyer 1977, Botswana). This
cyclic behaviour is being increasingly understood and related to variations in the global weather
patterns which are described by, amongst others, the Southern Oscillation Index and the El Nino
and La Nina effects (e.g. PhiIIips et at. 1998, Delecluse et al. 1998). Advances in the
understanding ofthese climatic patterns are now leading to increasingly detailed seasonal weather
forecasting. These are being used in systems such as the USAID famine early warning system,
FEWS1. However, its present value to small-scale farmers is uncertain (Blench 1999). The
description of these climatic patterns stretches beyond the scope of this research.

1

http://gaia.in/a. usaid.gavljewsl
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3.1.2. Annual variation

Figure 3.1a and 3.1b present the monthly mean and the standard deviation of the incoming
radiation at, respectively, MES and CRI, over the period 1991-1998. Figures 3.2a, b and 3.3a,b
show the class "A" open-pan evaporation and the average 24-hour temperature, respectively.
These weather characteristics all feature a minimum for June-July, which is the mid-winter period
and a maximum for October, at the onset of the wet season. The incoming radiation and the class
. "A" open-pan evaporation declines at a steady rate between October and June, but the average
temperature does not show a marked reduction until April, at the end of the growing season.

The rainfall patterns at MES and CRI exhibit a much more erratic nature than other weather
characteristics such as minimum/maximum temperature, potential evaporation and sunshine
hours. This variability of the annual rainfall was earlier described by Mashavira et al. (1997), who
calculated a rainfall drought index DJ, as proposed by Downing et al. (1988), to describe the
severity of a drought as a function of the average seasonal rainfall p~.. and the seasonal standard
deviation S:

DI= [P - p....]/ S

[3.1]

This approach was also used by Mashavira et al. (1997) who examined the annual drought at
MES and CRI (Figure 3.4). This approach is discussed further in Chapter 6.

The daily rainfall data at the two sites were studied in more detail, to establish to what extent the
data collected from the field trials could be regarded as being representative of the prevalent
climatic conditions. Sections 3.1.3 and 3.1.4 describe the seasonal rainfall patterns at MES and
CRI for the duration of the trial periods. These descriptions will be used throughout§3.4-3.5, to
explain the variations in treatment effects between different growing seasons.
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Figurt 3.1. Average monthly incoming radiation at the Makoholi Experimental Station and the
Cotton Research Institute, over the periods 1991-1997 and 1989-1995, respectively. Error
bars indicate the standard deviation of the monthly means.
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3.1.3. Precipitation at Makoholi Experimental Station 1991-1998
The monthly rainfall pattern for the 1991-1998 period (Figure 3.5) shows that the monthly
precipitation varies strongly both within each year and between years. The latter is illustrated
by the large standard deviations of the monthly means.

The average annual rainfall over the 1991-1998 period was 631 mm with a standard deviation
of260 mm, which is similar to the 30-year annual rainfall (Figures 3.6). However, the average
monthly rainfall of the 1991-1998 period shows a substantial difference in seasonal rainfall
patterns with the 30-year rainfall record (Figure 3.5). During the nineties, Rainfall was higher
over the first half of the growing season and lower over the second half when compared with
the 30-year average.

Over the 1991-1998 period, the rainfall distribution varied strongly from year to year. These
variations between and within the different growing seasons are important for the
interpretation of the computer simulation results. Figures 3.7 gives a summary ofthe daily and
cumulative rainfall at the MES.

1991-1992 : annual rainfall 264 mm
The 1991-1992 season was very dry, in fact, the driest year on record. The rains at the start of
the season were largely insufficient to wet up the soil profile. These rains were followed by
prolonged periods of drought, until late January, when 114 mm fell in a period of 5 days.
However, this was the last substantial rainfall event of the season and the result was extensive
crop failure.

1992-1993: annual rainfall 800 mm
The first rains came early this season (26 October). Between 6 November and II December,
rain fell at regular intervals, totalling 107 mm. The following 4 weeks saw a regular rainfall
pattern, totalling 295 mm. Between 11 January and 1 March, rainfall occurred, mainly in two,
regularly spaced clusters, totalling 219 mm. The quantity and the even distribution of the
rainfall led to good crop yields, although the drier periods in November-December and late
January did affect crop growth.
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1993-1994: annual rainfall 637 mm
Half of the seasonal rain fell between 12 November and 10 December, followed by a 17 day
period without rainfall. The remainder of the precipitation in the growing season fell between 27
December and 7 February (274 mm).

1994-1995: annual rainfall 612 mm
After good rains at the end of October, a prolonged drought period occurred until 9 December
and many of the early planted fields required replanting. December saw good, regular rains,
totalling 246 mm. Rainfall over January and February was limited, but evenly distributed (144
mm). A few light rains fell in March, but from April onwards, no effective rainfall occurred.

1995-1996: annual rainfall 904 mm
The growing season started with the rains of 17-25 November (55mm) and was followed by a
regularly distributed rainfall period 8-23 December (178 mm). The next rainfall period, 14-29
January, saw high intensity rainfall, with 180 mm falling on 21 January and 494 mm over the
entire period, leading to severe waterlogging damage.

1996-1997: annual rainfall 888 mm
Rainfall over the entire growing season, starting on 16 November, was very regular. Despite the
high annual rainfall, rainfall on single days rarely exceeded 35 mm. Rainfall over the FebruaryMarch period was fairly low (117 mm), but was followed by a rainfall period 31 March-4 April
(118 mm). However, this late rainfall did little to improve crop yields.

1997-1998: annual rainfall 391 mm
Rainfall during the first weeks of the growing season (17-29 November), was good, totalling 141
mm. However, no substantial rain fell within the next month. Rainfall between 1-19 January was
not excessive (111 mm) but fell at regular intervals. Substantial rains occurred in the period 25
January - 1 February, in total 121 mm. These, however, fell too late for many crops in the region
and were also the final rains of the season.

3. SRI & DRSS Trials 1990-1998
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3.1.4. Precipitation at Cotton Research Institute 1989-1995
The monthly rainfall over the trial period 1989-1995 was generally lower than the rainfall at MES
(Figure 3.5), but the rainfall was more evenly distributed over the growing season. Also, the

monthly standard deviation was smaller, indicating a less erratic rainfall distribution. Unlike MES,
the annual rainfall pattern over the trial period was not similar to the 30-year annual rainfall, as
the average seasonal precipitation was 607 mm, which was 109 mm lower than the long-term
mean (Figure 3.6). Figure 3.8 gives a summary of the daily and cumulative rainfall at the CRI.

1989-1990: annual rainfall 892 mm
Rainfall over the growing season amounted to 785 mm, which was above average. However, after
the first rains on 23 October, the rainfall distribution was erratic and between 4 November and
25 December, only one substantial rainfall period occurred (29 November-l December). The long
dry spells early in the growing season were likely to prohibit good crop development for early
planted crops. The rains between 4 December and 22 February were good, but no rainfall
occurred after this date.

1990-1991: annual rainfall 635 mm
The first rains fell on 19 November and up to 5 January, rainfall was quite low (165 mm) but
regularly distributed over this 47-day period. Between 6 January and 25 February rainfall was
higher and the period between two rainfall periods was never longer than 10 days. This period
was followed by a dry spell of 19 days which was ended by two rainfall events on 16 and 20
March.

1991-1992: annual rainfall 592 mm
Rainfall this year remained below average and ofthe total of 592 mm, only 415 mm fell withing
the growing season. The first rains were early, between 10-16 October and were followed by a
single rainfall event on 24 October. However, the next rainfall event did not occur until 14
November and the total precipitation between 16 October and 18 December was as little as 73
mm. An intensive rainfall period between 19 - 27 December (194 mm) was followed by a 27 - day
drought, ended by two rainy days on 23 and 24 January. However, rainfall subsequently ceased
for 40 days until 4 March.
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1992-1993: annual rainfall 618 mm
After the first rains on 9 November, very little rain fell until 9 December (16 mm), hampering the
development of early planted crops. Between 9 December and 12 January, the rains were good
(223 mm) and were evenly distributed. After a dry spell of21 days, with only one small rainfall
event of9.1 mm on 22 January, the rains during February were good (215 mm), but ended in a
22-day drought until 9 March. The final rainfall event was on IS March, bringing the total rainfall
over the growing season to 574 mm.

1993-1994: annual rainfall 430 mm
Through the season, precipitation fell mostly in four distinct rainfall periods: 5-13 November (33
mm), 23 November-S December (89 mm), 23 December-4 January (86 mm) and 15-27 January
(65.1). Small rainfall events in February, totalling SS mm, brought the growing season rainfall to
410 mm. Dry spells in December (18 days), January (11 days) and February (23 days).

1994-1995 annual rainfall 427 mm
The total rainfall this season was low. Sixty millimieter fell before 22 October, but as it was
followed by a drought period of 32 days, this was not taken as the start of the growing season.
Most of the seasonal rainfall (345 mm) fell between 19-29 December (219 mm). Before this
period, rainfall had not been sufficient to ensure good crop establishment. The rainfall period was
followed by a 16-day drought and a second rainfall period between 14-17 January (72 mm). This,
however, was also the last substantial rainfall of the growing season.
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3.2. Soil Physics and Hydraulic properties

Twomlow (1994) analysed the soil physics and hydraulic properties of the soils at MES and CRI
in detail. The soil properties, however, were not analysed per soil horizon as the morphological
differences between the horizons were small, which is a characteristic of many Zimbabwean soils
(Thompson & Purves 1978).

The textural features of the soils at MES and CRI are representative ofa large part of Zimbabwe.
This is illustrated by Figure 3.9., which presents an overview of the textural and
geomorphological nature of the Zimbabwean soils. Whereas the soil type at MES is typical of
soils used by smallholder farmers, the CRI soil is commonly associated with commercial highinput farming (Twomlow 1994).

The soil atMES is classified as a Ferralic Arenosol (FAO) or an Ustic Quartzipsamment (USDA).
The Zimbabwean soil classification describes the soil as a coarse-grained soil in a well-drained
position, derived from granitic parent material and belonging to the kaolinitic order. The soil
series is coded as Makoholi 5G.2 (Thompson & Purves 1978), indicating a typical, rather deep
soil in a well-drained position. Due to the granitic origin and its coarse texture it has a low
chemical and physical fertility (Watson 1964). The soil at the experimental site consists of a very
coarse sandy topsoil, gradually changing into a loamy sand at depth. Because the soil is of
saprolitic origin, bands of quartz-rich material in the parent rock have led to the occurrence of
gravel layers, the depth of which varies typically between 1500 - 200 mm (Photo 3.1 Oa, b).

The soil at MES is representative of the Topland soils within the toposequence of soils on granite

(Figure 3.11). Going downslope from the well-drained position of the Topland to the
hydromorphic Vlei soils, moisture holding capacity, organic matter content and soil fertility all
increase, along with an increased weed burden and water-logging during the wet seasons. The

Vlei-margin is recognised as exhibiting the most favourable soil conditions, but access to these
soils is often subject to the socio-economic status of the farmers (Riches et al. 1998).
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Figure 3.10a,b Two soil pro fi les of a coarse sandy ferralic Arenosol at the 1akoholi Experi mental
Station, showing a gravel layer at 1 m and 0.2 m depth, respectively. The soil pro files were
located within 200 m from each other, highlighting wavy nature of the gravel layer, which has
fo rmed from bands of quartz-rich material in th e granitic parent material. (photos F-Bauke van
D er Meer).
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Figure 3.11 Typical catena on granitic parent material . (11) Sand (.) Clay (

) saprolite. (After

McFarlane 1995).
The soils at CRI are located in the same geomorphologicaJ position as the Topland soils at MES ,
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but due to the higher mean annual rainfall, an increase in weathering intensity has led to the
formation of deeper soils with higher clay content (Nyamapfene 1991). During the wet season,
the dominance of silt and clay can lead to moderate waterlogging (Twomlow 1994).

The Zimbabwean soil classification puts the CRI soils in the same fersiallitic group as the MES
soils, but codes them SEA.3. At family level, which is defined by both parent material and texture,
it is inexplicitely described as a mixture of igneous (excluding basalt), metamorhpic and
sedimentary parent materials, which can give rise to light soils of high clay and silt content. The
soil is also classified as a Chromic Luvisol under the FAO system and as a Typic Ustropept by
theUSDA.

Basic soil properties of the soils at MES and CRI, that are used for the experiments described in
this chapter, are given in Table 3.3. and 3.4.

3.3. Experimental Design and Methods.
In total, twelve experiments were conducted at the research stations MES and CRI. They
investigated three specific elements of the cropping system, which were pivotal in terms of crop
performance and labour requirements:

•

Primary Land Preparation: Winter ploughing, Spring ploughing

•

Crop Establishment: Planting method and soil & water conservation techniques at the start
of the growing season

•

Weed control: method, timing and frequency of weeding

The obj ective was to compare conventional cropping systems with the soil and water conservation
techniques that were proposed. The experiments were designed to determine a) to what extent
crop performance could be improved and b) whether the requirements for labour and D AP could
pose a restriction on, or an incentive for, the adoption ofthe proposed techniques by smallholder
farmers.

~
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Table 3.3. Soil physical and hydraulic properties at Makoholi Experimental Station.
(Source: Twomlow 1994, pers.comm).
MES

Sample depth (mm):

0-100

100-200

200-300

300-600

1.33

1.37

1.33

1.49

0.498

0.483

0.498

0.437

% Sand (0.06-2.0 mm)

95

92.5

94.25

93.75

% Silt

2.5

3.75

2.5

2.5

% Clay «0.002 mm)

2.5

3.75

3.25

3.75

Water Content at -10 kPa (m3 .m-3)

9.3

9.6

10.3

10.5

Water Content at -1 500 kpa.(m3 .m·3)

4.2

4.3

4.1

4.8

Saturated Hydraulic Conductivity (mm.d· l )

464

860

1293

2019

Bulk Density (g.cm·3)
Porosity (m3 .m·3 )

(0.002-0.06 mm)

Table 3.4. Soil physical and hydraulic properties at Cotton Research Institute.
(Source: Twomlow 1994, pers.comm).
Sample depth (mm): 0-100 100-200 200-300 300-500

CRI

500-700

Bulk Density (g. cm-3)

1.12

1.15

1.23

l.31

1.14

Porosity (m3 .m·3 )

0.577

0.566

0.535

0.525

0.569

% Sand (0.06-2.0 mm)

20.0

20.0

22.5

17.5

12.5

51.25

52.5

51.25

48.75

50.0

28.75

27.5

26.25

33.75

37.5

Water Content at -10 kPa (m3 .m·3)

39.7

48.1

48.0

50.8

51.4

Water Content at -1500 kpa.(m3 .m·3)

18.0

18.0

28.0

26.0

25.0

Saturated Hydraulic Conductivity (mm.d· l )

402

1188

1748

2511

1286

% Silt

(0.002-0.06 mm)

% Clay «0.002 mm)
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The experimental results have been discussed in terms of crop performance, the level of soil
moisture conservation, as well as the input requirements for labour and draught animal power
(DAP). Table 3.1. offers an overview of the 12 trials that were conducted and it provides a brief
summary of the experimental treatments, design and the duration of the trial. It also shows the
type of data that was available for this present study. In this chapter, trials are labelled according
to the elements of the cropping system they investigated:

SPT-

wTW-

Soil Physical properties
Tillage practices, i.e. Crop Establishment and/or Primary Land Preparation
Weeding practices
Interactions between Tillage and Weeding practices

The results of experiments SP-1 and SP-2 which studied physical characteristics of the soil, have
been described in §3.2. Treatments of the other trials are summarised in Table 3.5. The results
are discussed in this chapter. The tillage trials, marked T-1 to T-4 in Table 3.1, were based on a
cri ss-cross design, with at least three replicates. Experiment T-2, which was located on field
"PlO" at MES, consisted of eight replicates, but only three were equipped with access tubes to
measure the soil moisture content. Experiment TW-3, which succeeded experiment T-2 on this
field, followed a similar field layout. The remaining trials were based on a randomised block
design with either three or four replicates (Table 3.1).

The experiments were planted with maize (Zea mays, hybrid R201), apart from in trials T-3 and

T-4, which were planted with a yearly rotation of maize and cotton (Albar K502). Plant spacing
of maize was kept at a 0.3m by 0.9m spacing (37 000 plants.ha·!). Cotton was sown with a
spacing of 1.0m by O.3m (33 000 plants.ha·!). Fertilisation followed local extension
recommendations. Maize received a basal fertiliser application of 150 kg. ha'! Compound D
(8: 14 :7), followed by a split application of ammonium nitrate, 75 kg. ha'! at six weeks and another
75 kg.ha·! at ten weeks after emergence. The basal application for cotton was 350 kg.ha·! of
Compound L (5:18:10) followed by a split dressing of 50 kg.ha·! of ammonium nitrate at first
square and first flower.
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Crop measurements included data on yields, production of stover and time of planting,
emergence, anthesis, silking and maturity. Arrays of access tubes for a "Wallingford" Neutron
Moisture Meter were installed inthe planting line on experiments T-2, T-3, W-l, W-2 and TW-3
with one access tube per replicate plot. The neutron probe was dynamically calibrated for the soils
at MES and CRI (Twomlow & Riches 1991) and was used to measure soil moisture content over
the top 900-1000 mm, at 100 mm increments. Measurements were taken at weekly intervals over
the growing season (November- April) and monthly during the dry season (May-October). The
neutron probe measurements were complemented with gravimetric soil samples of the top 150
mm.

The requirements for labour and DAP were either measured by recording staff working hours and
the use of draught animals or inferred from on-farm observations of actual farmer practices in the
Gutu and Sanyati Communal Areas (Chatizwa et al. 1998) and data reported by the Zimbabwean
agricultural extension services AGRITEX (AGRITEX 1982).
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Table 3.5. Summary of experimental treatments of the trials in Table 3.1. WP = Winter ploughing,

SP = Spring ploughing, NP = unploughed weedy fallow, 3FP = third furrow planting, OPFP =
open plough furrow planting, OPMR

=OPFP + ox-drawn mid-season riding, FWC =Full weed

control.

Experiment Land
Crop Establishment
Weeding
_____ Preparation _ _ _ _ _ _ _ _ _ _ _ (weeks after emergence)

Iillage
T-l

sp

T-2

WP+SP

T-3

wp+sp

T-4

wp+sp

Ridging by : -hand hoe
-MB Plough
3FP
-Ridger Plough
3FP
Ridge
3FP PH[I,2]
Tied Ridge
3FP PH[I,I]
Furrow'
OPFP
Tied Furrow
3FP
Ridge
3FP,mulch
Tied Ridge
3FP PH[2,2]
New Ridge'
Tractor Plough Ridges
Rip after maize Direct planting
Rip & Rome disc

2+6

FWC

FWC

FWC

Weeding

W-l

sp

3FP

W-2

sp

3FP

W-3

sp

3FP

MB Plough(MR)'
Plough,no MB2
2
2+4
2+4+6
Unweeded
Bare, Unweeded
2+6
4+6
Unweeded

(3-7)
HH
Cultivator
4
4+6
4+6+8
FWC
Bare,FWC

IiII age * Weeding
Herbicide
HH
Plough,no MB'
Cult
2+6
wp+sp
TW-2
Unweeded
4
WP+SP
TW-3
2+6
NP
Hand Hoe
TW-4
sp
~~~Hoe :p;~
Cultivator'
wp+sp
p
MB Plough(MR)'
'Unwanted water harvesting effects from neighbouring plots; treatment discarded
'Additional hand hoe weeding of remaining weeds
'Ridge re-created each season

TW-l

wp+sp

3FP
PH[I,I]
3FP
Rip Tine
PH[1, I] Tied Ridge
OPFP
Tied Ridge
OPMR Tied Furrow

(2+6)

(2+6)
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3.4. Experimental Results

The series of trials produced a thorough understanding of the advantages and disadvantages of
the different techniques for soil and water conservation in terms of their impact on labour
requirements and conditions for crop growth.

3.4.1. ConditionsforCrop Growth
The measurements of crop yields and soil water content showed that the method of land
preparation, crop establishment and weeding influenced crop growth primarily by improving the
availability of water to the crop. The soil and water conservation techniques mainly mainly a)
infiltration and re-distribution of water into the soil profile and b) weed competition for soil
moisture. The latter process had the biggest impact on crop yields (Twomlow 1999).

3.4.1.1 Inftltration and re-distribution of soil moisture.

The disturbance of the soil by tillage and weeding practices creates a new surface relief, changing
the bulk density of the topsoil, the surface roughness and the shape of the soil surface. These
changes are specific to the implements that are used and the way they are employed. Soil
disturbance increases the infiltration capacity of the soil, but it also improves the rootability of the
disturbed layer (Hoogmoed 1999). Although third furrow planting disturbs the entire soil surface,
the series of experiments at MES and CRI suggest that this conventional ploughing practice does
not necessarily improve rootability more than methods which only disturb part of the soil surface,
such as OPFP and tine ripping. Indeed, these methods produced yields that generally exceeded
the yields ofthird furrow planting, especially when the depth of disturbance was increased (Table
3.6 a,b). This is also in line with the observations of the soil physical characteristics at the MES

and CRI, which do not suggest that root proliferation within the plough layer is inhibited by high
bulk densities or soil strength, but that the existence of a plough pan at some 200 mm depth may
lead to reduced root proliferation. Soil disturbance to a greater depth, such as tine ripping to 300
mm, breaks up this obstruction.
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Table 3.6a, b, c. Comparison of yield results of crop establishment techniques, that plant in tillageinduced depressions, with the conventional third furrow planting technique. An asterisk behind
the LSD value indicates a significant difference with the control treatment at the 0:=0.05 level.

D.l. = Drought Index of Downing et aL (1988); negative values indicate a year with below
average rainfall.

Yield Effects of Three Soil and Water Conservation Techniques
B) Rip Tine

A) OPFP
YOPFP .. Ycontrol

LSD

D.L Season Tri aI

(t.ha·')

(o:=O.os)

1.51

1.08*

0.68

1.61

0.1

0.57

0.38*

1.2 95-96

0.50

1.08

0.20

0.85

0.04

0.63

-0.02

0.55

1.2

-0.05

0.61

0.6 92-93

-0.14

0.45

0.1

0.37

Average

(0:=0.05)

TW-4

1.51

1.08*

-0.4 94-95

Rip 300

TW-4

93-94 TW-4

1.32

0.64*

-0.7

91-92

Rip Tine'

T-4'

TW-4

1.18

1.08*

-0.4

94-95

Rip 300

TW-4

94-95 TW-4

1.07

1.17

-0.2

92-93

Rip Tine'

T-4'

0.86

1.61

0.1

93-94

Rip 300

TW--I

0.62

1.08

-0.4 94-95

Rip 200

TW-4

0.58

0.38*

1.2 95-96

Rip 300

TW--I

T-2

0.38

1.08

-0.4 94-95

Rip 200

TW--I

93-94 T-2

0.34

0.55

1.2 95-96

Rip 300

TW-4

0.20

0.85

1.2 95-96

Rip 300

TW-4

0.15

0.85

1.2 95-96

Rip 200

TW-4

0.10

0.26

-0.4

94-95

Rip 150

TW-J

0.07

1.61

0.1

93-94

Rip 200

TW-4

0.01

0.61

0.1

93-94

Rip 150

TW-J

96-97 TW-3

-0.17

0.26

0.1

93-94

Rip 150

TW-J

0.6 92-93

Rip 150

TW-J

1.2 95-96

TW-4

-1.3 91-92 T-2

95-96 TW-4

C) Furrow

Yfurrow .. YcontToI

LSD

LSD D.L Season Treatment Trial

(t.ha·')
-0.4 94-95

-0.4

Yrip .. YeonlTol

D.I. Season Trial

0.33

0.61

0.6 92-93

0.14

0.49

1.2

0.05

0.63

-1.3

91-92 T-2

-0.23

0.80

-0.04

0.30

-0.4

94-95 TW-3

-0.29

0.12*

-0.4 94-95

Rip 150

TW-J

-0.14

0.45*

0.1

93·94 T·2

-0.72

0.35*

0.6 92·93

Rip 150

TW-J

-0.40

0.15

1.2 95-96 TW-3

-0_01

Average

T-2

0_78
0.31
-0.22

Rip 300
Rip 200 Average
Rip 150

• All experiments were conducted at Makoholi Experimental Station on coarse sandy soils, apart from trial
T 4, which was located on a silty clay loam at Cotton Research Institute.
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When the rainfall intensity exceeds the infiltration rate, small depressions will start to fill with
water. The storage capacity of these depressions is a function of the random roughness of the soil
(Cremers et al. 1996). Once this storage capacity is exceeded, the excess water is re-distributed
from elevated areas into depressions, where increased infiltration leads to higher soil water
contents. The pattern of elevations and depressions is often created by tillage operations, such as
open plough furrow planting, tine ripping and (tied) ridging. This "orientated roughness", which
underlies the random roughness, has its own storage capacity which exceeds the storage capacity
of the random roughness (Bruneau 1995).

The tillage-induced re-distribution of water leads to increased infiltration in low-lying areas of the
tillage profile. In a tied ridge system, there is a higher water content in the furrow, but also a
reduced water storage in the ridges. The higher soil water content in the furrow leads to a higher
unsaturated hydraulic conductivity, which can increase the loss of water to drainage (Twomlow
and Bruneau 1998). This is especially true for ridges on coarse sandy soils, where the lateral redistribution of soil water is limited. At Makoholi Experimental Station, it was found that for ridge
planted treatments, the inhomogeneous distribution of soil water resulted in a reduced moisture
availability to the crop during emergence and during the early stages of development. The water
content in the top soil was distinctly lower (Figure 3.12), although the water content was higher
than other treatments at greater depth.

Especially during years with below-average rainfall, this has a distinct effect on crop
establishment. This was illustrated by trial TW-3, when, in the '94-'95 season, the trial was
replanted due to a five week drought following the initial planting date. The plant densities of the
failed crop were recorded and showed that the plant density on the ridges was 2000 plants. ha-' ,
compared with 5 000-10000 plants.ha-' on the other treatments (Twomlow & Dhliwayo 1999).
This was the only occasion on which the effect of the soil moisture status on crop establishment
could be directly measured, because the plant density of all trials was kept at 37 000 plants.ha-' .
In all other trials, the impact of sub-optimal conditions on crop emergence could only be studied
on the basis of crop yields at harvest.

3. SRi & DRSS Trials /990-/998
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The negative effects of ridge planting on soil conditions early in the growing season, may well be
offset by an improved availability of water once the root front has reached the zone of increased
water content deeper in the profile. These two processes, which have an opposite effect on crop
performance, lead to ambiguous experimental results. The trials that studied tied ridging generally
did not show a significant increase in crop yields compared with the control (Table 3.7). Profiles
ofthe seasonal average soil water content showed that the tied ridge system resulted in the lowest
soil water content, especially in the top soil (Figure 3.13). However, the soil water status under
the tied ridges of trial TW-3 was found to be lowest when compared with the other treatments in
the '95-'96 season, while the tied ridges produced a significantly higher yield than the other
treatments. An explanation is that improved cropping conditions can lead to a more efficient
extraction of water from the soil and hence a lower soil water content.

The tied ridge system achieved better water conservation at CRI than at MES. In trial T-4 at CRI,
the tied ridge system showed a high average soil water content in the '91-'92 season and a higher
soil moisture content deeper in the profile throughout the '92-'93 season. The latter coincided with
a high increase in yield compared with the control treatment. In the remaining two seasons of the
trial, however, the soil moisture content during the first weeks after planting was considerably
lower than the tractor ploughing and the rip tine treatments.

Table 3.7 shows an overall tendency of the tied ridge system to produce lower yields than the
control treatment in years with below average rainfall. Negative responses ofthe tied ridge system
in seasons with above average rainfall were partly attributed to poor crop establishment and partly
to the increased susceptibility to waterlogging. The "perfect" conservation of water (Chuma &
Hagmann 1995), combined with the low infiltration capacity of the furrow bottom (Bruneau

1995), results in extended periods of ponding and near saturated soil conditions after a rainfall
event. The detrimental effects of waterlogging inevitably had a more pronounced effect when
crops were planted in the furrow bottom; this treatment did not produce significant increases in
yield (Table3.6c). Because planting in the furrow also restricted access into the field for weeding
operations, the system was not practical for farmers. The uptake of furrow-planting tied ridging
was therefore unlikely.
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The re-distribution of surface water into tillage-induced depressions, is used by several other crop
establishment techniques, which plant seeds in open plough furrows or rip lines. The flow of
surface water into the planting line increases the availability of soil water content during
emergence and the early stages of crop growth. OPFP lead to the highest soil water contents in
the top soil during the first weeks after planting (Figure 3.12) and to substantial increases in crop
yield (Table 3.6).

Tine ripping to 300 mm depth outperformed most other treatments, especially in years with below
average rainfall. In three out of six trials, yields were significantly higher than the control
treatment and negative response were not observed. However, the depth of ripping was shown
to be crucial, as ripping to depths <200 mm generally led to lower yields.

Based on the findings of these trials, Twomlow et al. (1998) conducted a series of on-farm trials
between 1995 an 1998, that compared 3FP, OPFP and tine ripping. Farms were located in the
communal areas near MES, along a transect that stretched from dry Top/and soils to the
hydromorhic soils in the valley bottom, with soil texture ranging from coarse sands to sandy clays.
Their results from three consecutive seasons were not conclusive about the yield effects of the
three treatments, but positive responses to OPFP were found only in the '97-'98 season, which
had below-average rainfall.

3. SRI & DRSS Trials 1990-1998
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Table 3.7. Comparison of yields of the Tied Ridge tillage system with the control treatments. An
asterisk behind the LSD value indicates a significant difference with the control treatment at the
IX=O.OSleveL D.l. = Drought Index of Downing et aL (1988); negative values indicate a year with
below average rainfall.

Yield Effects of Tied Ridging

Yridge - Ycontrol
(t.ha· l )

LSD

D.I.

Season

Trial

(a=0.05)

1.77

1.17*

-0.2

92-93

T-4#

0.99

0.49*

1.2

96-97

TW-3

0.47

0.49

-1.0

93-94

T-3#

0.29

0.80

0.6

92-93

TW-2

0.20

0.61

0.6

92-93

T-2

0.18

0.61

0.1

93-94

TW-2

0.13

0.18

-0.7

91-92

T-3#

0.10

0.35

0.6

92-93

TW-2

0.05

0.26

-0.4

94-95

TW-2

0.05

0.45

0.1

93-94

T-2

0.02

0.26

0.1

93-94

TW-2

0.00

0.91

0.6

92-93

T-1

-0.00

0.30

-0.4

94-95

TW-3

-0.01

0.26

-1.3

91-92

T-1

-0.05

0.63

-1.3

91-92

T-2

-0.05

0.53

0.6

92-93

T-1

-0.05

0.07

-1.3

91-92

T-1

-0.20

0.64

-0.7

91-92

T-4

-0.21

0.12*

-0.4

94-95

TW-2

-0.21

0.15*

1.2

95-96

TW-3

-0.80

0.64'

-0.2

92-93

T-3#

0.13
Average
• All experiments were conducted at Makoholi Experimental Station on coarse sandy soils,
apart from trials T-3 and T 4, which were located on a silty clay loam at Cotton Research
Institute.
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3.4.1.2. Weed Competition for Soil Moisture

Weed growth and competition was studied as a function of i) different methods of weeding and
ii) different weeding regimes and iii) land preparation.

i) Weeding methods

The ANOVA of the field trials that contained both crop establishment and weeding treatments
found no overall interaction effect on yields. Different crop establishment techniques, however,
did affect weed pressures despite the supplementary hand weeding that was employed after a
weeding operation, in order to achieve a clean weeding at all times. Thus, differences in weed
re-growth could be attributed to the better weed control of some techniques, i.e. burying of
seeds and seedlings and cutting and/or uprooting weeds.

o2

In the maize planted fields of trial T-4 (CRI), over 500 weeds.m were counted on the reduced
tillage treatments (rip and direct planting) at first weeding, while the weed pressure on the tied
ridge system was just under 300 weeds.mo2 • Similarly at Makoholi Experimental Station, tine
ripping led to significantly higher weed numbers at harvest in the '94-'95 season (Trial TW-4).
The on-farm trials ofTwomlow et al. (1998) observed high weed counts at harvest for both tine
ripping and OPFP.

Hand hoe weeding achieved a clean weeding, removing all weeds from the soil surface (Riches

et al. 1997). In terms of weed counts, hand hoe weeding generally outperformed ox-drawn
weeding methods. In trial TW-l, however, where the weed pressures were measured at six
weeks after emergence, the lower weed counts of hand hoe weeding were not significantly
different in most seasons. At trial W-l, weed numbers at harvest were lowest for hand hoe
weeding in two out of three years, despite additional hand hoe weeding of the ox-drawn
weeding methods. Trial TW-4, in contrast, showed that hand hoe weeding led to higher weed
pressure at harvest.
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The effect of mid-season ridging (MR) on weed pressure was investigated in three trials at
Makoholi Experimental Station. MR resulted in very good weed control, with very small weed
numbers after the first weeding and no weeds remaining after the second weeding (Table 3.8).
This technique outperformed cultivator weeding and weeding using a plough without
mouldboard. The use of these weeding methods led to high weed numbers in the inter-row and
the in-row, respectively. Trial TW-3 found that OPMR resulted in very low weed pressures at
harvest, compared with OPFP and tied ridging which were hand weeded. This was attributed
both to the high level of weed control achieved with MR and to the water conservation aspect
of the ridge-and-furrow profile that was created, so that the crop had a greater competitive
advantage and surpressed weed growth. As a result, the seasonal average water content of the
soil was highest for MR (Figure 3.13).

Similarly, in trial W-1, mid-season ridging led to a distinct increase in soil moisture content of
the top 300 mm of the soil profile (Figure 3.14). Although this increase was highest in the '92'93 season, the best yields were achieved in the '94-'95 season. The '92-'93 season was
characterised by an even distribution of rainfall, so that no drought stress was observed. In the
'94-'95 season, rains ceased with the onset of grain fill (Riches et al. 1997). Mid-season ridging
resulted in higher water contents at this stage ensured that the crop experienced less drought
stress, hence producing higher yields.

Weeding using the plough without mouldboard produced the lowest soil water contents (Figure
3.14), which were related to consistently low yields in three consecutive seasons. However,
most weeding methods produced yield effects that varied from season to season. Mid-season
ridging in trial TW-3 only produced higher yields in one out of three seasons, while in trial W-I,
three consecutive seasons produced, respectively, negative, positive and not significantly
different yields, compared with hand hoe weeding. Trials TW-1 and TW-4 found no significant
differences in crop yields between weeding treatments.
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Table 3.8 (trial W-1) Efficiency of four weeding systems. Weed number per m' remaining after
weeding once by hand or implement in 1994/95 at MES. (Source: Riches et aL 1997).
Weeding at 2 weeks after emergence
In-row
Hand weed

0

s.e.
0

Cultivator

5.4

3.99

Plough with body

0.56
0.9
0
19.2
5.4
8.1
Weeding at 6 weeks after emergence

Plough less body

Inter-row

s.e.

0

0

26.8

7.6
0
5.4

In-row

s.e.

Inter-row

s.e.

Hand weed

0

0

0

Cultivator

89.4

26.9

63.7

0
38.2

Plough with body

0

0

0

0

Plough less body

15.0

9.2

2.2

1.1

ii) Weeding Regime
Whereas the measured yield effects of different methods of weeding were not pronounced, the
timing and frequency of weeding had a strong impact on both yields and the soil water content.
Trial W-2 compared the effects of eight different weeding regimes on crop yield, while the soil
water content was measured for five selected regimes. A distinct pattern emerged of declining
weed pressures at harvest when the frequency of weeding increased (Figure 3.15). Like the
trials on weeding methods, this pattern did not recur in the yields of the different treatments

(Table 3.9).
The yield effects of the weeding regimes oftrial W-2 indicated, that weeding at four weeks after
crop emergence was sufficient to avoid substantial reductions in crop yield. In the '91-'92
season, soil conditions at four weeks after emergence were too dry to allow the re-growth of
weeds, while in the '92-'93 season, abundant rainfall in the first four weeks of the growing
season gave the crop a sufficient competitive advantage to suppress further weed development.
Thus, in both seasons, no significant differences in crop performance were found between
treatments that were weeded at 4 weeks only and treatments that were weeded at 4+6 weeks
and 4+6+8 weeks after emergence. However, different weeding frequencies during the first four
weeks did affect crop yields substantially (Table 3.9), with crop yields increasing more than
50% when weeding at 2 weeks was followed by a second weeding.
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Figure 3.14 (Trial W-1) Average soil water content at anthesis under different weeding
techniques, for three different seasons: 15/2/93, 9/2/94, 20/1/95 (s.e. 0.003). Hand
weeding, -; cultivator, A; plough with MB,D; plough without MB, 1'>.. (Source: Riches et

al 1997)
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Similar increases were found at trial 1W-3, which compared weeding at 2+6 weeks after
emergence with a single weeding at 4 weeks. Weeding at 2+6 weeks produced significantly
higher yields in two out of three seasons and the measured weed biomass at harvest was halved.
These results supported the conclusions that were drawn from trial W-2. However, the
conclusion that a single weeding at 4 weeks was sufficient to avoid substantial yield reductions
was only supported by the results of the '96-'97 season Incidentally, the rainfall characteristics
of this year were similar to those in '92-'93, i.e. a uniform rainfall distribution over the year.
Hence, weed water uptake did not affect the availability of water to crops, leading to the
observed absence of a weeding effect in both years.

It was not clear, however, whether crop growth in the 4-week weeding treatment of trial TW-3

was restricted by the increased competition of weeds between 2-4 weeks after emergence, or
after the single weeding operation. The consistently higher weed biomass at harvest points at
the latter. Trial W-3, which compared weeding at 4+6 weeks with weeding at 2+6 weeks after
emergence, investigated this, but the results of this trial were not conclusive.

1000

1.
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800

• 1+4+6 wks
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Figure 3.15 (Trial W·2) Weed dry weights (g.m·') at harvest after eight different weeding regimes in
the seasons 1991-92 (s.e.d. 18.87) and 1992-93 (s.e.d. 195.43). (Source: Twomlow et al. 1997a)
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Weed growth was shown to have a considerable impact on the water available to crops. The
water use efficiency (WUE) was calculated for trials W-1, W-2 and TW-3, as
WUE (kg.mm-!) = crop biomass (kg.ha-!) 1 water use (mm.ha·!)

[3.2]

using the weekly neutron probe measurements and the incident rainfall data (Riches et at.
1997). The water use was defined as the total evapotranspiration, thus including soil
evaporation and weed transpiration. It was found that between the different treatments, the
differences in total evapotranspiration were generally smaller than 15mm over a season (Table

3.10-12). Larger, significant differences, were found in trial W-2 (Table 3.11). During the '91'92 season, the weed free treatment had led to a much lower evapotranspiration; however, this
was attributed to poor crop development as a result of accidental root pruning during weeding
operations (Riches et at. 1997). In the '92-'93 season, large differences were found, showing
a greater water use in the treatments which were weeded only once.

Table 3.9. (Trial W-2) Crop performance of different weeding regimes. The crop failed to produce
any yield in the 91-92 season due to low rainfall. (Source: Twomlow et at. 1997a).
1991/92

1992/93

Weeding Treatment

dry stover
yield
kg/ha

dry stover yield
kg/ha

grain yield @12.5% m.c.
kg/ha

A - weed at 2 wks

416

1266

B - weed at 2 +4 wks

870

1449

1436
2135

C - weed at 2+4+6 wks

740

1605

2262

D - weed at 4 wks

814

1152

2081

E - weed at 4+6 wks

703

1232

2108

F - weed at 4+6+8 wks

879

1133

2050

G - kept weed free

990

1345

1684

268

485

520

H - kept weed free, fallow
I - unweeded control

J - unweeded, fallow
132.17**'
252.6'
s.e.d.#
# Significant treatment effect * P < 0.05; *** P<0.001

545.4
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Weed competition for soil moisture affects the water availability to crops in two ways. Weeds
compete directly with the crops for available soil water as they interfere with the flow of water
to crop roots. When the weed infestation is severe enough, the crop is not able to extract water
at the maximum rate, thus leading to a lower growth rate. The second manner of competition is
indirect. The additional transpiration of weeds leads to a more rapid depletion of the soil water
profile. This increases susceptibility to drought during periods without rain, resulting in potentially
severe reductions in crop yield. In a situation with low to moderate weed infestation, this indirect
effect of crop competition appears to be more important than direct competition. In trials W-2 and

TW-3, a single weeding at four weeks led to considerable weed infestation, higher seasonal
evapotranspiration and generally lower yields. Yet, it did not have a detrimental effect on crop
yields in the '92-'93 and the '96-'97 seasons, because ofthe absence of prolonged dry spells.
Soil moisture profiles revealed how weed growth affected the distribution of soil moisture
available to the crop. The seasonal average soil water content of trial TW-3 (Figure 3.13)
suggested that the higher weed growth under a single weeding tended to lead to lower water
contents at greater depth. The results of the '92-'93 season of trial W-2 (Figure 3.16), however,
showed that the treatments with the lowest crop yields actually led to highest average soil water
contents. The average water content under the unweeded control was only significantly lower
than under the 2+4+6 weeding regime at depths greater than 600mm.

Table 3.1 O. (Trial W-1) Above ground dry weight (ADW, kg/ha), water use (ET, mm) and water use
efficiency (WUE, mm/kg/ha) for four weeding systems. (Source: Riches et aL 1997).
Season (November to May)
1993/94

1992/93

Treatments

ADW

ET

kglha

mm kglha/mm

WUE

ADW

ET

kglha

mm kglhalmm

WUE

1994/95
ADW

kg/ha

ET

WUE
mm kg/halmm

Hand-weed

8750 363.9

23.97

4963

370.0

13.41

8561

363.2

23.57

Cultivator

8009 375.8

22.68

4005

359.6

1l.l7

8768

374.5

23.40

Plough with MB 7778 375.8

20.69

5269

375.6

14.04

8086

375.5

21.58

PloughnoMB

4468 379.9

11.76

2852

363.4

7.83

6353

368.6

17.24

Mean (n= 12)

7251 373.9

19.78

4272

367.3

11.61

7942

370.5

20.45

980.2* 12.54

3.08*

634.7* 6.91

1.81 *

expt. s.e.

I

') Significant treatment effect • P > O. 1, •• P< 0.0 J;

••• P< O. 00 J

215.9*** 3.82

0.69**
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Table 3.11. (Trial W-2) Total crop biomass (kg/ ha), water use (ET, mm/ha) and water use efficiency

(WUE, kg/mm) in response to time and frequency of weeding at Makoholi Experimental
Station. (Source: Twomlow et aL 1997a).
Weeding Treatment

biomass

1991/92
ET

1992/93
WUE

biomass

ET

WUE

A - weed at 2 wks

760

218.9

3.47

3143

396.4

7.89

C - weed at 2+4+6 wks

1350

210.3

6.42

4147

367.9

11.17

D - weed at 4 wks

1485

214.9

6.91

3235

411.2

8.13

G -kept weed free

1805

163.8

11.01

3178

393.1

8.09

H - unweeded control

489

210.0

2.33

1014

465.4

2.17

1.75***

496.5**

11.12***

1.467**

1

s.e.d.

132.1*'* 6.63***

Table 3.12 (Trial TW-3) Maize grain yield (kg/ha), water use (ET, mm/ha) and water use efficiency

(WUE, kg/mm) in response to tillage and time of weeding at Makoholi. (Source: Twomlow &
Dhliwayo 1999).
1995/96
Grain
ET
WUE

1996/97
Grain
ET
WUE

Tillage

1994/95
Grain
ET
WUE

OPFP

1282

294.1

4.36

707

331.0

2.14

2435

306.7

7.94

OPFP+MR

1471

297.0

4.95

1073

335.4

3.20

1981

289.6

6.84

Tied ridge

1280

289.6

4.42

495

332.4

1.49

3429

312.0

10.99

Tied Furrow

1234

304.1

4.06

302

334.6

0.90

2577

300.0

8.59

s.e.d

158.6

4.4*

0.95

82.9***

5.54

0.44*** 259.7*** 14.98

1.29*

1

Weeding Regime - weeks after emergence
4

1165

299.0

3.9

466

328.0

1.4

2604

303.0

8.6

2+6

1468

2930.

5.0

823

338.0

2.4

2608

302.0

8.6

s.e.d

112.1**

3.1

0.67

183.6

10.6

0.91

58.6*** 3.92* 0.32***
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.4

Figure 3.16. (Trial W·2) Seasonal average water content (m'.m·') for five different weeding regimes
at the MES for the 92-93 season. 0 2 weeks; • 2+4+6 weeks;

weeks;

0

weedfree; •

unweeded control. Error bars indicate the standard error of the mean (Source: Twomlow et al.
1997a).

iii) Land preparation.

The effect of Winter and Spring ploughing on weed competition was addressed in trial TW-4.

It was shown that when no land preparation was carried out, weed pressures at harvest were
considerably higher compared with the Winter+Spring ploughed treatment (Trial TW-4).

Spring ploughing is practised after early rains in OctoberlNovember, to eliminate weeds prior
to planting (Shumba et al. \992). Winter ploughing aims to prevent weeds from extracting
water over the dry season, which leads to lower soil water contents, so that at the start of the
season, higher rainfall is required to replenish the soil profile. Winter ploughing is carried out
in May/June, once the crops have been harvested and labour and DAP are available to plough
the land.

The different weeding effects of Winter ploughing or Spring ploughing were not studied in any

3. SRI & DRSS Trials 1990-1998
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of the experiments, but they are a possible explanation for differences between trials with similar
crop establislunent treatments. Trial T- 1 found no significant difference in weed infestations
between tied ridges and 3FP, but trial TW-3 reported the highest weed infestations in the tied
ridge system. The discrepancy between these two findings may be explained by differences in
land preparation, as trial T-1 was Spring ploughed and trial TW-3 was Winter ploughed only.
When Spring ploughing is carried out close to the planting date, it can be considered as an
additional weeding operation at planting, which is likely to smooth differences between crop
establislunent techniques.

The water conserving effect of reducing weed pressures during the dry season is illustrated by
trial W-2, which was Spring ploughed. The treatments that were weeded at 2+4+6 weeks after
emergence and at 2 weeks only had few and many weeds at harvest, respectively, but
comparable soil water contents until the later stages of the growing season (Table 3.13).
However, in both seasons, the soil water content of the 2-week weeding treatment showed a
much more rapid decline over the dry season and, by November, the soil profile contained 1214 mm less water than the profile of the treatment weeded at 2+4+6 weeks after emergence

(Figure 3.17).
Table 3.13. (trial W-2) Number of weeds per m' at harvest in 1992/93 at Makoholi.
(Source: Twomlow et al. 1997a).

Weeding Treatment

Weed number at harvest
(weeds. m·')

A - weed at 2 wks

20.0

B - weed at 2 + 4 wks

7.7

C - weed at 2+4+6 wks

1.7

D - weed at 4 wks
E - weed at 4+6 wks

16.3
7.8

F - weed at 4+6+8 wks

10.3

H - unweeded control

22.6

3.61***
s.e.d.#
# Significant treatment effect * P<0.05; ** P< 0.01; *** P<O.OOI
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Figure 3.17. (trial W-2) Moisture content of the 0-900 mm soil profile during over a two-year period.
Towards the end of the growing season (March-April), the treatment with a lower level of weed
control (single weeding at 2 weeks after emergence) shows a faster depletion of the moisture
stored in the soil profile.

Riches et al. (1997), presenting the results of trial W-1, observed that the mechanical (ox-drawn)
weeding techniques resulted in higher numbers of weeds at harvest, during the first two seasons
ofthe trial. The weed vegetation was largely composed ofRichardia scabra seedlings, which died
early in the dry season and failed to set seed. Thus, mechanical weeding prevented the build up
of the seed bank, which explained why, in the third season, the number of weeds emerging after
planting was not significantly different from the hand weeded treatment, despite the higher weed
numbers at harvest.

3.4.2. Labour Requirements
The experimental cropping systems had different requirements offarm power. Field observations
showed how the use ofDAP improved the labour requirements for different farm operations

(Table 3.14, Ellis-Jones & Mudhara 1997). The use ofDAP had a strong impact on the time
required for most farm operations, especially at the start of the growing season and at first
weeding. However, trials T-1 and TW-1 found that the use ofDAP did not necessarily increase
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the return to labour for tillage operations at crop establishment (Table 3.15). The preparation of
tied ridges with OAP did not reduce labour inputs compared with hand planting. The higher costs
of using OAP, combined with no significant increase in yield, meant that the return to labour and
cash expenditure was actually lower than conventional hand planting (Twomlow et al. 1997b).

Trial TW-1 studied the practices of tine ripping to depths of either 200 mm or 300 mm. When the
depth was set to 200 mm, i.e. comparable to the ploughing depth of a mouldboard plough, yield
exceeded those of the hand planted control, but the difference was not significant. Tine ripping
to 300 mm depth significantly improved crop yields, but it also increased the labour requirements
during crop establishment. In fact, both ripping treatments required more labour input during crop
establishment than OPFP. This observation contrasts with earlier findings, that the use of rip tines
reduces the labour requirements at crop establishment, when the demand for labour is very high,
due to the small window with optimal planting conditions (Chuma & Hagmann 1995).

Table 3.14. Labour requirements for alternative implement systems in two communal areas in
Zimbabwe. The "partial OAP" -system used DAP only for tillage prior to planting. (Source: EllisJones & Mudhara 1997).
Operation

Weeks into
Season

NoDAP

Partial DAP

FullDAP

(hours.ha· l and % of total)
Tillage (crop establishment)

0-4

300

46%

22

6%

20

8%

Planting

0-4

32

5%

32

9%

8

3%

1" weeding

2-6

74

11%

74 20%

33

12%

Crop Protection +Fertilising

6-8

16

2%

16

4%

16

6%

2nd weeding

6-12

52

8%

52 14%

8

3%

Harvesting

12-18

180

28%

180 48%

180

68%

654 100%

376100%

265 100%

TOTAL
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Table 3.15 Calculated return to labour (kg yield h") for three experiments at the MES. SP = Spring
plough, WPSP=Spring+Winter plough. Bold figures indicate the highest returns per trial per
season.
Experiment:
Return to:
Land preparation:

TW-4

T-J

Seasonal labour
SP

No Plough

WPSP

SP

W-J

Weeding labour
SP

S

P
Season:

93-94 94-95 95-96

94-95 95-96

95-96

92-93

92-93

93- 94-95
94

Tillage

Hand Hoe
OPFP
Rip200
Rip300
3FP
Tied Ridge

36 11.5
49 37.8
37 21.4
50 36.6

s.e.

7.6

I)

Weeding MR
Plough no MB
s.e.
1)

7.2

23.8
35.2
29.6
37.4

3.2
6.1
9.1

-1.1
8.3
7.4
14.9
2.43
1.6

7.01

••
Hand Hoe
Cultivator

1.8
7.7

1.29

5.46

2.3

3.42

•• •••

•

•

••

3
9

32 19.5
62 33.8
43
27

4.4
4.5
6

25.2
37.8
31.4

5.7

5.2
10.3
11.6

4.9 6.07

1.3

4.73

2.3

2.96

•••

n.s.

• •••

•

• P>O.l, ** P>O.Ol, *** P>O.OOl

•

39.3 17.9 23.6
66.7 35 71.1
78.7 53.5 113
32.5 20
34
8.3
4.41

Although different weeding techniques did not result in significant differences in crop
performance, they had a substantial impact on the labour requirements. Hand hoeing required
over twice as much labour as DAP-based weeding techniques (Table 3.16). Cultivator weeding
required little time for one pass, but like ploughing without mouldboard, a lot of additional hand
weeding was needed. Mid-season ridging required more D AP than cultivator weeding, but less
man hours to complete as in-row weeds were buried, increasing the level of weed control.
Ploughing without mouldboard, the conventional practice, was most inefficient in terms DAP and
man hours required. Per row, three passes wee required and a high degree of root pruning was
observed. This led to a high level of barren plants and lower yields. As a result, the returns to
weeding of this technique were similar to those of hand weeding. Mid-season ridging performed
best, followed by cultivator weeding.
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Table 3.16 (trial W·I) Maize yields, labour requirements and retums to labour of four maize weeding
systems at the MES, carried out at 31 and 53 days following planting. (Source: Riches et al. 1997).

Yield
(kg.b"l)

labour spent weeding (h.ha· ' )
manual

mechanical

total

returns to

Barren

weeding

plants

(kg.h- )
'

(ha-I)

1992-93
Hand-weed

5195

132.5

0

132.5

39.3

1000

Cultivator

4552

52.2

16.2

68.3

66.7

222

Plough with body

4345

26.8

28.3

55.2

78.7

1333

Plough less body

2766

45.4

40.4

85.8

32.5

4000

4.41

349.7

expt. s.e.

310
1993-94§

Hand-weed

2251

126

0

126

17.9

Cultivator

2092

45.3

15.1

60

35.0

Plough with body'

3047

20.3

36.8

57

53.5

Plough less body

1636

45.3

36.3

82

20

expt. s.e.

204
1994-95

Hand-weed

3670

155.6

0

155.6

23.6

Cultivator

3990

42.6

13.5

56.1

71.1

Plough with body'

3896

0

34.6

34.6

112.6

Plough less body

2590

41.4

34.7

76.1

34.0

expt. S.e .

344

• ridges were tied after weeding in 1993-94 and 1994-95
Ilabour for hand-hoeing estimated from on-farm records.

8.3
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3.5. Discussion

3.5.1. Primary Land Pnparation

Although each of the trials discusseed in this chapter covered a limited time span, combined they
produced valuable insights on the the effects of different soil & water conservation techniques.
As expected, it was found that Winter+Spring ploughing significantly reduced the level of weed
infestation at harvest (Mashavira et al. 1997). The yield response to Winter+S pring ploughing
was relatively strong, but it could not be established whether this was caused by its impact on
weed pressures during the growing season, or over the dry season only. The yield effect of Spring
ploughing compared to an absence ofland preparation was not conclusive over the trial period.

3.5.2. Crop Establishment Techniqms

Of the crop establishment techniques that were investigated, the practice oftine ripping to 300
mm depth produced the most promising results. The homogenous sowing depth that was
achieved with tine ripping, together with the concentration of soil moisture into the rip line during
crop emergence, led to good crop establishment and improved overall crop performance.
Importantly, the most significant yield increases were all achieved in years with below average
precipitation (Table 3.6b) ..

However, the success of tine ripping is strongly dependent on the quality of management. A
reduction of the ripping depth to 200 mm halved the increases in yield, while good pre- and postplant weeding is required since only part ~f the soil surface is disturbed during the ripping
operation. Therefore, when tine ripping was first introduced in farmer-led, on-farm trials in the
Communal Areas bordering the Makoholi Experimental Station, the results were less pronounced
than the on-station observations (Twomlow et al. 1998). Similar conclusions were drawn for
OPFP, which, in the on-station trials, had produced significant yield effects, but which failed to
produce significant yield increases on-farm.

3. SRI & DRSS Trials 1990-1998
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Despite the small yield effects ofOPFP, the technique effectively reduced labour requirements.
The on-station yield increases of OPFP were lower than those of ripping to 300mm depth, but
because the labour requirements were 40-80% lower, returns to labour of the two techniques
were similar (Table 3.17).

The performance oftine ripping to 200 mm depth was also similar to OPFP in terms ofyield gains
and labour reduction. This is in line with recommendations of Shumba et al. (1992), who
identified tine ripping as a labour-saving technique that, like OPFP, reduces the DAP
requirements during planting operations. This is the period when the demand for DAP is at its
peak, but when the availability ofDAP is most limiting, as animals are at their weakest following
the long dry season (Twomlow & Hagmann 1998, Mashavira et al. 1997). The low availability
of labour during this period may lead to planting delays as long as 21 days, which is reported to
reduce crop growth by about 32% (Shumba et al. 1989).

Table 3.17. Variation in Labour Requirements for Crop Establishment and Weeding on Spring
ploughed Land, Winter and Spring ploughed Land and Unploughed Fallowed Land in 1995/96.
(Source: Mashavira et aL 1997).
Spring Ploughed

Winter and Spring

Un ploughed Weedy

Land

Ploughed land

Fallowed Land

Total Labour

Total Labour

Total Labour

Crop Establishment

hlha

hlha

hlha

HP

50.5

54.8

50.2

OPFP

8.3

10.8

7.3

13.2

R20
R30

15.6

16.3

8.5

s.e.

0.85*#

0.05***

0.6*'

Method ofWeeding§

First

Second

First

Second

First

Second

Hand-hoe

42.1

51.2

72.6

74.6

96.9

67.9

Ox-Cultivator

12.9

35.1

22.2

24.8

54.5

63.1

Ox-plough

16.8

42.4

39.8

29.2

70.1

56.8

6.5**
5.2***
8.82*
8.9*
5.6**'
3.5*"
s.e.
# Significant treatment effect * P > 0.05, ** P > 0.01, ***p > 0.001, ns - no significant treatment effect.
S

treatments include labour rates for between and within-row weeding and for tying mid-season ridges.
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The practice of planting crops on tied ridges has been the standard practice recommended by
extension agencies (Chuma & Hagmann 1995). However, the trials at MES did not produce
evidence for improved yields. Planting on ridges led to lower water availability during emergence
and early crop development and the higher water availability in the furrow bottom was not
sufficient to offset the effects of poor crop establishment. In years with below-average rainfall,
tied ridging showed a tendency to produce lower yields than control treatments. The results thus
did not justifY the high labour requirements of creating ridge structures. At CRI, the water
conserving properties of tied ridging were more pronounced, as the higher soil water holding
capacity prevented excessive drainage losses (TwornIow & Bruneau 1998). However, crop
performance was erratic and only one offour years produced a significant increase in yield (Table
3.7).

A. After 15 mm of rain

B. After 50 mm of rain
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Figure 3.18. Progression of wetting front from an initially dry soil at MES, (A) after 15 mm of rain
and (B) after 50 mm of rain (measurements made six hours after rainfall). (Source: Bruneau &
Twomlow 1999).
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Although the soil water data collected have been used to assess the impact of different tillage and
weeding regimes in terms of the seasonal average soil water content, no attempt has yet been
made to analyse them as dynamic soil water regimes that develop as a result of differences in
infiltration patterns, improved crop growing conditions and the effect of soil water storage on the
efficiency of the water conservation techniques. Bruneau & Twomlow (1999) proposed a twodimensional soil moisture distribution pattern under flat conventional tillage and tied ridging
systems for the soil types at MES and CRI (f'igure 3.18). Their results explain which soil physical
processes determine the water availability to crops, but can not take into account the dynamic
nature of soil water extraction by crops and weeds, nor how these interact with the erratic
distribution of rainfall within the growing season.

3.5.3. Weeding
Weeding is very labour intensive, taking up to 50% of the available time for cultivation during
the growing season (Chatizwa & Nazare 1993). Therefore, the efficiency of weeding techniques
was assessed in terms of man hours as well as crop performance. Mid-season ridging proved to
be less labour intensive than other methods and the technique was favourably received by the
target smallholder farming community (Riches eta!' 1998). Nevertheless, Ellis-Jones et al. (1998)
found that hand hoe weeding techniques were usually selected before DAP-based weeding
practices, confirming a need to improve the availability and use ofDAP and DAP-implements.

The studies into the effect of different weeding techniques showed that, when properly
conducted, each technique achieved acceptable levels of weed control, so that only small yield
effects were observed. Mid-season ridging produced better weed control than other DAP-based
weeding techniques and while it was outperformed by hand hoe weeding in two out ofthree years
(trial W-l), it consistently produced the highest seasonal average soil water content. However,
yield results were not clearly correlated with weed pressures or seasonal average soil water
content. It was therefore difficult to assess to what extent the better performance of mid-season
ridging was due to reduced weed pressures, or to its water conservation qualities.

Weed growth, crop performance and soil water content all interact, which was clearly
demonstrated in trial W-2, where weed infested and weed free treatments produced similar soil
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water profiles, although weed competition for soil moisture severely affected crop performance.
Soil water measurements alone were thus not sufficient to distinguish between the effects of
improved crop growth and higher weed pressures, as both affect the soil water balance
simultaneously. Moreover, the rapid dynamics of this system were not captured when the
seasonal average water contents of different treatments were compared. The in situ soil water
profiles that had been discussed were useful to identity possible processes, but due to their static
nature could not quantity the relative impact of crop and weed transpiration.

An important aspect of the competition for soil water resources between crops and weeds is the

indirect effect that weed water uptake has on crop performance. It leads to a higher rate of soil
water depletion, thus increasing the susceptibility of crops to intra-seasonal periods of drought.
As a result of the dynamic nature of the soil water balance, it was not possible to relate the soil

water data directly to improved crop performances.

The data did not provide sufficient information to quantity water uptake by weeds and the
subsequent effect on water availability to the crop. Also, re-growth of weeds after weeding
operations was not addressed in terms of competition for soil water resources. Hence, a need was
identified to conduct an additional experiment on the the water uptake characteristics of (re-)
emerging weeds. Such an experiment was conducted as part of this thesis and is presented in

Chapter 5.
The trial results per se can not be regarded as conclusive evidence for the benefits and
disadvantages of the soil and water conservation techniques studied. The conclusions that are
drawn are only valid for the weather conditions over the experimental period 1990-1997 which
did not represent the full range of weather conditions that are part of the climatic cycle at the
experimental stations. Moreover, the typical duration of a trial was three years, so that each
experiment presented only a snapshot picture of the effect of temporal variations in seasonal
weather conditions. The absence ofa standard control treatment covering the entire experimental
period made it difficult to take full advantage of the variation in weather conditions over the
seven-year period. It further limited efforts to combine the results of different trials, in order to
compare the tillage and weeding treatments that were investigated. These observations support
the need for the development of supplementary analyses, with the aim of extrapolating
experimental results in time.
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CHAPTER 4. ANNUAL SOIL-WATER REGIMES

The experimental research of Silsoe Research Institute, with the Zimbabwean Department for
Research and Specialist Services, showed how the availability ofwater to the crop could be increased,
by either changing or adapting existing tillage and weeding practices (Chapter 3). However, most of
the results and indeed much of the existing literature concentrate on agronomic responses such as
yield and dry matter production (e.g. Anazodo et al. 1991, Gotora 1991). These annual responses,
measured at harvest, do not necessarily address how the intra-seasonal variability of environmental
conditions affects crop performance. This variability, especially the occurrence of dry spells within
the growing season, poses a severe restriction to crop performance in the semi-arid regions of
Zimbabwe (Mataruka 1985, Vincent & Thomas 1960). While there is much debate on the relative
importance of nutrient and water shortages in semi-arid agriculture (e.g. K1aij & Vachaud 1992,
Twomlow & Hagmann 1998), the current work focuses on the impact of tillage and weeding
practices on the soil water regime and water availability to crops.

Crop performance is often compared with the seasonal average moisture content of the soil profile

(e.g. Jones & Sinc1air 1988, Nyamudeza & Nyakatawa 1995), or it is combined with the seasonal
evapotranspiration, to give the water use efficiency (WUE) over the growing season l (Gregory 1989,
Norwood 1994). Differences in WUE between experimental treatments are strongly affected by
differences in the evapotranspiration. These are mainly the result of factors other than crop
transpiration, such as soil evaporation and weed water uptake and it is often difficult to assess
drainage losses.

The value of the field trials at the Makoholi Experimental Station (MES) and the Cotton Research
Institute (CRI) will be increased by improved insight into the dynamics of the soil water regime and
its impact on the availability of soil moisture and crop transpiration. However, little is known about
The WUE is generally expressed as crop dry matter over seasonal evapotranspiration (g.m'l)
(Gregory 1989).

I
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the water fluxes that constitute the annual soil water regime and how they are affected by tillage and
weed management. Stroosnijder (1987), amongst others, stressed the need to distinguish between
crop transpiration and soil evaporation, because the latter hinders an accurate prediction of crop
water use. However, neither evapotranspiration, soil evaporation nor crop transpiration are generally
measured. In most cases, they are derived from measurements of the soil moisture content, incident
rainfall and potential evaporation, and an estimation of the water losses to drainage (e.g. Moyo &
Hagmann 1994, Gregory 1989). These measurements allow for the construction of a soil water
balance in which evapotranspiration is calculated as one of the water fluxes out of the crop rooting
zone.

Table 4.1. Summary overview of the three techniques to calculate the seasonal soil water balance that
are discussed in this chapter. P = precipitation, Epo, = class "An open-pan evaporation, SWC = soil
water content, ET= evapotranspiration, D = Drainage, E = Evaporation, T""P' T _,d = Transpiration
by crops and weeds, respectively (all in mm).

Time Step

Inpnt (mm)

Output (mm)

1. Simple Water Balance (SWB)

Weekly

P, E pm , SWC

ET,D

2. No Drainage Estimate (NDE)

Daily

P, E pm , SWC

E, T crop'

3. Daily Water Estimate (DWE)

Daily

P, Epm

Tcrop' T wee(h E+D

Method

Tweed,

D

This chapter aims to describe the seasonal water balance and crop water use for the trials at MES and
CRI and attempts to make optimal use of the available soil moisture and weather data. It describes
and evaluates the results of three methods that derive a simple, empirical water balance and estimate
(evapo)transpiration and drainage fluxes. The methods were applied to the same data sets and were
assessed for their performance and their applicability. The nature of the three methods is summarised
in Table 4.l.
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The first two techniques require the input of measured soil water contents. However, as discussed
in the previous chapter, the experimental data present only a snapshot picture of the effect of the full
range of weather conditions that are part of a climatic cycle. In order to extrapolate the experimental
results in time, the Daily Water Estimate method (DWE) requires measured soil water data only for
calibration. Once calibrated it can produce a prediction of the soil water content on the basis of
meteorological data only. This quality can be highly valuable for studies of the occurrence of
agricultural droughts (Kumar 1998).

4.1. Material & Methods
Weekly measurements of soil water content were available for trials W-2, T-2, T-3 and TW-3 (Table
3.1). These data, together with daily measurements of precipitation and class "A" open-pan
evaporation, were used to estimate the soil water balance over the growing season.

The first method used is a simple soil water balance (SWB) with the same weekly time step as the soil
moisture data. The second method uses an exponential decay curve to generate a daily estimate of
the soil water content. This curve was calibrated by data points for conditions in which drainage was
negligible and the difference between the estimated and the measured soil moisture content was
attributed to drainage (No Drainage Estimate method, NDE). The third method used a similar decay
curve to the NDE method, but was calibrated to using all data points. This method is named the Daily
Water Estimate method (DWE), and, once calibrated, only requires weather data as input.

4.1.1. Method 1: Simple Water Balance (SWB)
The SWB was set up following the procedure outlined by Riches et al. (1997). Weeldy rainfall input

P was apportioned to the increase in soil water content WCm , evapotranspiration ET and drainage

D:
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WCm -ET+D

[4.1]

(all in nunlweek). Runoff could be neglected due to the absence of slope in the trial area. The
outgoing water flux Woul was calculated as

[4.2]

because, under most circumstances, drainage could be neglected. Combining [4. I] and [4.2] then gave

[4.3]

Drainage is often described as the increase in water content between the rooting depth and the
maximum measurement depth, providing the water content at the maximum measurement depth is
constant (e.g. Payne et al. 1990). Klaij & Vachaud (1992) attempted to estimate drainage by
establishing an empirical parameter for conductivity, to calculate drainage using Darcy's law. These
methods however could not be applied to the MES soil moisture data, as the maximum depth of
measurements did not necessarily exceed the rooting depth and the water content at 900mm was not
constant. Faced with an identical problem, Moyo and Hagmann (1994) defined drainage as the excess
water after rainfall had filled the soil profile to field capacity. Alternatively, Riches et al. (1997) set
a threshold value for ET:

[4.4]

where Epan is the class A pan evaporation (nunlweek) and k a coefficient. The value of k was set to
0.7, which according Doorenbos & Kassam (1981) is the potential evapotranspiration from a bare
soil or a sparse canopy. Next, when WOUI > ET max' drainage was calculated as

[4.5]
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The SWB yields weekly estimates for ET and drainage. Similar water balances have been used to
great effect in many agronomic studies that were designed to assess differences in crop performances
between agricultural practices (e.g. Garba & Renard 1991, Biederbeck & Bouman 1994).
Nevertheless it was thought that, for a quantitative study of the water regime of a sandy soil, such
a method would be inappropriate. The basic assumptions and time scale were deemed too crude to
describe adequately the rapid soil water dynamics of a coarse textured soil. In particular, the rainfall
pattern between two measurements would strongly affect the partitioning of the outgoing water flux
between ET and D.

4.1.2. Method 2: No Drainage Estimate (NDE)
The water content of the 0-900 mm soil profile generally decreased exponentially after a rainfall
event. The shape of this drying curve was initially investigated for data that had been collected on
days at which drainage was assumed to be negligible. Measurements that were taken later than 7 days
after the last rainfall event that exceeded 3 mm qualified. This 7-day threshold was based on findings
by Twomlow (1994) at Makoholi Experimental Station and by Huixiao & Simmonds (1997) on a
sandy soil under similar weather conditions.

Figure 4.1. shows how the drying process was influenced by the impact of crop and weed
transpiration, while the effect of different tillage systems is shown in Figure 4.2. and Figure 4.3, for
tillage trials at Makoholi Experimental Station and Cotton Research Institute, respectively. The rates
of drying were generally a function of soil water content, although it is important to notice that weed
transpiration had a strong influence on the depletion of the soil moisture reserves over extended
drying periods (Figure 4.1c). The effect of soil and water conservation tillage was less pronounced

(Figure 4.2). Tied ridging (trial T-2) led to an increase in the rate of drying on the coarse sandy soils
at MES over the period 1991-1994, but the differences in trial TW-3 over the period 1994-1997 were
less distinct. At CRI, no distinct tillage effect could be distinguished. Whereas at MES the drying rate
decreased gradually with decreasing soil water content, soil drying at CRI took place at either a slow,
continuous pace which was independent of soil water content, or at a higher rate that declined with
decreasing soil moisture content (Figure 4.3). These two rates were attributed to, respectively, bare
and cropped conditions.
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An alternative method was devised, which makes use of daily rather than weekly rainfall and class
"A" open-pan evaporation data. to construct a daily estimate of the soil water content WC.,,(m 3 .m-3 ),
by means of a decay curve similar to the Antecedent Precipitation Index (Shaw 1988):

[4.6]
with t as time (days),fd,eay as a decay factor and z as the depth ofthe soil profile (mm). When the soil
moisture content plus Ph exceeds field capacity WCft, the surplus is attributed to drainage (Equation
4.7). On days where the soil water contents is measured,

WC"'~t -I)

is substituted by the measured

water content WCm(t_I)' Field capacity and WCmm were defined as the maximum and the minimum
measured values, respectively, thus leaving/d,eay as the single parameter that required calibration.
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Fipm 4.1_ Measured 0-900 mm soil water content of three treatments of theW-2 weeding trial at the

Makoholi Experimental Station, plotted as a function of the time since the last substantial rainfall
event. Lines connect consecutive measurements over a period without substantial precipitation.
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Figure 4.2 ~feasured 0-900 mm soil water content of two treatments of the tillage trials T-2 (A,B) and
TII7-3 (C,D) at the Makoholi Experimental Station, plotted as a function of the time since the last
substantial rainfall event Lines connect consecutive measurements over a period without substantial
precipitation.

For data obtained at the Makoholi Experimental Station,jd,eay was initially calibrated to the selected
"no drainage" measurements from the bare treatment of trial W-2. This produced a "no drainage
estimate" for the soil water content, WCnd<' Equations 4.1 and 4.2 were now solved on a daily basis

(t = time (in days)):

DJ =U4X[O, (P + z'WCnd,)-z'WC/e

]

[4.7 ]

[4.8]
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Figure 4.3. Measured 0-900 mm soil water content of three treatments of the tillage trial T-3, at the
Cotton Research Institute, plotted as a function of the time since the last substantial rainfall event.
Lines connect consecutive measurements over a period without substantial precipitation.

so that
[4.9]
with D / = drainage of water above WC/c' Crop transpiration was assumed to be additive to soil
evaporation, as plant growth is reported to have little effect on evaporation for an leaf area index
(LA!) lower than 3-4 (Walker 1983). The effect of crop transpiration on the soil water content was
thus described as

[4.10]
so that

[4.11 ]
with WCcrop the soil moisture content that results from additional crop transpiration and ac as a crop
"decay" factor that represents the decline in soil water content due to crop transpiration. This factor
was fitted to the "no drainage" soil moisture data of the weed free crop of trial W-2. Similarly, the
effects of weed transpiration per se, and in addition to crop transpiration, were respectively estimated
as
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[4. 12]
and

[4. 13]
with

7 ~."d

as weed transpiration (mm) and a.. as the weed "decay" factor. When the estimated

evapotranspiration exceeded E",,", Ep," was proportionally distributed over E, T ,roe and T w~d . The
estimated decline of the soil water content is inherently overestimated during the first seven days after
a rainfall event, as the decay curves are not calibrated to account for the highly dynamic soil water
movements over this period, in particular drainage events. This additional water loss to drainage
under unsaturated conditions (Db "slow" drainage) is added to D, to give the total drainage. D, is
calculated by comparing the estimated water content with the measured water content when available:

[4.14]
Figllre 4.4. illustrates the estimation of drainage flu x
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4.4. Illustration of the calculation o f the No Drainage Estimate method

!DE).

-82-

4. Annual Soil-Water Re'{imes

4.1.3. Method 3: DailY Water Estimate (DWE)
The Daily Water Estimation method (DWE) follows the same approach as the NDE method, defining
the decay curve as:

[4.6]
The drainage of water above field capacity, DJ, was calculated as a single drainage event:

DJ

=

.M4X[O, (P + z*WCnd,) - z*WCfc

[4.7]

]

The factor Ideeay is calibrated to all measured data, to include also an estimation of the drainage
processes within the first seven days after a rainfall event. The daily water loss that is described by
Ideeay

thus includes the loss due to both evaporation and drainage:

[4.15]
with WCm1n and WCfc set to, respectively, the lowest and the highest measured values of the calibration
data. The daily water estimate method uses soil water measurements only for calibration, as the
method is intended to estimate soil moisture content based on long-term meteorological records.

4.1.4. Calibration ofNDE and DWE
The NDE and the DWE curves were fitted to the data of each experiment. At trial W-2, which
investigated the effects of weed management, the decay factor

Ideeay

was first calibrated to

measurements made on the bare treatment. It was subsequently used in the calibration of the decay
factors for crop and weed transpiration, ac and aw- These were calibrated to data from the weed freecrop and the bare-unweeded treatment, respectively. Once the values of the three decay factors were
established, they were applied to the remaining treatments of the trial, to test their performance in
situations with simultaneous transpiration by crops and weeds.
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For the remaining treatments, measurements were classified as "bare", "cropped" and
"cropped+weedy". The factors fa""", a, and aw were then calibrated for each subset. The treatments
of the selected trials were not calibrated separately, as previous analyses had suggested that tillage
practices did not have a strong impact on the soil water balance (Chapter 3). Thus, a single
calibration was performed using the third furrow planted (3FP) control treatments of trials T-2 and
T-3 and for the open plough furrow planted (OPFP) treatment of trial TW-3, as this trial did not

contain a 3FP treatment. After calibration, the curves were applied to the data of the remaining
treatments.

4.2. Results and Discussion

4.2.1. Ca/ibmtion of the No Dminage Estimate and the DailY Water Estimate methods.
The fitted parameters of the No Drainage Estimate (NDE) and the Daily Water Estimate
(DWE) curves are presented in Table 4.2. The soil evaporation factorfd,,,,,, was site-and soil specific
and it was not possible to derive any conclusions from their absolute or relative values. For instance,

fd,,", for the T-3 trials at the Cotton Research Institute (CRI) was substantially higher than for the
trials based at the Makoholi Experimental Station (MES). This was caused by the higher volumetric
water contents of the silty clay loam soils at CRI. Nevertheless, the calculated rates of evaporation
were similar for CRI and MES trials at a comparable soil water status.
The values for the crop transpiration factor a, were lower at the Cotton Research Institute, so that
the rates of soil drying due to crop transpiration were higher compared to the trials at the Makoholi
Experimental Station. This calibration result is in line with the higher crop yields of CRI trials which
were the result of the higher water holding capacity of soils at CRI. This capacity ensures that less
water is lost through drainage and that the crop water availability is higher, thus leading to increased
transpiration and crop production.
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Table 4.2. Parameters of the NDE and OWE calibration of the soil water balance, for five sets of
experimental data, located either at the Makoholi Experimental Station (MES) or the Cotton
Research Institute (CRI).
Location

W-2
1991-93

T-2
1991-94

TW-3
1994-97

T-3 1'
1991-94

T-3 2'
1991-94

WC t,

0.19

0.13

0.23

0.40

0.41

WCmm

0.09

0.05

0.06

0.22

0.26

0.978

0.980

0.980

0.995

0.992

a,

0.975

0.975

0.975

0.970

0.970

aw

0.975

idecay

0.960

0.965

0.965

0.990

0.990

ac

0.980

0.980

0.980

0.970

0.970

Trial
Period

idecay

NDE

DWE

CRI

MES

0.975

aw

0.980
0.980
'trials T-3, and T-3, are identical trials with an annual cotton-maize rotation, T-3, starting with maize and
T-3, with cotton. Only data of maize-planted treatments were considered.

The calibration of the weed transpiration factor aw at the MakohoIi Experimental Station was based
on the bare, unweeded treatment of trial W-2. It was found that the factors ac and a" were not
substantiaIIy different from each other. The value for a w was subsequently used in trial TW-3 to assess
the effects of weed transpiration between the different weeding treatments.

The calibration fits of the NDE and DWE curves with observed data ofdifferent trials are summarised
in Tables 4.3. and 4.4. The goodness of fit is expressed by three measures, being the root mean
square error (RMSE)I, the Average Difference and the coefficient of correlation r of the simulated
and the measured soil water content (Hoshmand 1993). These measures provide complementary
information on the performance of each calibration. The RMSE evaluates the average deviation from
the measured values, while the Average Difference gives an indication of the average level of
'RMSE =..!.
n

.JL; [Estimated-ObservedJ2

(mm water / mm depth)
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overestimation by the calibration fit. The correlation r provides information on the linearity of the
relationship between the estimated and measured water contents.

The fits of the NDE curve to the measured data were better than the fits of the DWE method, as the
NDE curve was adjusted to the measurements. The DWE method provided a good fit for the trials
at the Makoholi Experimental Station, but fits for the T-3 trials at the Cotton Research Institute can
be less accurate. Figure 4.5 illustrates that, for trial T-3 J, the DWE curve overestimated the decline
of the soil moisture content over the dry season, i.e. between April and November, while the
calculated recharge of the soil profile was too high, especially at the start of the '92-'93 season and
throughout the '93-'94 season. These observations were explained by the way the DWE method
combines evaporation and slow drainage in a single decay factor id<cay (Equations 4.6, 4.9).

Table 4.3. Calibration of the NDE curve to the measured soil water content of selected treatments of
the different trials. The values for the calibrated decay factors!.."", a, and a. are summarized in Table
4.2. RMSE and the Average Difference are in mm water over the 0-900 mm soil profile.
MES

W-2

NDE

Bare Soil Crop

CRI

T-2

TW-3

T-3,

T-3 2

Weeds

3FP

OPFP(w2+6/

3FP

3FP

RMSE(mm)

2.5

1.8

3.5

3.3

3.1

5.6

6.3

Average DitT. (mm)

0.2

0.0

0.0

-1.4

-0.3

-0.1

1.3

0.97

0.93

0.93

0.97

0.88

0.98
Correlation r
0.98
• Weeding at 2 + 6 weeks after emergence

The decay-factor approach of the DWE method implies that the rate at which the soil moisture
content declines is a function of the soil water content itself. At the Makoholi Experimental Station,
both evaporation and slow drainage took place at rates that were strongly correlated with the soil
water content, which made it possible to achieve a good fit of!d<cay. This was not the case at CRI,
where the rate of soil evaporation was observed to be relatively independent of soil moisture content
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(Figure 4.1, 4.3). The DWE method failed to combine this independence with the much more
dynamic "slow" drainage into a single factor /deca)'" As a consequence, it produced a rate of soil
moisture decline that was too low when slow drainage took place (at the start of the growing season)
and too high when soil moisture was Isot mainly through evaporation (dry season).

With the NDE method,fdecay describes only the reduction of soil water content through evaporation
and the unsaturated drainage processes are calculated as the difference with measured values. This
separation helps to explain the good fit of this method.

Table 4.4. Calibration of the DWE curve to the measured soil water content of selected treatments
of the different trials. The values for the decay factorS/decay> ac and aware summarized in Table -1.2.
RMSE and the Average Difference are in mm water over the 0-900 mm soil profile.

MES
DWE

T-2

TW-3

T-3,

T-3 2

Weeds

3FP

OPFP(w2+6)

3FP

3FP

W-2

Bare Soil Crop

CRI

RMSE(mm)

9.8

10.8

13.3

9.1

17.4

17.0

24.2

Average DilT. (mm)

1.5

-1.9

-5.9

-0.4

6.0

2.2

16.2

Correlation r

0.91

0.90

0.89

0.89

0.76

0.72

0.65

The calibrated decay factorS/decay> ac and aw , were subsequently used to calculate the NDE and the
DWE for the remaining treatments of the five trials. The results of these calculations are summarised
in Tables 4.5 and 4.6. For all trials, the fits of the decay curves with the treatments are comparable
to the calibration results (Table 4.3, 4.4), both for the NDE and the DWE method. This was
interpreted as further evidence that the soil processes of evaporation, drainage and soil water
redistribution per se were not strongly affected by the different tillage and weeding treatments. The
fits provided sufficient justification to use the same decay factors for the different treatments within
each trial.
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Table 4.5. Fits of the NDE curve to treatments that were not used for the calibation of the decay
factors j ..,." a, and aw • RMSE and the Average Difference are in mm water over the 0-900 mm soil
profile. Jv2, 114 = single weeding at 2 and 4 weeks, respectively.
NDE
W-2
T-2
w2
w4 no weeding
OPFP
RidgeT FurrT

RMSE(mm)
Average DiIT. (mm)
Correlation r

RMSE(mm)
Average DilT. (mm)
Correlation r

2.8
1.8

3.6
2.3

5.2
5.3

0.99

0.97
0.96
TW-3 (w2+6)
OPMR RidgeT FurrowT
6.7
4.5
4.6
-0.8
-1.0
0.0
0.73
0.86
0.93

04.0
-2.2

RMSE(mm)
Average DilT. (mm)
Correlation r

2.7
-0.2

-l.l
0.93
0.95
0.96
TW-3 (w4)
OPFP OPMR RidgeT FurrowT
2.9
5.5
6.0
4.3
-l.l
-3.1
-2.5
2.1
0.94 0.92
0.76
0.92

T-3 t

3FP+PH RidgeT
4.6
7.4
1.7
3.3
0.98
0.97

3.4

T-3 2

Ridge
7.3
3.9
0.98

3FP+PH
6.5
1.0
0.95

RidgeT Ridge
4.9
5.3
2.1
2.4
0.99
0.98

Table 4.6. Fits of DWE curve to treatments that were not used for the calibation of the decay factors
j ..,." a, and a•. RMSE and the Average Difference are in mm water over the 0-900 mm soil profile.
w2, Jv4 = single weeding at 2 and 4 weeks, respectively.
DWE
W-2
T-2
w2
w4 no weeding
OPFP
RidgeT FurrT
10.1
8.9
8.7
RMSE(mm)
9.6
7.6
6.4

Average DiIT. (mm)
Correlation r

RMSE(mm)
Average DiIT. (mm)
Correlation r

RMSE(mm)
Average DiIT. (mm)
Correlation r

-3.7
0.94

-3.7
-0.4
0.91
0.94
TW-3 (w2+6)
OPMR RidgeT FurrowT
18.2
17.1
16.0
4.0
4.9
0.0
0.73
0.75
0.78
T-3 t
3FP+PH RidgeT Ridge
23.8
22.7
28.2
15.2
10.3
3.6
0.77
0.73
0.83

-1.2
0.90

0.1
1.7
0.95
0.95
TW-3 (w4)
OPFP OPMR RidgeT FurrowT
16.2 21.3
17.9
15.2
6.2
-0.5
3.7
2.3
0.75 0.68
0.73
0.75
T-3 2
3FP+PH
RidgeT Ridge
24.9
22.2
25.5
22.0
9.6
6.9
0.72
0.60
0.71
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Figure 4.5. Calibration fits of the NDE and the DWE curves to soil moisture data of the T-2 and T-3,
trials, at the Makoholi Experimental Station and Cotton Research Institute, respectively. NDE (-),

DWE (-), Measured (0).

4.2.2. Calculation of the Soil Water Balance: Comparison

ofMethods

Seasonal soil water balances were calculated with the Simple Water Balance, the No Drainage
Estimate and the Daily Water Estimate methods. The calculated evapotranspiration and drainage
fluxes of the three methods were highly correlated for the MES trials. The correlations for CRI trials
were substantially lower; the fluxes calculated with the NDE method were substantially different from
the other two methods (Table 4.7).
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Table 4.7. Correlation rof the(evapo)transpiration and drainage fluxes of three different methods to
calculate the soil water balance, for trials at the Makoholi Experimental Station and the Cotton
Research Institute, respectively.

MES
ET, Crop Transpiration

Drainage

r

SWB

NDE

DWE

SWB

NDE

DWE'

SWB
NDE
DWE

1

0.81

0.91

1

0.99

0.99

1

0.89

1

0.97

CRI

SWB
NDE
DWE

1

1

ET, Crop Transpiration

Drainage

SWB

NDE

DWE

SWB

NDE

DWE'

1

0.74

0.78

1

0.40

0.69

1

0.53

1

0.25

1
1
• drainage of water above Wee,; it does not include the drainage flux that is calculated as part offd,,",

4.2.2.1. Drainage Estimates

The No Drainage Estimate method calculated substantially higher seasonal drainage than the Simple
Water Balance (Figure 4.6.d). This is explained by the way drainage was calculated. The SWB
registers drainage only when the total eflux of water exceeds 0.7 pan-evaporation (Equation 4.5.).
This only occurs during periods of excessive precipitation, so that drainage tends to be simulated as
a one-day event. The SWB method can not identify soil water losses due to "slow" drainage
processes, i. e. downward soil water movement under unsaturated conditions.

The No Drainage Estimate method estimates drainage using a two-stage approach. First, it calculates
drainage under saturated conditions (D! , Equation 4.8), which is equivalent to drainage events that
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are calculated by SWB. However, the NDE method subsequently accounts for soil water losses by
slow drainage (D2, Equation 4.14) and thus tends to calculate higher seasonal drainage losses,
especially on the heavier textured soils at the Cotton Research Institute, where slow drainage is more
important.

Yet, this explanation may not fully cover the very large differences between the NDE and SWB
drainage estimates for the CRI trial T-3/ (Figure 4.6.d) ). These may be due to the occurrence of a
runoff component in the soil water balance. At the Makoholi Experimental Station, runoff losses are
negligible, but they may constitute a substantial part of the soil water balance at the Cotton Research
Institute (Twomlow & Bruneau 1998). Neither of the water balance methods calculated runoff
separately, but while the NDE method would assign possible runoff losses to drainage, the SWB is
likely to assign a large part of what might be the runoff flux to evapotranspiration.

Soil evaporation at the Makoholi Experimental Station constituted approximately 60% of estimated
evapotranspiration, which is in line with observed losses of soil moisture to evaporation under similar
conditions elsewhere (Pilbeam et al. 1995). At the Cotton Research Institute, the losses to soil
evaporation that were estimated with the NDE method were decidedly smaller and the simulated crop
transpiration typically accounted for 80% oftotal estimated evapotranspiration.

Figures 4. 7. b) and 4. 7.d) compare the seasonal drainage component D, of the Daily Water Estimate
method with the drainage flux ofthe Simple Water Balance. Although the SWB has a tendency to
underestimate drainage, D, was generally lower, even at the Makoholi Experimental Station, where
most drainage occurs as a single drainage event under near-saturated conditions and where the slow
drainage component D2 is relatively small (TwomIow 1994). However, the difference between D, and
the SWB drainage shows that D2 can not be neglected. Although the DWE method does account for
D 2, it can not be quantified, because it is calculated together with the evaporation flux (Equation
4.15.).
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An additional explanation for the underestimation of seasonal drainage at the Cotton Research

Institute, is given by the overestimation by the DWE of the soil water content during the growing
season. The predicted soil water retention at the end of the growing season was too high and this
resulted in an underestimation of all outgoing fluxes, including drainage.
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Figure 4,6, Comparison of the transpiration! evapotranspiration and the drainage fluxes as calculated
with the Simple Water Balance (SWB) and the No Drainage Estimate method (NDE), for five
different trials at the Makoholi Experimental Station (MES) and Cotton Research Institute (CRI).
(0) trials T-2 and TU7-3; (0) W-2; (D) T-3,; (tl) T-3,. (-) = 1:1 line.
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Figure 4.7. Comparison of the transpiration/ evapotranspiration and the drainage flu.xes as calculated
with the Simple Water Balance (SWB) and the Daily Water Estimate method (D\VE), for five
different trials at the Makoholi Experimental Station (MES) and Cotton Research Institute (CRI).
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4.2.2.2. Crop Transpiration

The Daily Water Estimate and the No Drainage Estimate methods calculate seasonal crop
transpiration, which correlates well at the Makoholi Experimental Station, but not at the Cotton
Research Institute (Table 4.7). The cause of this difference was thought to lie in the difference in the
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calculation of slow drainage 0, as discussed in the previous section. The approach of the OWE
method, to use a single parameterfd",,,, to describe E and 0, , sufficed at the Makoholi Experimental
Station, where E and 0, were both strongly related to the soil moisture content. However, at the
Cotton Research Institute, the two fluxes were found to be too different to be adequately described
with a single parameter, resulting in the poor fit to the soil water measurements of the CRI trials.

4.2.3. Calculation of the Soil Water Balance: Comparison of Treatments
Once the three methods were calibrated, seasonal soil water balances were drawn up, to assess the
effect of calculation method on differences between treatments within each trial. Particular attention
was paid to the effect of calculation methods on differences in crop transpiration (NOE and OWE
methods) or evapotranspiration (SWB) which could be used to calculate water use efficiencies. Also
weed transpiration rates were investigated to assess to what extent weed transpiration influenced crop
transpiration, evaporation and drainage f1uxes.

4.2.3.1. Weed Management

Figure 4.8 shows the soil water balance of the two weeding treatments of the TW-3 trial at the
Makoholi Experimental Station, as calculated with the SWB, the NDE and the OWE methods,
respectively. The seasonal rainfall is distributed over (evapo )transpiration, drainage and the
increase/decrease in soil water content over the period examined. The NDE and DWE methods show
how better weed control reduced weed transpiration substantially in two out of three years, leading
to the observed increases in maize yields (Twomlow & Dhliwayo 1999). Calculating crop
transpiration with the No Drainage Estimate method, the crop was seen to benefit substantially as
transpiration was increased with 10-30 mm over the growing season. This was in line with the
measured crop yields, which were significantly higher for the 2+6 week weeding treatment in the first
two seasons, compared to a single weeding at 4 weeks only (Table 3.12).
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Compared with the NDE and the DWE methods, the soil water balances calculated with the Simple
Water Balance showed only small treatment effects and were not able to address the impact of weed
transpiration on water availability to the crop. With the DWE method, although crop transpiration
of the w2+6 treatment was predicted as slightly higher, a decrease in weed transpiration led primarily
to an increase in E+D2. The contribution ofD2 to this flux was especially large in the '95-'96 season,
when drainage fluxes were high and runoff occurred during a very intensive, prolonged rainfall period
in January (494 mm in 15 days, of which 180 mm fell on one day). Also the NDE method predicted
a higher total drainage flux in that season.

The effect of weed management on the simulated transpiration rate was also evident from the soil
water balances of the weeding trial W-2 (Figure 4.9). These showed the same trends as the TW-3
trial, i. e. that when weed control was poor, transpiration by weeds was similar, or even higher, than
transpiration by crops.

4.2.3.2. Tillage Treatments

The field experiments have shown smaller and often less significant differences between tillage
treatments than between weeding treatments. This was reflected in the soil water data and the soil
water balances that were produced with the Simple Water Balance and the No Drainage Estimate
methods. The Daily Water Estimate did not produce different soil water balances for the different
tillage treatments, as the method did not include a procedure that could calculate the effects of tillage
sty stems on the soil water regime.

At the Makoholi Experimental Station, no clear differences were found between the tillage treatments
of the T-2 and the TW-3 trials. The T-3 trials at the Cotton Research Institute, however, did produce
some distinct differences between treatments (Figure 4.10). The figures show that the soil water
conservation techniques improved crop water uptake and resulted in a smaller loss of soil moisture
to drainage. Although the drainage fluxes that were predicted with the SWB were much lower than
with the NDE method, the trends between treatments were surprisingly similar.
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Figm" 4.8. Seaso nal soil water balance for the two weeding treatments o f th e Makoholi Experimental
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MES trial W-2 : Weeding Regimes
SWB

(rrrn water)

&0

,--

1991 -92

700

~

600
500

200
• 1Z3

16'

1491

'49

...

.

" '"

312

,..

'43

".

30'

OET

-

~

300

o

,..

""

400

100

-

1992-93

-

CD

-

·100

NDE
800 ,-------------------------------------------------700
6OO t-----------------------~-

oTe

5OO t-----------------------~

4OO t------------------------4~1

r~t'1--_l_..,.....r~k_,.J

300

2OO ~~Hl1lJ3:JJ
100

o

0 E

cD

. dWC

·100 - ' - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

OWE
800 ,-------------------------------------------------

700

1 - - - - - - ----===:=;::~=_=.=;;==;=;

6oo t-------------------------,,-,
500 +---------- -- -- -- - - - - - - --1

4oo t-------------------------~

3oo +-----------------------~

2oor-~~~~~~--1
100
SnoW 8wdy CnoW Cwdy w_2

w_ 4 w246
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4.3. Conclusions
4.3.1. Soil Water Content
The Daily Water Estimate methods produced good fits to measured soil water data, provided both
drainage and evaporation fluxes were closely related to the soil moisture content, so that evaporation
and slow drainage could be described using a single parameter. This is the case for the sandy soils at
MES, but not for the heavier textured soils at CRI. Here, the DWE method does not produce a
satisfactory fit to observations and is not capable of predicting the carry-over of soil moisture from
one season to the next. The No Drainage Estimate method, however, performs well, because it uses
soil water data to correct for under- and over-predictions of the soil moisture content. This makes
it very suitable for calculating soil water balances.

4.3.2. Soil Water Balance
Although soil moisture contents estimated with the Daily Water Estimate method were acceptable
at the Makoholi Experimental Station, the method was not capable of producing a balanced division
of water between drainage, evaporation and transpiration fluxes. With both the NDE and the DWE
methods, this distribution is strongly correlated to the relative size of the decay factors/d,Cay, a c and

aw , but with the DWE method, the factor ideeay was found to have a disproportionate impact on the
soil water content. Thus, drainage fluxes can not be quantified.
The No Drainage Estimate method, usingid,cay to estimate both evaporation and slow drainage fluxes
with measured soil water data, produces soil water balances which match field observations. The
results support observations that the main impact of soil and water conservation practices on sandy
soils is to prevent the extraction of soil water by weeds. The impact of improved soil infiltration and
soil moisture storage is limited because of the low water holding capacity of the soil profile. It is not
possible to assess to what extent the same conclusions could be drawn for other, heavier-textured
soils, as there are no soil moisture data available for weeding trials at the Cotton Research Institute.

Compared with the evapotranspiration rates that were calculated with the Simple Water Balance, the
crop transpiration rates of the NDE method give an improved indication of crop water availability.
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They thus provide a better insight of the soil moisture dynamics under different tillage and weeding
treatments. Whereas the SWB method does not find convincing differences in evapotranspiration
rates in response to weed management, the NDE method shows how different weeding regimes affect
both crop and weed transpiration. However, neither method finds substantial differences in
(evapo )transpiration rates between the tillage treatments at MES. On the heavier textured soils at
CRI, both methods reveal similar effects of tillage, but the SWB predicts much higher seasonal
evapotranspiration than the NDE method.

4.3.3. Applications
The SWB provides an uncomplicated method of calculating evapotranspiration and drainage fluxes,
which makes it a robust tool for the analysis of agronomic field experiments. The accuracy of the
method, however, is dependent on the frequency of measurements. When only weekly soil water
measurements are available, the method will often fail to capture the rapid dynamics of the soil water
regime. This leads to an overestimation of the evapotranspiration fluxes. Such inaccuracies in the
calculation of soil water movement make the method less sensitive to differences in the soil water
regime of different treatments. The inherent underestimation of drainage fluxes makes the method
also less applicable for hydrological studies of deep drainage and ground water recharge, such as
carried out by Batchelor et al. (1997).
The inability of the SWB to distinguish between soil evaporation and crop transpiration may hamper
the interpretation of results, for instance when the water use efficiency (WUE) of crops needs to be
considered. A crop WUE (calculated as the ratio of crop production and crop transpiration) addresses
the effect oflower water availability on crop physiological response. Nevertheless, the calculation of
a WUE based on evapotranspiration has been useful to research into the effect of soil and water
conservation practices, such as Moyo & Hagmann (1994) and Cooper et at. (1987).
Research into the effect of surface mulches on crop performance, e.g. Vogel et al. (1994), can benefit
from the use of the NDE method. Because evaporation and transpiration fluxes are separated, it is
possible to distinguish between the effect of decreased evaporation and increased crop transpiration
rates by fittingjd<cay for different treatments.
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WEED WATER USE

The need to study in detail the water uptake patterns of weeds in semi-arid Zimbabwe arose from
the importance of weed competition in smallholder farming and the observation that there was a
lack of data on the transpiration characteristics of weeds in sub-Saharan Africa. Yet, Willatt
(1969) reported weeds depleting the soil profile up to 1500 mm depth compared to 300 mm on
clean, ploughed land, while farmers have long recognised the need for at least one weeding per
season to reduce weed water uptake (Riches et al. 1997). Better knowledge about the
transpiration rates of developing weeds would be highly beneficial, allowing an informed
evaluation of the significance of weeding operations to the smallholder economy.

Few attempts have been made to separate weed transpiration from crop transpiration, especially
for agriculture in semi-arid environments. Much of the experimental research into the impact of
weeding regimes reports on agronomic responses such as yield reductions (e.g. Klaij &
Hoogmoed 1996; Kropff et al. 1992) or the crop water use efficiency (WUE). The crop WUE
is generally expressed as yield or biomass over seasonal evapotranspiration (Jackson 1988,
Gregory 1989) and is strongly affected by unknown quantities of weed transpiration. The WUE
of a weed infested crop can be compared with generally accepted WUEs for non-stressed C3 and
C4 crops, on average 1.5 and 3.3 grams dry weight per litre, respectively (Norris 1996, quoting
Slayter 1967).

Agronomic responses, although generally relevant, give little information about the processes that
underlie the competition for resources between crops and weeds. The aim of this study was to
provide quantitative data on weed transpiration rates in response to mechanical weeding and
incident rainfall. The information generated will be used to make a process-based assessment of
innovative tillage and mechanical weeding systems. It is hoped this will increase the generic
applicability of previous research conducted in Zimbabwe (e.g. Twomlow & Bruneau 1998,
Riches et al. 1997).
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5.1. Theory

Several studies have been conducted which address the water use by weeds alone. Published
experimental values for Weed Water Use Efficiency on North-American weeds range from 1-2.5

g!l for C3 weeds and from 3.2-4.5 g!l for C4weeds, although values up to 8.65 g/l have also been
reported (Patterson & Flint 1983). These ranges make it difficult to derive weed transpiration
rates from measurements such as weed biomass production.

Both the crop and the weed WUE are strongly dependent on environmental conditions and based
on a yearly average. The effects of a short dry spell on crop and weed transpiration can thus not
be singled out. However, this may be possible if daily or weekly transpiration rates are calculated.

Like the WUE, transpiration rates are commonly derived from soil water balance studies.
Although many researchers have used this approach, few focus on the water extraction
characteristics of the weeds present. De Wit (1958) proposed that transpiration equalled the
change in soil moisture content, corrected for evaporation and drainage losses and precipitation.
Soil moisture changes and precipitation are easily measured and when the drainage flux is
established, evapotranspiration can be calculated. Drainage, defined as general downward soil
water movement, is the soil water loss below the zero flux plane, which can be measured using
tensiometers (Simmonds & Williams 1989). When drainage is redefined as the water loss from
the root zone, tensiometry is not required and soil moisture data alone are sufficient for an
estimate. The root front advancement through the season can at times be established when the
drying rate at a given depth suddenly increases (McGowan 1974). When this was not possible,
Payne el al. (1990) used drainage losses from the maximum rooting depth, established at the end
of the season as being 1200 mm. Pilbeam el al.(1995) estimated drainage losses using Darcy's
law, for which the parameters were estimated from the wetting up of the soil profile. They also
partitioned evapotranspiration by calculating the cumulative soil evaporation E as a function of
time I, according Philip (1969):
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LE = a.t"2

[5.1]

With a a constant (mm.t-2 ). Transpiration estimates can also be made by comparing the changes
in soil water content L1 WC under a weed vegetation and under fallow conditions. For a fallow, the
soil water balance can be addressed as

.1.WCfollow

=

E +D - P

[S.2a]

with D drainage and P precipitation. Plant growth is reported to have little effect on E for a Leaf
Area Index (LA!) lower than 3-4 (Walker 1983). Thus, the water balance under a weed
vegetation is given by

[S.2b]

which can be combined with Equation 5.2a, to give

[S.2c]

with TW«d as weed transpiration. The weed transpiration rates can subsequently be related to weed
growth and environmental conditions, such as rainfall, soil moisture and soil physical properties.
The quantification of these relations will increase our understanding of weed water competition
and the effectiveness of mechanical weeding practices.

5.2 Material and methods
The trial was conducted at the Makoholi Experimental Station, Zimbabwe (19ESO'S, 30E46.S'E
elevation 1200m). The soil, a coarse sand derived in situ from granitic parent material, is
classified as a Ferralic Arenosol (FAO) or an Ustic Quartzipsamment (USDA). The saprolitic
origin of the soil has lead to the occurrence of quartz-rich gravel layers in the soil at depths
varying from 200 - 1500 mm. A more detailed description of the soil properties is given in §3.2.
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Layout and measurements

The trial area is flat (slope 1%) and had been left as a weed-infested fallow for two years prior
to the start of this work. The trial was set up as a criss-cross design, with four strips that were
10 m wide and 20 m long, labelled A, B, C and D. Primary cultivation was carried out with an
ox-drawn mouldboard plough to a depth of 0.2 m on 3 December 1998.

The area was

subsequently harrowed to remove any unburied weeds. This is representative of local farmer
practice for seedbed preparation following a fallow. Each strip was split into a control plot c,
which was treated with the pre-emergence herbicide Glyphosate (plots Ac ... Dc) and a
non-treated, weedy plot w (plots Aw ... Dw). The trial started on 5 December, 7 days after the last
substantial rainfall event in November. Treatment A was not disturbed after the initial soil
preparation, while treatments B, C and D were weeded with an ox-drawn cultivator on 8, 21 and
30 January 1998, respectively (Table 5.1. Photo 5.1).

The volumetric soil water content was monitored using a "Wallingford" type neutron moisture
meter, which had previously been calibrated for this soil type (Twomlow & Riches 1991).
Measurements were taken at two positions in each plot at 100 mm increments, to a maximum
depth of 1000 mm. Supplementary soil water measurements of the top 240 mm were made with
a Delta-T theta probe, at 60 mm increments, at three locations per plot.

Measurements were taken at weekly intervals until 26 January, when substantial rain had wetted
up the soil profile. The subsequent drying out of the soil was monitored on a daily basis until 18
February and again weekly until 3 March 1998. Rainfall was measured daily on-site, while panevaporation measurements were taken daily at the Makoholi Meteorological station, 3 kilometers
south of the trial.

The profile soil water content for the drying period 3 February - 3 March was analysed with the
statistics package GENST AT 5(3.2) as a criss-cross design of herbicide and weeding treatment,
nested by date. For each measurement day, the difference in water content between the weedy
plots and their respective controls was further analysed with the Student t-test with significance
levels set at 0.10 and 0.05. These tests were performed for each depth layer, rather than for the
entire profile.

5. Weed Waler Use
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Table 5.1. Date of Ox-drawn weeding for the four strips A .D. Strip A was not distu rbed after the
trial initiation, while strips 8..0 were weeded with an ox-drawn cultivator. Th e suffixes wand c
indicate th e weedy plots and th e herbicide sprayed control plots, respectively.

A

B

c

o

5 December

8 January

2 1 January

30 January

Weed infested plots

Aw

Bw

Cw

Dw

Control (Herbicide application)

Ac

Bc

Cc

Dc

S ~p

Weeding Date

Photo 5.1. Experimental Area on 10 February '1998. E ach plot measured 10x20 m. Blue circles
indicate the pos ition of the access tubes visible in this pho tograph. The control plots received
th e same treatment as the weeded plots, but weed growth was prevented by spraying a preemergence herbicide.
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The soil moisture data were used to calculate the weed water uptake per layer i, using Equation
5.2c. The weed transpiration rate Tw"d was then expressed by adding up the water uptake per

layer:

[5.3]

Measurements of weed growth were made on 22 December and 8 January and every 3-4 days
between 26 January and 3 March, from three randomly placed 0.25 m2 quadrants per plot, though
care was taken to avoid sampling near the access tubes. Per quadrant, the weed cover percentage
was estimated, along with the abundancy of different species. Subsequently, the above ground
weed dry weight was collected, dried for 24 hrs at 60°C, and weighed. A regression was carried
out of weed dry weight against weed cover percentage, as to investigate the quality of the weed
cover estimates. It was assumed that good quality cover percentage measurements would result
in a reasonable correlation with dry weight.

On 17 February, two root observation pits were dug on the edge of plot Aw. The rooting
patterns were described following guidelines in the FAO Soil Science Description Handbook
(FAO; 1990). These qualitative observations helped the understanding of the influence of weed
root distribution on the pattern of soil water depletion and the weed transpiration rate.

5.3. Results

Figure 5.2 provides an overview of the rainfall, class "A" open-pan evaporation and soil-water
regimes that developed under a weedy plot and a weed-free control plot. Between November and
early January, rainfall was not sufficient to wet up deeper soil layers. This only happened during
the more intense rainfall period between 26 January and 2 February, which was also the final
rainfall of the 1997-98 season.

5. Weed Water Use
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Start Experiment
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Figure 5.2. Graphical summary of the environmental conditions during the experiment in the 199798 growing season. 'Weeding B-D" indicate the weeding dates of the respective plots. (----)
Cumulative class "A" open-pan evaporation (mm), (-) cumulative precipitation (mm), (-._)
0-900 mm soil water content of plot Aw and (--~--) plot Ac (m'.m· l ). Vertical bars indicate the
standard error of the mean.

5.3.1. Weed Measurements.
The low rainfall during December inhibited weed growth. In fact, emergence on all plots only
took place after the early January rains and, due to the low soil moisture content, growth was
minimal until late January. Treatment B was weeded just after initial weed emergence (8 January)
and weeds re-emerged 10 days later. Treatment C was weeded on 21 January, just before the
prolonged rainfall period of 2S January - 2 February. Unfortunately, on this occasion, the level
of weed control was poor and many weeds were not uprooted and only slightly buried, so that
subsequent rains washed them clear. The weeding of treatment D during the rain period (30
January) was effective, eliminating weed emergence.

-107-

5. Weed Water Use

The most common weed species that emerged was Mexican clover (Richardia scabra), which
originates from tropical America. This is a much-branched, creeping, broad-leaved herb of the

Rubiaceae family and now constitutes a widespread problem in Zimbabwe (Drummond 1984),
as also observed by Vogel (1994). Its tap roots stretch deeper than Im and are able to penetrate
stone and gravel layers in the soil profile. The weed follows an opportunistic strategy, producing
vast numbers of small seeds throughout the year which only germinate in the top 15 mm of the
soil (Biswas et al. 1975). It has a fairly protracted period of emergence, stretching over the entire
wet season (Mabasa & Rambakudzibga 1993).

Of the weed species observed, Richardia scabra emerged earliest after the rains and was the
commonest weed species by far. Table 5.2 lists the relative abundance of the weed species
observed throughout the trial period.

Weed dry weight measurements and weed cover observations over the period 26 January - 3
March are presented in Table 5.3. Weed dry weights on plots Aw and Bw, which had emerged
weeds prior to the late January rains, were consistently higher than on Cw and Dw. The large
standard deviations however, combined with the low number of samples (n= 3), meant that there
were no statistically significant differences. All plots showed a general trend of increasing weed
dry weight and cover percentage. This trend was more consistent for the weed dry weight
measurements.

Table 5.2. Most frequently observed weed species and their relative abundance during the trial
period. On all plots, Richardia scabra dominated the weed vegetation.
(Abundancy: -- very few - few + many ++ very many)
Species

Richardia scabra (Mexican Clover)
Eragrostis sp. (Lovegrass)
Rhynchelytrum repens
Eleusine indica
CYllodon dactylon (Couch grass)
Hibiscus meeusei

Abundancy

++
+

5. Weed Water Use
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Table 5.3. Mean weed dry weight per unit area (g. m·") and percentage weed cover observations for
the four weeding treatments. Means are followed by the standard error in brackets.

Weed Dry Weight (g.m·2)
Date

Aw

Weed Cover %
Dw

Aw

Cw

Bw

26-Jan 22.3 (0.5)

6.0 (1.8)

6.6 (1.3)

11.3 (6. 0)

40(5.0)

22 (16.1) 16 (4.0)

38(16.1)

29-Jan 21.2 (1.6)

11.1 (3.0)

18.6(4.5)

34.2 (6.2)

25 (5.0)

48 (7.6)

52(2-1.7)

2-Feb

53.2 (3.8)

13.6 (7.0)

42.6(10.1)

0.0(0.0)

48 (2.9)

58 (15.3) 32(12.6)

5 (0.0)

9-Feb

87.9(28.2)

22.2 (4.9)

45.9 (0.1)

0.0 (0.0)

58 (15.3)

73 (7.6)

30 (5.0)

5 (0.0)

13-Feb 60.8 (11.4)

8.5 (7.4)

44.2 (5.5)

5.3 (4.2)

47 (2.9)

87 (2.9)

285.8)

37(12.6)

18-Feb 70.0 (4.7)

28.5 (16.1) 44.9 (4.8)

5.5 (1.9)

55 (5.0)

63 (12.6) 52 (2.9)

23-Feb 76.0 (ll. I)

32.9(16.6) 72.1 (19.8)

12.0 (4.0)

55/0.0)

68(16.1)

7 (2.9)

2-Mar

38.6 (7.7)

12.0 (0.9)

87 (7.6)

73 (7.6)

47(12.6)

98.0 (12.8)

Biomass
(g.m-2)

37.4 (2.5)

Cw

Bw

9 (3.6)

Dw

28 (5.8)
30(/3.2)
35 (0.0)

Weed Biomass against Weed Cover% observations
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Figurt 5.3. Weed dry weight against percentage weed cover observations. Each data point
represents data from a 0.2Sm' quadrant.
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Overall, the weed cover percentage observations showed a less consistent picture of weed growth
than the weed dry weight measurements. This despite the fact that the standard deviations, as
presented in Table 5.3, were consistently lower. The quality of the weed cover percentages was
therefore studied by comparing it with the dry weight measurements. The relation between the
two weed characteristics is described with an exponential curve (r'- = 0.59) as is shown in Figure

5.3. This graph also reveals the scatter of the weed cover observations compared to the weed dry
weight measurements.

5.3.2. Soil Moisture Measurements.
The soil moisture content was fairly constant until 26 January, due to a lack of rainfall. The end
of the rainfall period of26 January - 2 February has been taken as the starting point of the drying
period. The soil water data show the rainfall during this period effectively wetted up the soil
profile beyond 900 mm depth. After the rains, the water content of the control plots declined at
a very slow rate, typically losing less than 0.05 mJ m·3 water in a month's time. On plots Aw, Bw
and Cw, the water contents in the top layers dropped much faster than on their respective
controls, where, after two weeks, the water content of the top 200 mm had fallen to 0.05 m J rn·3
but did not drop much further.

The theta probe measurements showed that for all control plots, the top 60 mm ofthe soil profile
were strongly depleted to 0.06 mJ m·3 within a week and to 0.04 mJ m·3 within two weeks. The
weedy plots Aw and Bw dried out more quickly, resulting in soil moisture contents of 0.01-0.02
m3 .m·3 within one week after the rainfall period (Figure 5.4). Although these very low water
content might have been underestimated (see Appendix I), such moisture levels have been shown
to correspond with matric potentials of -100 kPa and less in several coarse textured soils (Wosten

et at. 1994).

At a depth of 100-200 mm into the soil profile, the soil water content dropped rapidly in the first
two days after the rainfall period. This was followed by a slow, steady decline for most plots, but
a markedly faster decline for plots Aw, Bw and Cw. On day 16, the soil moisture content at 120240 mm had not dropped below 0.10 m3 .m·3 for the control plots and plot Dw. The moisture
content at plot Cw was 0.08 m3 .m·3 , but was as low as 0.03 m3 .m-3 at plots Aw and Bw.

5. Weed Water Use
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Figure 5.4. Soil water contents between 0-60 mm depth, for weeding treatments A and B, over the
period 2 February-3 March. See Table 5.1 for the explantion of the different treatments.

An ANOVA of the soil water contents showed a strong effect of the weeding and herbicide

treatments (Table 5.4). The differences in soil water content between each pair of weed-infested
and control plots were subjected to a Student t-test. The results of these analyses are displayed
in Figure 5.5, which shows on which days the differences were found to be significant and at what
level of significance. The tests did not reveal a significant level of weed transpiration before 3
February, although persistent differences occurred at 600-900 mm depth in treatments A and C.
These, however, were attributed to the effects of differences in soil texture between the weedy
and control plots. After 3 February, the tests showed that significant differences first occurred in
the top soil before reaching deeper soil layers and that the level of significance generaJly increased
with time. Throughout the trial, no significant weed growth effect was found in treatment D, since
very few weeds emerged on the weedy plot.

After approximately two weeks, the top 200-300 mm of plots Aw, Bw and Cw were effectively
depleted by the developing weeds. At this point, Figure 5.5 shows significant differences in water
content at 400-600 mm depth between the weedy and control treatments, indicating an increase
in water extraction. Since the topsoil of the control plots was not depleted, evaporation continued
to reduce the difference in water content with the weedy plots. This is particularly clear in
treatment B, where the difference became less significant after 12 February.
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5.3.3. Root Pit Obsel7!ations
The two root observation pits encountered a gravel layer at, respectively, 300 and> 1500 mm
depth (Table 5.5), which had a major influence on the weed root development. The roots in the
first pit were densely matted above the gravel layer and can described according the FAO soil
description guidelines as "many fine roots" (FAO 1990). Few medium roots penetrated the gravel
layer. In the second pit the root density in the top 350 mm was similar to the first observation pit,
with many fine roots. These could be attributed particularly to smaller weeds which emerged after
2 February. It was these smaller weeds that started to suffer from drought stress after 2 weeks,
particularly on plot Aw.

Table 5.4. ANOVA table of the 0-700 mm soil water content. Herbicide indicates the control versus
weedy plots. Data were blocked by date, while Tube was nested in Plot.
Source of variation

d.f.(m.v.)

s.s.

m.s.

v.r.

F pr.

Date

27

0.20651094

0.00764855

485.66

<.001

Weeding

3

0.01976358

0.00658786

418.31

<.001

0.02715146

0.02715146

1724.03

<.001

Herbicide
Plot

3

0.10464261

0.03488087

2214.82

<.001

Date.Herbicide

27

0.01303425

0.00048275

30.65

<.001

Date.Weeding

81

0.00661961

0.00008172

5.19

<.001

Date. Weeding.Herbicide

81

0.00755068

0.00009322

5.92

<.001

Plot.Tube

15

0.01171275

0.00078085

49.58

<.001

Residual

206(3)

0.00324427

0.00001575

Total

444(3)

0.39477479

Between 350-500 mm the soil appeared to be more compact than at shallower depths. This
density change is consistent with previous observations of soil profiles in the area (Riches et al.

1997). The layer coincided with a marked reduction in the abundance of fine roots, while
"common" to "few" tap roots were present. These long tap roots were traced to well established
weeds, which had emerged early January. Below the high density layer, root density remained
similar, with "few" very fine roots branching off the tap roots at greater depth.
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Figure 5.5. Results of the Student Hest of the difference in soil water content between weedy plots
and their weed-free controls at two levels of significance. The tests were performed for each
measurement day_ (+)

(J.

= 0.10; (*) ex = 0.05.

Table 5.5. Rooting pattern observations from two root observation pits in plot Aw, taken on 17
February_ The rooting pattern was described according the FAO guidelines for soil descriptions
(FAO 1990).
Root Pit 1.
Soil

Root Pit 2.

Depth

Rooting Pattern
abundance; size'

(mm)

Rooting Pattern
abundance; size

many; fine/medium

0-100

many; fine/medium

Coarse Sand

100-150 many; very fine
many; very fine

Soil

Coarse Sand

150-300
many; fine/medium
Gravel layer

few

; medium

300-350
350-500 few
500+

1

few

; medium
; medium+very fine

Abundance (rootS.cnl'): many >200, few 21-50
Size (diameter, in mm): very fine <0.5 mm, fine 0.5-2 mm, medium 2-5 mm.

Dense layer
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5.4. Discussion

5.4.1. Weed Growth.

The high variability in weed cover percentage observations can be largely attributed to the
subjective visual nature of the estimation method. This subjectivity also explains the lower
standard deviations between the three replicates of each observation, compared to the weed dry
weight sampling, as the observer will subconsciously reduce the within-plot variability while
increasing the between-plot differences. The extent of the error is highlighted when the two weed
parameters are plotted against each other (Figure 5. 3). Although weed dry weight and weed cover
percentage are correlated, the relation between them has proved to be far less powerful than might
be expected from a theoretical point of view. This leads to the conclusion that weed cover
observations may be used as a qualitative indicator, but are less suitable for quantitative
interpretations. Yet, in the ANOVA analysis, neither of the weed parameters was significant as
a covariate in explaining moisutre patterns, although the weed dry weight measurements showed
a higher F-probability value than the percentage weed cover (respectively 0.92 and 0.58). The use
of standard ground cover charts may help to improve the accuracy of weed cover estimations. An
example of such a chart is given in Appendix 1/.

Weed growth is strongly dependent on soil moisture status. Especially in the earlier stages, when
roots have not penetrated to deeper soil layers, the soil moisture content of the top 300 mm is
important. After emergence, the root front can extend rapidly; Angus et al. (1983, in Monteith
1986) found extension rates between 10 and 40 mm.d- l for different species under favourable
conditions. On plots Aw and Bw, weeds emerged after the small rainfall events of6 January and
16 January, respectively. These rains were insufficient to wet the subsoil and the subsequent rapid
drying of the topsoil severely retarded actual weed growth.

Weed transpiration did not have a noticeable effect on the soil water balance until the entire soil
profile was wetted up late in January. The differences in soil drying between the weedy and the
control plots, as highlighted in the means separation tests, are attributed to weed transpiration.

Figure 5.6 presents the cumulative water extraction by weeds in each treatment by depth for the
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period 3 February - 3 March. Treatments A, B and C showed an initial similarity in weed
water-uptake rates and depths of extraction. Within a few days, the small weeds of plots Aw and
Bw had reached transpiration rates of about 1.2 and 1.4 mm.d·t, respectively (Table 5.6). The
weeding of plot Cw (21 January) strongly reduced weed emergence, but failed to kill a substantial
amount of already emerged weeds. These surviving weeds responded rapidly to the soil water
availability after the rains, leading to a transpiration rate during the first 10 days of 0.9 mm.d· l .
Weeding of plot Dw on 30 January eliminated all emerged weeds and prevented newly emerging
weeds from taking advantage of the favourable post-rainfall conditions. As the top 15mm of the
soil dried out within a day, the emergence of Richardia scabra and most other weeds was
effectively prohibited.

0

Extraction from deeper layers early in the drying period reflected the presence of different
generations of weeds; the weeds which had emerged earlier in the season had already explored
deeper soil layers by the onset of the late January rains.

Table 5.6. Weed transpiration rates over different identified periods (mm.d

o

').

Day 0 is 2/2/98, the

last day of the rainfall period.
trt1

trt2

t:;-t)

t,t,

Average

0-10

10-15

15-21

21-29

0-29

Aw

1.2

2.5

0.8

0.0

1.0

Bw

1.4

2.5

0.1

1.8

1.4

Cw

0.9

2.2

0.4

1.9

1.3

Period
Treatment

(days since 2/2/98)

Three points have been selected at which the transpiration rate suddenly changed for a sustained
period of time, i. e. for at least 4 days. These points are indicated in Figure 5.6 as t" t2 and t3' The
start of the drying period (3 February) and the end of the experiment (3 March) are marked by to
and t 4 , respectively. For all three treatments, the sudden changes occured more or less on 12, 17
and 23 February. The inflection points coincided with a change in water extraction from
increasingly deeper layers (Figure 5. 7). So, during the first 10 days, water was mainly extracted
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from the top 300-400 mm. This continued at a lower rate during the next five days, while water
extraction from 400-500 mm depth increased. Water extraction from even deeper layers occurred
at a fairly constant, low rate.

5.4.2. Soil Water.
During and shortly after the rainfall period 26 January and 2 February, weed transpiration fluxes
were negligible when compared with first stage evaporation, approximated by pan-evaporation
and fast drainage. It was thus not possible to establish weed transpiration over this period. First
stage evaporation rate ends when the supply of water from the soil profile is insufficient to
maintain a moist surface. As the water content drops, hydraulic conductivity strongly decreases,
especially in coarse textured soils. This decrease marks the end of first stage evaporation and it
often occurs within a day (Daamen 1993). The control plots suggest first stage evaporation until
3 February, followed by second stage evaporation throughout the rest of the experiment. In this
second stage, the evaporation rate is governed not by atmospheric conditions, but by soil
properties such as the vapour diffusivity of the mulch layer and capillary rise and vapour flow
towards the mulch layer (Hillel 1982).

A decrease in hydraulic conductivity also causes a rapid decline in drainage rates. However,
throughout the drying period, drainage does not stop. This was evident from the control plots,
where soil moisture content continued to decrease at depths beyond the influence of evaporation.
The same continuous decline had been observed at previous trials (Twomlow unpublished data,
Twomlow & Bruneau 1998).

The hydraulic properties of the topsoil are different because of its coarser texture. Therefore, the
topsoil drainage rates can not be estimated from the drainage flux in deeper layers. This makes it
difficult to assess how deep into the soil profile evaporation influenced soil moisture content. The
steady rate of soil moisture decline at depths below 300 mm in the control plots, suggests that
only the top 200-300 mm are affected by evaporative losses. This is consistent with observations
of Will at (1969) and Twomlow (1994), who found that only the top 300 mm could be depleted
by evaporation.

5. Weed Water Use
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Figure 5.6. Cumulative weed water uptake (mm) for the weeding treatments A .. D over the period
3 February - 3 March 1998.
experiment, respectively;
curve.

fo

to> f4

f" f2

and

indicate the start of the drying period and the end of the
f,

are inflection points in the cumulative weed water uptake

= 3 February, f, = 12 February,

f, =

17 February,

depth (mm). 0-2000 200-400 0 400-600

f) =

23 February,

f4

= 3 2\1arch. Soil

0 600-900.

However, a distinction between evaporative and drainage losses was not necessary to calculate
the weed water uptake because the control plots might be assumed to take this into account

(Equation 5.3). The weed water uptake patterns were peculiar in the sense that the transpiration
rates appeared to be fairly steady, until a sudden change took place at an inflection point (Fig1lre

5.6).

Tahle 5.6 highlights a pattern of stagnating and increasing weed transpiration rates,

notwithstanding the more or less steady rate of open-pan evaporation (Figure 5.2). This suggests
that weed transpiration was not governed by evaporative demand.
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Figure 5.7_ Weed water extraction rate per period, per layer, for the four weeding treatments A .. D.
Day 0 is taken as 2 February 1998.
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The transpiration patterns of treatments A-C are consistent with the two-stage transpiration
process described by Markar and Mein (1987), who state that first-stage transpiration reflects
atmospheric demand, while the second stage sets in as water supply becomes limiting. The
reduced water uptake rate in the period t;-tJ (15-21 days since 2 February) suggests the effect of
a decreasing accessibility of soil moisture.

In the case of the Makoholi experiment, the limitation on the water supply was not only a function
of soil water content, but also of the extraction potential of the rooting system. This potential is
initially determined by the ability of roots to penetrate increasingly deeper soil layers, thus
extending access to available soil moisture. After invasion by the root front, the extraction
potential from a given soil layer further depends on the subsequent proliferation of fine roots. The
inflection point at 15 days after rain (Figure 5. 6) can thus be interpreted as the arrival of the main
root front at the dense subsoil layer, while at the same time soil water in the overlying soil is being
depleted, a combination leading to reduced rates of transpiration. This is supported by published
root front extension rates (e.g. Monteith 1986). If we assume an average extension rate of25
mm.d· l , the root front would have reached the stone line, or the denser subsoil layer, after circa
two weeks. By the next inflection point (day 21), the root front had extended beyond the dense
layer and water uptake had increased as fresh resources were exploited (Figure 5.6).

Figures 5.5 and 5. 7 further illustrate how in different periods, water extraction took place from
increasing depth. Water extraction from deeper layers early in the drying period illustrates the
presence of different generations of weeds; the earlier emerged weeds had already explored the
deeper soil layers at the onset of the late January rains. Water uptake from shallower layers
virtually stopped after two weeks, while water uptake from the 400-500 mm layer peaked in the
second week. Once the latter source was depleted, the weeds that emerged later experienced
difficulties in taking up water from 600 mm depth. On plots Bw and Cw, this problem was
eventually overcome and water uptake from 700,800 and 900 mm depths increased. On plot Aw,
water uptake from deeper layers was obstructed to such an extent that most smaller, younger
weeds without strongly developed taproots wilted (Figure 5.8).
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l-'igllrrJ 5.8. Weed cover on plot Aw at the end of the experiment. water uptake from deeper layers

was obstructed to such an extent that most smaller, younger weeds in the centre of the picture
wiltecl. (photo by F-Bauke van der Meer).

5.6. Concl usions

The percentage weed cover observations of this experiment were not suitable as a quantitative
measure of weed pressure. They showed no significant correlation with decreasing soil water
contents and hence with weed water use. The fast and simple nature of the method however
makes it worth considering improvements in the quality of the observations. The use of standard
grollnd cover chart is likely to lead to a significant increase in accuracy . The more labourintensi ve weed dry weight measurements gave a better indication of weed pressure, but were
nevertheless not significantly related to the rate of soil drying .
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During the first month after substantial rainfall, weed transpiration rates are governed by soil
physical constraints on water extraction, rather than by evaporative demand. In this period, weed
transpiration rates varied between 0.9-2.5 mm day·l. As would be expected, water extraction
occurred first in the top soil, subsequently moving down the profile fOllowing the root front.
Restriction of root proliferation by denser layers in the subsoil was reflected by a reduction in
weed water uptake. The study shows that soil moisture status in the rooting zone and the
impedance of root growth by denser subsoil layers governs weed transpiration. The· study also
highlights the significance of weed transpiration in depleting moisture reserves in a soil type that
is prone to droughtiness and thus confirms the need to emphasise the impact of weed control on
crop production in agricultural extension programmes.

A simple weed transpiration prediction can be construed based on environmental conditions on
the one hand and tillage interventions on the other. The most important environmental conditions
are the topsoil/subsoil moisture status and root growth conditions. Tillage interventions can be
represented by e.g. time, timing and efficiency of weeding, which have a major impact on weed
emergence and re-growth. This experiment provides a basic insight of weed growth and a
quantification of transpiration rates which can be put to use in the analysis of past and future
tillage and weeding trials.
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MODELLING AIMS AND OBJECTIVES

6.1 Introduction
France & Thornley (1984) stated that "it has been widely recognized that, to describe results and to
match these to our ideas and theories, the use of mathematical models in agricultural sciences is not
only the most appropriate tool, it provides the only way we know of doing this." In the years that
followed, more powerful computers have greatly advanced mathematical modelling (Youngs 1995).
In contrast to "mental, verbal and descriptive models", such simulations contain the promise of
quantification (Bouma & Hoosbeek 1996).

The simulation of crop production with computer models has advanced to our understanding of the
processes involved and is making a valuable contribution in the drive towards improved cropping
practices. Great progress has been made in situations where the environment can be controlled in
terms oflight, water, nutrients and the homogeneity ofthe substrate, such as greenhouses or irrigated
fields. Simulation models for crop growth can now accurately describe and predict production in nonextreme production situations. Indeed several commercial systems exist in which, using primarily
empirical algorithms, computer simulation models help to regulate water and nutrient flows to
optimise production (Meron 1993).

In contrast, crop production in semi-arid, rainfed agriculture has to cope with a highly variable,
challenging environment. The issues that need to be addressed are, therefore, of an entirely different
nature. Simulation modelling has little scope to be directly applied at farm level, where smallholder
farmers are limited in their access to resources such as fertilizers, basic equipment and draught animal
power. It is difficult to envisage any direct applications of computer technology under these
conditions.

However, simulation modelling can play an important supportive role for experimental research, due
to three qualities that are intrinsic to mathematical models. Firstly, modelling opens up the
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opportunity to assess the likely impact of promising agricultural practices in agro-ecological
environments that are different from the experimental sites where these practices were initially
identified and investigated. This application of computer simulation requires a model that is
uncomplicated and transparent enough to provide robust predictions, but which is also sufficiently
based on physical processes to be applicable to different conditions.

Secondly, much experimental research is subject to unpredictable weather conditions during field
trials. The majority of experiments offer only a short window ofjust 2-3 growing seasons, which is
too short to cover the full range of weather conditions (Droogers 1997). This reduces the practical
relevance ofthe trial results, as the interaction between experimental treatments and natural inter- and
intra-seasonal variability cannot be addressed. Simulation modelling offers the opportunity to
extrapolate experimental findings over a period that is sufficiently large to cover the expected climatic
variability, by calibrating the model to the trial results and by using long term weather data to simulate
the likely impact of experimental treatments on crop performance.

Finally, field trials are limited by the specifics of the experimental site. Many experiments are
conducted on research stations, where the agricultural practices under investigation are intensively
monitored within a statistically robust experimental design. The location of trials on-station has the
disadvantage that their general relevance is restricted by soil type, but also that the operations studied
are often not fully representative of actual farmer practices (Twornlow et al. 1995a).
Modelling can assist in the impact analysis of changes and adjustments to agricultural practices being
investigated. Moreover, once calibrated, a model can provide a more detailed insight in the
interactions between different treatments and prevalent processes in crop growth.

The case for the use of simulation modelling in semi-arid research and development may be further
advanced by the current drive towards the location of research on actual farms rather than on research
stations. Research into soil and water conservation practices is developing from "research-driven"
to "farmer-led", because low uptake of technology indicates a fundamental £law in the former
approach (Ellis-Jones et al. 1995). On-farm research can lead to higher adoption of innovative
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technologies, but due to the loss of uniformity in the research setup, the method is less efficient in
producing scientific results (Twomlow et al. 1995b). A process-based computer simulation model
that is calibrated to experimental findings is a useful aide and can improve the generic relevance of
such field experiments. The end-users of simulation models are most likely to be researchers or
extension managers. The use of simulation models might enable them to assess the lifllly impact of
innovative farmer practices and to improve the identification and design of future resellrc~ pr
development programmes. Modelling exercises, for instance during information exchange workshops,
increase the transfer of knowledge to agricultural extension workers and this directly influences thl.l,.
quality and the impact of their advice to farmers. Yet, the lack ofuser-fiiendliness and the lack
appropriate support for the dissemination of simulation models have resulted in a limited use

of

ana

uptake of models by National Agricultural Research Systems (NARS) and extension services in subSaharan Afiica.

6.2. Model Choice Criteria
A large number of models exist that deal with soil water and crop growth. Most models are
documented in academic publications and summaries (often detailed) are available on the intemet
(e.g. CAMASE'). A selection of simulation models is summarized in Table 6.1. A broad overview
of simulation models that deal with specifically soil tillage is presented by Hoogmoed (1999). With
such a wide choice of models available, it is important to select an appropriate model for the needs
of the research in hand. Such a choice should be based on a number of criteria, which are discussed
below.

In a comprehensive review, Bouma & Hoosbeek (1996) discussed the advantages and restrictions of
different modeUing approaches. They observed that a strong relation exists between model
functionality (ranging from empirical to process-based), data requirement and/or availability and scale
of application (Figure 6.1). The choice of the simulation model should be largely determined by the

'http://www.bib.wau.nllcamasel
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research requirements. Unfortunately, the availability of input data frequently dictates the choice of
model. It is important to realise that the accuracy and the level of detail of a simulation model easily
surpasses the accuracy ofthe available input parameters. This can lead to a situation where one would
"hunt mosquitos with laser-guided missiles" (J. Bouma pers. comm). For instance, the occurrence
of runoff is strongly related to rainfall intensity, which varies strongly during a rain storm, and is also
a function of the soil moisture status, slope, hydraulic properties and the susceptibility of the surface
to crust formation. The complex interactions between the many processes involved can only be
simulated when all environmental parameters are measured in great detai~ which is rarely the case,
especially when runoff is considered at catchment scale. In that case, a detailed description of the
different runoff-runon processes may be mathematically possible, but it would not improve the
accuracy, or the practical relevance, of the model results. Moreover, it would be impossible to collect
the vast amount of input data and parameters which would be needed to run, calibrate and validate
the model in all its complexities.

Variability
Empirical:

country

low data requirement

\

"

matches availability

regIOn

\

'~

Data Availability

Empirical ~----+-----------------~~~
site

,.~
"

Process Based

Model Functionality

Complex:
Point-scale
application

Figure 6.1. Relation between model functionality, data requirement and the scale of application. \\'ith
increasing scale, environmental variability increases and the available data are scarcer, less detailed
and less accurate, hence the functionality of the model is compromised (after Bouma & Hoosbeek
1996).
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Another important aspect of the model selection is to identify the needs of the end user. In this thesis,
a distinction is made between the needs ofthe thesis research and the needs of the end-users that will
apply the model developed in this research. The combination of these needs is likely to lead to model
that is a compromise between the complexities of process-based simulation modelling, low input
requirements and high levels ofuser-fiiendliness. The criteria that have been used in model selection
are summarised below. They can be placed in four categories, being

a) User-Friendliness,
b) Functionality,
c) Data Requirement and

d) Scale.

a.) User-Friendliness.
1. The model should be easy to understand and the entry of input parameters has to be simple.
This will improve the opportunities for dissemination of the modelling approach. A
Windows-based interface is therefore of great benefit.
2. A detailed, logical and user-friendly manual should be available, accompanied by a good
support network.
3. It should be possible to run the model on small computer systems. The minimum hardware
requirement has previously been defined as a 16-bit 486 PC, equipped with MS-Windows
(Young & Gowing 1996).

b.) Functionality.
1. A process-based description of the soil-plant-environment interactions will open the
possibility of extrapolating the research findings to a wider range of agro-ecological
environments.
2. The model should be able to simulate how the soil water regime is affected by management
decisions, such as primary tillage and weeding regimes.
3. For the purposes of this thesis, the focus lies on the modelling of the soil water regime, hence
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plants are primarily regarded as a water pump. The simulation of an appropriate crop water
uptake characteristic, however, requires a crop growth module which simulates root
proliferation and plant response to drought stress.
4. In view of the future use of the model, the crop growth module should also provide a
comprehensive dry matter and yield prediction and should be validated and calibrated for the
semi-arid tropics.
5. This thesis focuses on the soil water balance, rather than on soil fertility. The presence of a
soil fertility module in the prospective model is, therefore, not a prerequisite. Manyowa

(I 994) proposed that water was the most restricting factor for maize production in semi-arid
Zimbabwe. However, in view with the prospective end-user and the generic applicability of
the model, the presence of a soil fertility module is desirable.

c.) Data Requirement.

1. The data requirement is limited by data availability. The availability of weather data in the
semi-arid tropics, is generally restricted to daily measurements of rainfall, class A panevaporation, minimum/maximum temperature and sunshine-hours. This limits the use of
models with a higher requirement of weather input.
2. Soil data are generally more scarce than weather data. Data that are available for most
experimental sites are soil type, texture and bulk density classes, as well as the water content
at saturation, field capacity/drained upper limit and permanent wilting point. The need for
data on soil hydraulic properties like the moisture retention and hydraulic conductivity is very
restrictive for the applicability of the model. However, the nature of this thesis requires such
a detailed description of the soil hydraulic properties. These and other soil data, are available
at the Makoholi Experimental Station (MES) and the model should be able to use these data
to their full potential.
3. Additional data are required to calibrate and validate the model, such as measured soil water
contents and parameters that describe crop performance. It is difficult to justifY the use of
a computer model that simulates processes in more detail than can be verified by means of
available experimental data. At MES, crop yield, above ground dry matter production and
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other crop production characteristics have been measured, whilst the soil water profile has
been monitored on a weekly basis using aN eutron Moisture Meter. This is detailed enough
to facilitate the calibration and validation of a daily soil water balance, but it is not possible
to verify variations of the soil water content on a smaller time step.

d) Scale.

The simulation model should simulate field-scale crop production, a scale that is often used in
agronomic research. A field is regarded as a spatially homogenous unit, which implies that
within-field redistribution of surface water via runoff-runon processes is negligible. On the basis
of these assumptions, the soil water balance at field scale can be represented by a I-dimensional
(ID) soil profile. For example, the Makoholi experimental sites have a small, fairly uniform
gradient, a high infiltration capacity and, therefore, little or no spatial redistribution of surface
water. However, in (tied) ridged systems, redistribution plays a vital role in water conservation
(Bruneau & Twomlow 1999). Models exist which describe a 2D or 3D soil profile (e.g. Heinen

& De Willigen 1992, Paniconi et al. 1994), but the data needed to calibrate/validate these models
is not available.

6.3. MODEL REVIEW
Table 6.1 summarises the models discussed in this section and their major characteristics. All models
simulate a one-dimensional soil profile. This profile is divided into several layers ofvariable thickness.
All models simulate the basic water fluxes of soil evaporation, infiltration, redistribution and drainage.
The main factor that distinguishes the models is the way the soil water flow is calculated, i. e. how
water is thought to move between layers, how the soil hydraulic properties are described and what
the input requirements are. Another important aspect of simulation models is their interface with the
end-user and the accessibility of programming code for alterations to suit research needs. This is
especially important with respect to this study.
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6.3.1 CERES-maize
(Jones & KiniIY 1986).
The CERES suite of models is a component of the MS-DOS-based DSSAT package. The soil water
module is therefore limited to the soil parameters included in the DSSAT database, which consist of
the permanent wilting point, field capacity and saturated water content, as well as more qualitative
measurements, such as texture class, organic matter and bulk density class. The CERES soil water
balance follows the "tipping bucket" approach, where each soil layer drains into consecutive
underlying layers when the water content exceeds field capacity. Crucially, water movement is
simulated without the use of hydraulic conductivity data. The model works with a daily time step.
This restricts the accurate simulation of processes with a smaller time resolution, such as water
infiltration into the soil and runoff (Van Diepen et al. 1989).
Williams et al.(1991) stated that the tipping bucket model may work adequately for sandy and wen
structured soils, but is likely to overestimate infiltration and conductivity in dIY, heavier textured soils.

In those cases it may lead to a considerable underestimation of soil evaporation.
6.3.2. APSIM
(McCown et al. 1996)

The Agricultural Production Systems Simulator (APSIM) is an advanced cropping system model used
in Australia to study interactions between plant growth, soil water, nitrogen and residues (Kebreab
et al., 1998). The APSIM model structure is highly modular, which makes it relatively easy to adapt,

improve or replace modules to the specific needs of the research. Three modules are specifically
recognized, being management (intercropping/crop rotation), crop growth and soil water balance. A
nitrogen fertility module is also included. The current crop growth modules include CERES-maize,
while soil water balance modules are incorporated that are adaptations ofPERFECT (Littleboy et al.,
1992), which has a tipping bucket-approach, and SWIM (§ 5.2.5). APSIM works on a daily time
step.
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Although the different modules and the simulation engine are written in FORTRAN, the model
environment is MS-Windows based and written in C++. The model can also interface with a Unix
workstation, which is particularly useful for large scale, long-term runs. The model development of
APSIM is organised carefully so as to maintain high standards of quality control. Moderations to the
programme code can only take place via change requests and peers (Hammer et al. 1999).

6.3.3. "School of De Wit": WOFOST
(Van Diepen et a!. 1989)
The School of De Wit refers to agronomic crop growth models developed in Wageningen, in line
with De Wit's classification ofProduction Situations 1-4, beingPS 1: potential production, PS2: water
limited, PS3, N-limited, PS4: P-limited (De Wit, 1982, Van Keulen eta!., 1996). Most models are
adapted or simplified versions of the original PS 1 model SUCROS (Van Keulen et a!. 1982). One of
the first application-oriented models was the PS2 model WOFOST (WOrld FOod STudies). It was
developed for regional studies into quantitative land evaluation, yield forecasting and risk analysis.
To this aim, the model was equipped with a basic GIS and a menu-based interface (Bouman et al.
1996).
The soil profile ofWOFOST is represented by two layers, the rooting zone and the subsoil. Soil data
input is similar to that of the CERES and includes soil texture class, maximum rooting depth and the
presence and depth of the ground water table. The texture data are used to define the soil hydraulic
properties, using the Staring Series (Wtisten et aI., 1994). With the soil hydraulic properties, the soil
water flow is calculated using Richards' equation with a daily time step.
The Staring Series is a set of typical soil moisture retention and hydraulic conductivity curves for the
range of top- and subsoils that is found in The Netherlands. The curves are described with the Van
Genuchten-Mualem equations (Van Genuchten, 1980). These, like the Campbell (1985) functions,
are founded in the physical relationship between pore size distribution and hydraulic behaviour.
However, they perform well over a wide range of soil water potentials, including near-saturation
(Vereecken, 1995). Nevertheless, Van Diepen et a!. (1989) stress that the Staring Series are not
universally valid and should be used with caution outside The Netherlands.

-130Table 6.1. Summary Table of models considered in this document. The model assessment has focused on the simulation approach to the soil water balance
and the user-friendliness of the model and the modelling environment.
Model

Parenthood

Soil Water Movement
Method

Time Step

COMPUTER

Soil Hydrology (per layer)
Properties

Minimum Input

Language

System

Crop
Growth

CERES-maize ' DSSAT

tipping bucket

daily

WCRl> WC,,, WC..,. WC",. WC,,,
WCpwp

FORTRAN

MS-DOS

APSIM2

tipping bucket

daily

WC,,,, WC,,, WCpwp WCRb WC,,,
WC pwp

FORTRAN
C++

MS-Windows
(Unix)

Texture, OM

FORTRAN

MS-DOS!
Unix

Texture, OM, BD

Quick BASIC MS-DOS

yes

Texture, OM, BD
(Ksat)

Visual Basic

MS-Windows

yes

WC,,, , OM, BD
(Ksat)

?

MS-DOS

no

(Campbell)

WC(h), K(h)

WC(h), K(h)

Pascal

MS-DOS

no

WC(h) ,K(h)

FORTRAN

MS-DOS!
Unix

Simple
SUCROS
WOFOST

WOFOST3

CERES, PERFECT
SUCROS

Richards'

daily

(2-layered)

WC(h) , K(h):
Staring Series

yes
CERES
modified
SUCROS

(Van Genuchten)

Richards'

PARCH'

daily

(linear)

PARCHEDTHIRSTs

PARCH

Richards'

(Campbell)

daily

(linear)

Richards'

SWIM"

Richards'

hourly
hourly

(NewlonRaphson)

SWAP'
WAVe
DUETlO

SWATRE
SWATRE+SUCROS
SWATRE+WOFOST

Richards'
(Finite
Difference)

WC(h), K(h)
(Campbell)

(Numerical)

SWEAT 7

WC(h), K(h):

WC"' (h) , K(h)

(Ksat)

(Van Genuchlen)

hourly

WC(h), K(h)
(Van Genuchlen)

(1) Jones & Kiniry, 1986; (2) McCown et aI., 1996; (3) Van Diepen et al., 1989; (4)Bradley & Crout, 1994; (5) Young & Gowing, 1996; (6)
Ross, 1990; (7) Daamen & Simmonds, 1994; (8) Belmans et a!., 1984; (9) Vanclooster et aI., 1994; (10) Stroosnijder et al.. 1994.
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6.3.4. PARCH, PARCHED-THIRST
(Bradley & Crout 1994, Young & Gowing 1996)

PARCH (predicting Arable Resource Capture in Hostile environments) was developed to simulate
the growth of crops in response to environmental conditions, management decisions and cultivar
differences. The model was designed to promote the use of simulation modelling in agronomic
research in Sub-Saharan Africa and to create a process-based crop growth model to specifically
deal with the extreme conditions of the semi-arid environment. To this extent, the crop
physiological response was modelled in detail. The model was written in QuickBasic, a decision
based on the wide availability ofthis programming language as a part of the standard MS-DOS
package.

In collaboration with Sokoine University, Tanzania, PARCH was further developed into
P ARCHED-THIRST (predicting Arable Resource Capture in Hostile Environments During The
Harvesting ofIncident Rainfall in the Semi-Arid Tropics) to evaluate water harvesting practices

(Young & Gowing 1996). This discussion is based on PARCHED-THIRST version 1.0; a new
version will be released in Spring 2000, which will include some of the modifications that are
presented in this thesis.

P ARCHED-THIRST (P-T) is written in the object-orientated programming language Visual Basic
(VB). This language is fully compatible with QuickBASIC, so that the PARCH model could be
integrated in its original form, but VB has improved memory and graphical capabilities. Similar
to APSIM, P-T has an MS-Windows interfce.

As in the tipping bucket approach, PARCH calculates soil water movement between consecutive
layers starting with the surface layer, but it does so using Richards' equation. Especially at larger
time steps, this linear approach can lead to large errors. Methods exist which perform better with
respect to calculating soil water movement, such as numerical, iterative and finite difference
approaches (Celia et al. 1990). To reduce the error, P ARCH uses an adjustable time step « 0.25
day). Daily rainfall is distributed over consecutive time steps, to avoid unrealistic ponding
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conditions. In P ARCHED-THIRST, this distribution takes place in the rainfall disaggregator,
which simulates an average rainfall intensity distribution of a typical rainstorm, which can be
defined by the end-user.

The modular soil water balance routine can be replaced by other routines. Indeed it is intended
to replace the soil water balance by a modified version of the SWEAT approach (Kebreab et a!.,
1998). The current soil water balance routine was regarded by the developers as a comprehensible
compromise between the extensive numerical solutions that are used in soil water orientated
models (e.g. Eckersten et al., 1994) and the functional bucket-type approaches of agronomic
models, such as SIRIUS (Jamieson et al., 1998) or CERES. Like SWIM, the soil hydraulic
properties were described with the Campbell (1985) equations.

6.3.5. SWIM
(Ross 1990)

SWIM (Soil Water Infiltration and Movement) is a pure soil water model and does not specifically
include crop growth or water uptake. It was developed as a research tool to investigate the effects
of changes in soil structure on fundamental soil hydraulic properties (Creswell et a!. 1992). Soil
water movement in the SWIM model is calculated with a numerical solution to Richards'
equation. The soil hydraulic properties are estimated with the pedotransfer functions of Camp bell
(1985), which require input data on soil texture, bulk density and organic matter. Campbell's
functions were particularly useful with regard to the research aims, offering a physical basis for
the relation between soil structure and hydraulic properties. The Campbell pedotransfer functions
are derived from the theoretical relation between pore size distribution and particle size in a
substrate with a uniform packing. Crucially, they thus ignore the profound effect of soil structure
on porosity.

Campbell's exponential soil moisture retention curve performs best at non-extreme soil water
potentials. However, the residual water content is generally overestimated, while a saturation
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point is not intrinsic to the curve, due to the exponential nature of the equation. Similar problems
arise with the hydraulic conductivity curve, but the effects are more pronounced due to its strong
non-linear nature (Koorevaar et al. 1983). Gowing & Young (1996) found that for most
Tanzanian soils in their research, the Campbel\ functions failed to offer an acceptable fit to
observed data.

6.3.6 SWEAT
(Daamen & Simmonds 1994)

The SWEAT model (Soil, Water, Energy And Transpiration) was developed to simulate the soil
water balance under pearl millet in Niger, West Mrica. As soil evaporation under sparse canopies
constitutes a major part in the evapotranspiration, great attention was given to the simulation of
the evaporation process. Evaporation in the SWEAT model is based on coupled water (both
liquid and vapour) and heat fluxes in the soil profile and uses a surface resistance approach
(Choudhury & Monteith, 1988). The high level of detail of this approach led to the use of hourly
rather than daily meteorological data, including rainfall, minimum-maximum temperature, wind
speed, radiation and humidity.

SWEAT is intended for use as a research tool for improving the understanding of the physical
processes influencing the soil water balance and the soil surface energy balance (Mullins et al.
1996). SWEAT applies the soil water movement algorithm of Campbell (1985), who solved
Richards' equation with a Newton-Raphson iteration. SWEAT does not simulate crop growth,
but a modified version, which uses daily rather than hourly weather data might be incorporated
in the PARCH suite of models.

6.3.7 SWAP, WAVE, DUET
(Belmans et al. 1984, Vanclooster et al. 1994, Stroosnijder et at. 1994)

SWAP (Soil Water Atmosphere Plant) is the latest in a series of updates of the original SWATR
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model (Feddes et al. 1978), which was developed primarily to study soil water movement. The
SWATR family of models simulate soil water movement in great detail, based on a finite
difference approach to solve Richards' equation. The accuracy this implies can only be achieved
when the simulation is performed with reliable and accurate data sets and when the time step
considered is small (hourly). Models at this level of sophistication are often referred to as pointscale models, as the model's accuracy rapidly loses its significance when the results are
extrapolated over a wider area, due to the inherent spatial variability of the soil.

SWAP uses a simple crop production module to simulate crop production and crop water uptake.
The SWATRE soil water model, however, has also been combined with the more sophisticated
crop growth models from the School ofDe Wit. The W AYE model is a combination of SWATRE
and SUCROS, while DUET couples SWATRE with WOFOST and QUEFTS (Janssen et al.
1990) to simulate nutrient availability in tropical soils. Both WAYE and DUET are thus very
powerful research tools, as they are process-based to a high degree.

6.4. Discussion & Model Choice

The models described in the previous sections cover a wide range of functionality, data
requirements and applicability. In agronomic circles, the models of the DSSAT family are widely
used, because of the combination of a process-based crop growth module with low soil data
requirements. The DSSAT project uses a vast global data base of soil characteristics and their
spatial distribution, which has facilitated the use of the DSSAT package in national and
(inter)regional studies. This also holds for the crop-orientated WOFOST model, which has
adopted a two-layer approach to the soil water balance, but which uses estimated soil hydraulic
characteristics to describe both saturated and unsaturated flow.

To investigate the interactions involved in the plant-soil-tillage-environment system, a soil water
model is required that can model the relevant processes. This study is particularly concerned with
the simulation of the vertical re-distribution of soil water, evaporation fluxes, plant water uptake
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and root proliferation. Hence, a multi-layer approach is required. The calculation of soil water
flow was deemed to be the most differentiating element between the soil water balance
approaches. The model choice decision was primarily based on this aspect.

The most accurate and accepted description ofvertical water flow is obtained by solving Richards'
equation. The finite difference approach of SWATR achieves a very thorough simulation of the
soil water movements, but it does so at the cost of high data requirements, as well as a need for
sufficient computing capacity. The Campbell (1985) iterative solution to Richards' equation, as
applied in the SWEAT model, requires less computing time. The linear, reduced-time step
approach of PARCH is less sophisticated, but it is still an improvement over bucket-type
approaches such as used by DSSAT and APSIM, since it provides a solution based on smaller
steps oftime and depth. However, compared with the iterative and finite difference solutions, it
introduces substantial inadequacies in simulating water flow. In PARCH, the combination of the
linear approach and the Campbell (1985) soil hydraulic functions leads to inaccurate calculations
of the infiltration, drainage and redistribution processes. Fast drainage and redistribution at near
saturation levels was found to be generally too slow and this was solved by allowing temporary
oversaturation of the soil profile, although this meant that the soil water content under wet
conditions was often unrealistically high (Van der Meer 1995).

Model Choice
PARCH has an empirical solution to the simulation of infiltration after a rainfall event. The
P ARCHED-THIRST model presents an improved water infiltration routine, which was based on
the Green-Ampt equation for infiltration (Green & Ampt 1911). The concession to allow
oversaturation has been temporarily removed (Damion Young, pers. Comm.), but this has reintroduced the underlying drainage and redistribution problems.

The criteria for the selection of a simulation model, outlined in §5.1, sometimes conflict, because
they try to cover the requirements of both research and envisaged dissemination to the agronomic
end-user. The model selection is, therefore, a compromise between process-based accuracy,
limited data input requirements and user-friendliness. There are several reasons for considering
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P ARCHED-THIRST over the other models:

• In contrast to most other simulation models, the PARCH suite of models was specifically
developed for use in the semi-arid tropics.
• The data requirements of the PARCH suite match the data availability of the study area, which
ensures that the use of information will be maximised. CERES, APSIM and WOFOST would
not be capable of simulating the measured soil water profiles in enough detail to use the
measured soil hydraulic properties to their full value. The available data are not sufficiently
detailed to feed into the sophisticated SWEAT and SWATR based models, or to provide them
with a robust basis for calibration and validation.
• Ifany of the agronomy-orientated models were chosen, their tipping bucket soil water modules
would have to be replaced by a more sophisticated approach, such as SWIM. It was thought
that adjusting the P ARCHED-THIRST soil water balance would be less time consuming and
would lead to an acceptable prediction of the soil water balance. The changes proposed
included the substitution ofthe Campbell hydraulic functions with the Van Genuchten-Mualem
equations, to improve redistribution and eliminate the problem of oversaturation, while the
underestimation of drainage could be solved by the introduction of an innovative, processbased fast drainage subroutine. It was thought that modifications would actually improve the
mechanistic basis of the soil water simulations and therefore the applicability of the model.
• The use of MS-Windows interfaces by APSIM and P ARCHED-THIRST is a big improvement
over MS-DOS interfaces as in DSSAT, PARCH and SWEAT as far as user-fiiendliness is
concerned. This is of particular importance when dissemination of the computer model is
concerned. The use of Visual Basic as the model language means that the P ARCHED-THIRST
code is easy to comprehend and to modify where required.
• The modular setup of PARCHED-THIRST, combined with the Visual Basic compiler
environment, makes it easier to adapt and modify the model code. Improvements to the model
are likely to be included in later versions and there is scope for good support from the
developers.
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7. THE PARCHED-THIRST MODEL

7.1. PARCHED-THIRST: Model Description
The PARCH crop growth model uses a daily time step, and crop growth is subject to the
availability of either light, nutrients or water, whichever one is most restricted. Management
decisions in PARCH consist of the cultivar choice, planting decisions (timing, plant density) and
rudimentary weed management. PARCHED-THIRST (P-T) adds to this the possibility of
investigating the beneficial effects of several water harvesting systems.
A full description of PARCH and P-T can be found inCrout et al. (1997) and Young & Gowing
(1996), respectively. Several components of the P-T crop growth and soil water movement
routines are of specific importance in the context of this research, and are summarised in this
section. These components are:
I. Crop Growth

a) Assimilation
b) Stress
c) Water Uptake
2. Soil Water Movement

a) Redistribution
b) Infiltration
c) Evaporation
d) Drainage
3. Weather: the Rainfall Disaggregator

7. 1. 1. Crop Growth
a) Assimilation.
Under non-limiting conditions, assimilation is expressed as a linear function of the daily
solar radiation (MJ.m-2.d-') S, in an approach taken from Monteith et al. (1989):
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[7.1]

where Apot is the potential assimilation rate (g.m"2.d"I), /, is the fractional light interception
of the canopy, and e is a conversion factor for intercepted light (g.MJ"I) that changes with
the crop development stage. FT is a zero to unity temperature factor based on mean daily
air temperature. The fractional light interception/, is calculated from the leaf area index
(LAl) via a standard Beer's law equation. It is further affected by stress occurrence, which
- Induces leaf rolling
- Speeds up leaf senescence
- Limits leaf expansion
- Affects the root-shoot partitioning of assimilation products.
Water- and nutrient-limited assimilation rates are calculated using the zero to unity factors

F.. and Fm respectively:
[7.2]
[7.3]
With

=W

F
W

qD
De/vapour

FwE [0,1]

[7.4]

Fn

[7.S]

E

[0,1

where Wis soil water supply (mm.d"l), qD the crop transpiration equivalent (g.mm"l.kPa"I),

Dej"opou, the daily average saturation deficit (kPa), and FN,FP nitrogen and phophorus
factors, respectively.

b) Stress.
Crop stress is represented by a zero to unity factor, which, in addition to the stress effects
mentioned in the previous section, influences the following elements of the crop growth
model:
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- Phenelogical development
- Water uptake by roots
- Root proliferation
- Intra-crop nitrogen mobilisation
The stress factor is calculated from the quotient of the light-limited and the water-limited
transpiration rate
c) Water Uptake.
The actual crop transpiration rate Too, is taken as the minimum of the light- and nutrientlimited crop water demand, and the soil water limited transpiration rate Twa",' The latter is
calculated from the water-limited uptake rate per soil layer i, Uwa ,,,,, and then summed over
the rooting zone:

L Uwater

T water =

[7.6]

I

with

aw.
Uwater l

=

(

QlV'

le

p.
2~
U
)
-'-

[7.7]

max

Pmax

where UWa'<r' is the water limited uptake rate per soil layer i (mm.mm"), aw, is the actual
and aw the maximum plant available water (mm 3.mm'3), and U is the maximum uptake
lc

max

rate (mm.mm"). The plant available water is calculated from the soil water content

e and

the soil water content at the permanent wilting point

aw

=

e-epwp

The actual and maximum root density are represented by p, over

[7.8]

Pmax ,

respectively

(dimensionless). Root proliferation is affected by the availability of assimilated carbon, while
the root front advancement also considers the soil moisture content at the root front. The
vertical distribution of root growth is described by an exponentially reducing function with
two parameters, the maximum rooting depth RD max and the "half-depth" of the root
distribution RYz (Crout et al. 1997). Both the root front advancement and the root growth
per soil layer are also affected by the relative soil water content.
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IS

a function of both the moisture

availability and accessibility. The exponential reduction factor for relative soil water

content describes how, with decreasing soil water content, the uptake of water by roots is
limited, both by the reduced soil water availability, and by the rapid decrease in the hydraulic
conductivity of the soil, which reduces the flow rate of water towards the roots. However,
the decrease in soil water availability is expressed on the basis of the soil water content
rather than the soil water potential at which this water is held. Thus, the crop-specific
maximum uptake rate Urnax is also a function of the soil moisture retention characteristic of
the soil, and may therefor require re-calibration for different soil types. The relative root
density includes the effect of a sub-optimal root distribution for soil water uptake.
When the actual transpiration is smaller than the water limited transpiration rate, the actual
uptake rate per layer, UGC';, is calculated as:

U

-U

act j

TT

acl

water I

(

)

[7.9]

water

7.1.2. Soil Water Movement.
The P-T soil water balance deals with the processes of redistribution, evaporation, infiltration,
drainage and macropore flow using daily weather data and a variable time step, < 1/, day. All
processes are based on the soil water content, water potential and hydraulic conductivity,
which are defined by the Campbell hydraulic functions. The parameters in these functions are
derived from soil texture, organic matter and bulk density data (CampbellI985).

a) Redistribution.
P-T allows for the definition of IS soil layers. Redistribution is calculated as the flux
between consecutive soil layers, using the Richards' equation:

os
of

=

~
oz

(K

('1')

* O(IjI+Z»)
OZ

[7.10]
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Where B is the volumetric water content (mm'.mm·3), t is time (d), z is depth (mm), K the
hydraulic conductivity (mm. d· l ) and 'Jf the matric potential (mm). Due to the non-linearity
of the soil hydraulic functions, especia1\y the hydraulic conductivity function, the solution
of this equation requires the intervals

oz and Of to be sufficiently sma1\ to a1\ow for the

simplification that changes in water content, potential and hydraulic conductivity over the
interval are negligible:
[7.11]
With these simplifications, equation 7.9 can be solved using the parameter values at time

t and an appropriate weighting ofK, and K,+ I (Koorevaar et al. 1983, Campbe1\ 1985, Wind
& Van Doorne 1975).
The interval size of oz and ot needs to be especially small when the wetting up of a dry soil
profile is considered, as large gradients in hydraulic conductivity and soil water content
occur between consecutive layers. P-T has addressed these problems by introducing a
variable time step, which is dynamically adjusted to minimise the gradients over the time and
depth increments. Moreover, the authors suggest that the user should choose smaller layer
widths nearer the surface, as the greater soil water movement dynamics lead to larger
gradients.

AB discussed in §6. 3. 5, the use of the Campbell hydraulic functions introduces large errors
in the calculation of the soil water movements. This is clear from Figure 7.1 which displays
soil moisture retention and hydraulic conductivity characteristics of the sandy soils at the
Makoholi Experimental Station, as calculated with the Campbell functions and fitted with
the Van Genuchten-Mualem curves, and measured data. The Campbe1\ curves generally
overestimate both the soil water content and the hydraulic conductivity at lower suctions,
and underestimate the permanent wilting point. When the Campbell functions are used to
solve the Richards' equation, these two effects may partially cancel each other out when the
soil water content is calculated, but it will invariably lead to an overestimation of the matric
suction.
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With soil water potential being the crucial soil hydraulic parameter in terms of plant water
availability, this is a severe restriction on the general applicability of the method, P-T has
circumvented this problem by describing the soil-plant relationships not in terms of soil
water potential, but as a function of the soil water content (equation 7. 7) . The use of the
Campbell functions in soil and water modelling is further elaborated in §7.2,

b) Infiltration and Runoff,
The P-T infiltration routine is based on the Green-Ampt equation for runoff/infiltration, as
it is quasi-physically based, computationally simple and requires easily estimated/measured
parameters (Damion Young, pers. comm.):

I (t) = K ( 1 + SwrDehnit)
pot

ft

F(t)

[7,12]

where Ipo/I} is the potential infiltration rate at time t (mm, d"), Kft the hydraulic cunductivity
at field saturation (mm, d"), S4 the wetting front suction (kPa), De!:ni, the initial moisture
deficit (m3'm·3), and F(t) the cumulative infiltration at time t (mm),
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Figure 7.1. Soil moisture retention and hydraulic conductivity curves, for different depths in the
MES soil profile, estimated with the Campbell (1985) equations (dotted lines), and with the Van
Genuchten-Mualem equations (solid line). Measurements taken from Twomlow (1994).
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The development of a soil crust can impede the infiltration rate dramatically. A relatively
simple approach to model this process has been presented by Rawls & Brakiensek (1989).
They proposed to multiply the hydraulic conductivity in the Green-Ampt equation with a
"Crust Factor" (CF), to represent the reduction in the hydraulic conductivity of the top soil,
as a result of an equilibrium crust. The crust development could be ignored because the
equilibrium stage is generally reached very quickly, usually after approximately 50 mm of
rainfall. They estimated CF as

CF =

wf
zwf-zc
Z + Zc

(

where:

i,al

1

[7.13]

b
Zc ~

0.5 cm (Sharma 1980)

Zc

=

crust thickness (cm);

z",r

=

depth of wetting front (cm)

=

14.7 - 0.001 5(Sa') - 0.3(Cl)(P,)

Sa =% sand

Cl =% clay
p, = Bulk Density (g. cm·')

.(,al

=

correction factor for partial saturation of the sub-crust soil

= 0.736 + o 00 I 9(Sa)
b = 0.0099+0.0721

Zc

+0.0000068(Sa)' +0.00002 I (Sa? Zc -0.000315 Sa (zc?

Values of CF range typically between 0.2 and 0.7, as displayed in Figure 7.2. This figure
also shows that for soils which contain >85% sand, the calculated effect of crust formation
on the effective hydraulic conductivity sharply increases. Unfortunately, Rawls &
Brakiensek (1989) do not specifically discuss the boundary conditions for the use of the
crust factor with regard to soils with extreme textures, such as coarse sands or heavy clays.
The sudden decrease of CF in Figure 7.2., however, is not consistent with reported
infiltration rates of coarse sandy soils by Bradford et al. (1987) and Bruneau (1995), who
found reductions in infiltration rates due to soil crusting offactor O. 81 and 0.5, respectively.

Runoff occurs when the storage capacity ofthe soil surface is exceeded. The surface storage
capacity SSt (mm) is calculated from the slope SI (%) and the random roughness RR (cm)
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(Mwendera & Feyen 1992):

SSt

= O.294RR+O.36RR2-0.12RR

SI

[7.14]

Random roughness however decreases over time as a result of rainfall and other climatic
factors. This degradation is described with an equation relating random roughness to the
cumulative rainfall amount (Zobeck & Onstad 1987):

RR
RRo

= O.8ge

-o.0026P~

[7.15]

where RRo is the initial random roughness (cm) and Pcum the cumulative rainfall (mm).

Rawls & Brakiensek Crust Factor
Clay=2.5%, Bulk Density=1.35 g.cm-3
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Figure 7.2_ Values for the crust factor eF of Equation 7.13, for different crust thicknesses, as a
function of the sand fraction of the soil.

c) Evaporation.
The maximum evaporation from the soil surface is taken as 90% of the class "A" open-pan
evaporation, which is an input parameter to the model. The actual evaporation is further
reduced when the topsoil water content is lower than field capacity. The shading effect of
the crop is represented by calculating the reduction in evaporation as a result of the
fractional light interception!, in the shaded area A, (m2 m-2):
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[7.16]
where

[7.17]
d) Drainage.
Drainage is a straightforward function of the the hydraulic conductivity K(~) of the lowest
layer (mm.d· l ). Impeded drainage can be simulated by changing the value of a drainage
factor Fd , which is set to I for a free draining soil, and 0 for a non-draining soil:

[7.18]

7.1.3. Weather. the Rainfa!! Disaggregator.
For any given rainfall event, the main controls upon the amount of infiltration and runoff are the
potential infiltration rate of the soil and the intensity of the rainfall. The rainfall intensity varies
greatly over the duration of a rainfall event and this variation needs to be taken into account to
calculate the runoff and infiltration processes. Daily rainfall data do not provide sufficient
information on the rainfall intensity. The P-T rainfall disaggregator estimates the rainfall duration
and the intensity on the basis of the daily rainfall amount, provided by the climate data input, and
a standard rainfall-intensity distribution, the parameters of which are user-defined. The standard
rainfall-intensity distribution is defined by the average rainfall duration tp and 130 , the maximum
30-minute intensity during a day:

130 =

a+bP

[7.19]

[7.20]
where a,b,c and d are fitting parameters, which are either taken from standard intensity curves l ,
IThe standard rainfall-intensity distribution curves in P ARCHED-THIRST were
derived from rainfall intensity data collected at Kisangara and Morogoro. Both are located in
the semi-arid zone of Tanzania, and the rainfall distributions are characteristic of convectional
rain storms.
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or derived from intensity data provided by the user.

7.2. Adjustments to the P-T model

This section describes the adjustments to the P-T model that have been made in the course of this
research. The changes to the soil water balance were prompted by the limitations of Campbell's
functions. The new weed management and tillage routines were developed to make it possible
move the focus of the simulation effort from crop growth to the effects of soil and water
conservation practices.

7.2.1. Soil Water Movement

Two changes have been made to the soil water movement routines ofP-T, being i) an adjustment
that introduces the Van Genuchten-Mualem soil hydraulic functions and ii) the incorporation of
a piston flow algorithm which mitigates some of the deficiencies that are inherent in P-T's
approach and, for that matter, many of the models described in Table 6.1., of solving the soil
water distribution within the soil profile. The aim of these changes is to improve both the
performance and the soil physical basis of the P-T soil water balance.

i) The Van Genuchten-Mualem functions
The Campbell (1985) soil moisture characteristic and the hydraulic conductivity function are
formulated as

[7.21]

9 )2b<3
K=Ksat -e
( fWl

[7.22]

where 'Vc is the potential at air entry, b is a constant which is a function of the particle size
distribution ofthe soil, K,el the saturated hydraulic conductivity (kg.s.m-') and I3f , the soil water
content at field saturation, which was described as the maximum water content that occurs
under field conditions. This is generally 80-95% of the saturated water content, as some pores
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will always remain air-filled (CampbeIl1985, Bradley 1995). Due to the exponential shape of
these curves, they possess no inherent maximum value of the soil water content, which, at
suction levels below the air entry potential, leads to calculated soil water contents exceeding
the saturation point. PARCH did not address this oversaturation problem, but it was
recognized in later versions of P-T and a maximum value for soil water content was
introduced. However, this led to underestimations of drainage and redistribution processes at
high water contents, as outlined in the next paragraph.

A second shortcoming of using an exponential soil moisture characteristic is that it does not
acknowledge the sigmoid nature of soil moisture retention curves (Van Genuchten 1980). This
means that at average suction levels, the soil moisture content is predicted sufficiently well, but
at low and high suctions, large deviations will occur. Hence, a sigmoid soil water retention
curve is required. A set of equations which possesses this form and which is widely used are
the Van Genuchten-Mualem curves:

e
where
IX

=

e - ere,
9sat

- Sres

=

1

[ 1+lu.wln

em and e,at are the residual

]m

[7.23]

and the saturated volumetric water content, respectively,

(cm-I), n and m (dimensionless) are fitting parameters and the soil water potential Ifl is

expressed in hPa. m is often defined as a function of n and in some cases, better fits are
obtained when m is set to unity (Vereecken et al. 1990). For this study, m was taken as
1

m=I--

[7.24]

n

which establishes an analytical link with the Mualem hydraulic conductivity function (Van
Genuchten et al. 1991). The hydraulic conductivity is described as
I

K=K,at

e'

[ 1-(l-e m)m ]2

[7.25]

where K is the hydraulic conductivity (cm.d- I), K,at is the saturated hydraulic conductivity
(cm.d- I) and A a dimensionless pore-connectivity parameter, estimated to be about 0.5 as an
average for many soils.
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For the initial PARCH model development (Crout & Azam-Ali 1990), an important advantage
of the Campbell soil hydraulic functions was that they came with a set of physico-empirical
pedotransfer functions that could estimate all function parameters from the basic soil data
texture, bulk density and organic matter content. Since then, a wide range of empirical
pedotransfer functions has been published (e.g. Vereecken 1995, Kern 1995) which predict the
parameterisation of, amongst others, the Van Genuchten-Mualem curves. A number of
pedotransfer functions will be incorporated into P-T (Damion Young, pers. comm.).

ii) The Piston Flow Algorithm
P-T calculates soil water redistribution by solving Richards' equation for the flux between
consecutive soil layers. Like the bucket-type approaches, it first calculates the flux between the
top two layers and then works its way down the soil profile. This linear "top-down" approach
to the soil water distribution process can produce acceptable results for the calculation of
wetting up processes and small water fluxes. However, problems are encountered if drainage
processes are considered. When drainage occurs, the top down approach fails to produce a
sufficiently rapid response throughout the soil profile. Iterative solutions to Darcian flow
through a layered profile have less difficulties when dealing with this problem, as water fluxes
between consecutive soil layers are calculated simultaneously.
P-T simulates a drainage event by reducing the soil water content in the deepest soil layer, thus
creating a potential gradient with the overlying layer. This gradient then initiates downward
water movement. Ifwe consider, in a soil profile of 15 layers, the drainage event at time step
1, the potential gradient that is created does not affect layer 14 until time step 2 (Figure 7.3).
Similarly, the water content in layer 13 is not changed by the drainage event until time step 3.
It thus takes 15 time steps for a single drainage event to have an effect on the entire soil profile.
This time lag that the top down approach creates, also dampens the potential gradient that
drives soil water movement between consecutive layers. While the potential difference between
layers 15 and 14 (created in time step I) generates a flux between these layers in time step 2,
this flux will be considerably smaller than the initial drainage event. The resulting potential
difference between layers 14 and 13 will therefore be smaller than the gradient between layers
14 and 15 in the previous time step. Hence, this process leads to progressively smaller
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gradients as we move up through the soil profile and a rapid reduction in percolation rates.
Eventually, this leads to overestimations of the soil water content.

1

2

Piston Flow
3
4
5

n

TTTTT
Figure 7.3. simulation of a drainage event with the linear"top-down" approach (left) and the piston
flow routine (right). _

= initial near-saturated water content. Lighter colours indicate a lower

water content due to downward water movement. T = drainage flux.

These shortcomings of the model are most apparent when a rainfall event has replenished the
soil profile to or above field capacity and rapid drainage occurs. For two soils in Zimbabwe,
a sand and a silty clay loam, Twomlow (1994) found that most of the soil water movement
oeeured within three days after the initial wetting up of the soil. To mitigate the problems of
the top-down approach in dealing with drainage, particularly at high water contents, some
assumptions were made on the nature of the soil water flow under these conditions:

a) Piston flow occurs when the soil moisture over a certain vertical distance can be regarded
as a continuous column of water. This is a generally accepted concept for saturated water
flow, but it was assumed to hold under near-saturated conditions as well. Near-saturated
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conditions were considered to occur at matric suction levels below 1.5 - 2.0 kPa.

b) Ifa section of the soil profile is at near saturation, soil water movement within this section

can be regarded as piston flow, i.e. while the body of the near-saturated section (the piston)
moves down the profile, the soil water content inside remains constant.

c) The rate of downward movement of the piston is governed by the potential gradient
between the front of the piston and the underlying layer and the soil hydraulic conductivity.

Figure 7.3 illustrates how the piston flow approach improves the calculation offast drainage
events. The incorporation ofthese assumptions into P-T improves both the model performance
in simulating near-saturated soil water movement and the soil physical basis of the soil water
balance routine, as it will circumvent the unrealistic time lags of the top down approach.

7.2.2. Effect ofTi!lage-Induced Surface Relief.
Bruneau & Twomlow (1999) have concluded that the analysis of soil moisture data is hampered
by the interactive nature of the different processes that determine the soil water regime. In

Chapter 4, it was argued that weekly measurements of the soil water content could not reveal
whether high soil moisture contents at a given moment had been the result of improved water
conservation, or were caused by poor cropping conditions that led to a reduction in crop water
uptake.

The seasonal soil water balances of Chapter 5 were aimed at addressing this problem, but the
approaches that were used did not fully capture the dynamics of the soil water regime. As the
interactive processes of the soil-plant-atmosphere system were not described in sufficient detail,
they could not address how soil and water conservation practices had influenced the availability
of soil moisture throughout the growing season. The tillage routine that is described in this section
is a renewed attempt to gain an improved insight in the effectiveness of different soil and water
conservation practices.

-152-

7. PARCHED-THIRST: Adjustments

The Tillage Routine calculates the amount of water that is redistributed on an intra-plot scale, i.e.
the redistribution from elevated areas into tillage-induced depressions. Typically, such a tillageinduced relief can be described as a ridge-furrow system. The Tillage Routine consists of two
parts, being

a) The surface water redistribution calculation

b) The redistribution effect on the plant available water.

a) The Surface Water Redistribution Calculation

The routine considers the soil surface reliefthat is created by different tillage practices. The
runoff calculations of P-T are used to estimate the redistribution of surface water into the
tillage-induced depressions. The redistributed water is assumed to infiltrate and affects the
accessibility of water to the crop.

The tillage induced surface reliefin the routine is characterised by three features:

1) Geometry: Ridge Width, Furrow Width, Ridge HeightlFurrow Depth
2) Random Roughness ofthe ridge
3) Crust Factor: infiltration reduction

A flow chart of the tillage routine is presented in Figure 7.4. The daily redistribution of surface
water from the ridge, SW"d;" (mm) depends on the surface storage of the ridge, SSt,;dg, (mm),
the daily infiltration into the ridge, I,;d•• (mm) and the daily rainfall amount. The redistribution
is weighted for the relative width of the water shedding ridge and the receiving furrow:

SW"d;sl =

Xridge

(P - SStridge - I ridge )

[726]

Xforrow

Where X,;dg. and XI'""" are the ridge and furrow width, respectively (mm). SW"di,,_max is the
maximum daily redistribution. The surface storage of the ridge is calculated with equation 7.14:
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2

SSt'idge = O.294RR'idge + O.36RR'idge - O.12RR'idge SI'idge

[7.27)

where RR'idg, is the random roughness of the ridge surface (cm) and Sl'idg, is the slope between
ridge top and furrow bottom (%), which is approximated as

[7.28)
With h'idg, the height of the ridge (mm). The decrease of the random roughness over time is
calculated with Equation 7.15.

Tillage System

Random
Surface
Geometry Roughness

Crust
Factor
P-T

Infiltration
Routine
Surface Water
Redistribution
Infiltration

Plant Available
Water
Crop
Transpiration

Soil
Water Content

Figure 7.4. Flow chart of the tillage routine.
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The infi ltration into a ri dge (/,;~" in Equation 7.26) is strongly affected by degradation of the
soil surface, which causes a stro ng reduction in the infiltration capacity of the top soil. T hi s
process of crusting is primarily caused by the impact of rain dro ps on the soil surface and it is
generally accepted that crust formati on is a relatively quick process, which typically requires
less than 50 mm ofrain.

The hydrological properties of a crust are a function of the crust formation process, which itself
is strongly related to the position of the so il in the (tillage induced) micro relief (Valentin &
Bresson 1992). Two types of crust can be distinguished, a structural cru st and a (runoff-)
depositional crusts (Chen et at. 1980, Tarchitzki et al. 1984). Structural crusts are fo rmed as
a result of the impact of rain dro ps. In Figure 7. 5a,b, they are clearly visible on the elevated
areas. D epositional crusts build up in a ponded or runoff environment (Valentin & B resso n
1992, Bielders et at. 1996), i. e. in the depressions of the soil surface. The two types of crusts
exhibit different infiltration characteristics. Acomprehensive review of these characteri stics has
been presented by Casenave & Valentin ( 1992) .

B

A

•

Fig/lre 7.5a,b Crust

" " core

(B) in a tied ridge system. The crust on th e Ridge

surface consists primarily of a structural crusts, whereas a flat system exh ibits a mixture o f
structural and sedimentary crusts (photos by Steve Twomlow) .

-155-

7. PARCHED-THIRST: Adjustments

The crust factor CF that is used in the P-T model (Equation 7.13) represents the average
reduction in the infiltration capacity of the soil. Therefore, to calculate the infiltration into the
ridge (I,'dg,), a new crust factor was introduced, which takes account of the different type of
crust on the elevated areas of the soil surface. Now, I'idg, was calculated as a function of the
plot scale infiltration and a crust factor for infiltration into the ridge, CF,'dg, :

_ ( CF,idge)
I'idge CF Ip/o,

[7.29]

The maximum amount of surface water that can be redistributed within each timestep (which
can range from 6 hours to 15 minutes) is determined by the geometry of the tillage induced
surface relief. Assuming that' the depression will start to shed water once it is filled to 75% of
its volume, the maximum surface water redistribution SW"di,,_m= (mm) is calculated as

[7.30]

b) Redistribution Effect on Plant Available Water.

The impact of the soil water redistribution SW"di" (mm) on the soil water distribution is not
considered in this routine, as this would involve the modelling of a 2-dimensional soil water
balance. P-T like the majority of the existing crop growth models, only has a I-dimensional
soil water balance. Nevertheless, it is relatively simple to assess the effect of the surface water
redistribution on the plant available water and hence the crop transpiration rate.

The redistribution of surface water to the tillage induced depressions, leads to locally increased
infiltration into the soil profile, which leads to a higher soil water content in the depressions and
a lower water content under the elevated areas. This means, that compared with a situation
where the infiltration is spatially homogenous, a greater proportion ofthe infiltrated water will
be held at lower suction levels. Therefore, the soil water availability for plant water uptake is
increased.

The tillage routine simulates this increase in availability by adding SW"di" to the plant available
water aw rather than changing the soil water content 0, so that the simulation of soil water
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movement is not affected. This is not necessarily realistic, as ridge systems may drain more
easily due to the concentration of soil water below the furrow, which leads to higher water
contents and, therefore, higher hydraulic conductivities (Twomlow and Bruneau 1998).
However, the use of the tillage routine will help to assess the relative importance of an increase
in soil water accessibility, compared to a change in drainage and/or runoff losses.

When a rainfall event has generated surface water redistribution, the calculated SW"d"t is used
to replenish the plant available water to field capacity (awfe , m3 .m·3) for increasingly deeper soil
layers, until SW"d'" is "infiltrated":

AWextra I = [ awle -(9 i -9pwp)] *

SWrels
d' t + = SWre/sI
d' t - A Wextra"
l 1

Zj

[7.31]

[7.32]

Where A Wextra ,and z, are, respectively, the extra plant available water and the thickness oflayer
i (all in mm). Once AW<x~a' is calculated, it is not subject to changes in the soil water content

as a result of evaporation or downward soil water movement. Therefore, each day A W<xtra I is
multiplied with the decay factor fd.cay which is taken from the NDE function of equation 4.6.
This function describes the changes in the soil water content under conditions with limited
drainage fluxes (§3.2):

AWextra + =/,decay AWextra,
l 1

[7.33]

Crop water uptake from the soil is calculated on the basis of the plant available water, but it
is substracted from the actual soil water content O. The effects of different tillage practices on
crop development interact thereby with the P-T soil water movement calculations.

7.2.3. !Veed Management Routine

The weed management routine, which was developed as part of this study (Van Der Meer 1999),
requires the input of the maximum weed transpiration rate TWm= (mm. day-'), the maximum rate
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of root front advancement RFAm_.(mm.day·I), the maximum rooting depth RDw max (mm) and a
weed management strategy. The routine calculates the weed water uptake from each soil layer
Uw, as the product of Twmax and a scaling factor for the matric potential,!" if" E [0,1]). Three
similar scaling factors are also included to account for the weed development stage ifw),
competitive effects ofa developing crop ifc) and depth Ch):

[7.34]
The depth scaling factor produces a higher water extraction potential in the top layers and is a
simplified version of the dynamic Root Length Density Function ofBradley & Crout (1994). The
equations for the other scaling factors are listed in Table 7.1. The actual weed transpiration rate

Tw (mm. day-I) is calculated by summing the water uptake from each layer:
TwsTwmax

[7.35]

The root front advancement RFA into the next soil layer i+ 1 is calculated as the product of

RFAmax andf,,('+J). The advancement is reduced by the impact of crop competition (fe) and a
scaling factor for limited weed transpiration,!tw (see Table 7.1):

[7.36]
In the weed growth routine, the competitiveness of the crop is described as a function of the LA!
of the crop, because the LA! is related to the competitiveness for both light and water. An
increase in LA! reduces the light received by developing weeds. As the LA! describes the light
interception of a crop, it also affects the water demand by the crop, Tcroppor (mm.d· I), which is
a measure ofthe crop's competitiveness for soil water. In P-T, TcroPpor is a linear function of the
potential daily assimilation Apor (g.m·2.d· I), which itself is calculated using the LA!:

Tcrop =A pot

Del"
:J vapour

pot

qD

[7.3 7]

with

A por

=J; f. S FT

' J; =f(LA1,stress)

[7.38]
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where De!...pou, is the daily average saturation vapour deficit (kPa), qD the crop transpiration
equivalent (g.mm·1kPa· I ),

/;

is the fractional light interception ofthe canopy,

6

is a conversion

factor for intercepted light (g.MJ· I ) and FT is a zero to unity temperature factor, based on the
mean daily air temperature.

Table 7.1. Calculation of the weighting factors for weed transpiration and root growth.

Ix

Scaling factors

Equation:

Matric Potential

f'l'

=

11jI"11

Weed Development

fw

=

[RDwfRDwm",)"

a = 0.05

Extraction Depth

fz

=

b (z"C)

b = 35,

Crop Development

Ic

=

1 - [dLAI]'

d = 0.65, e = 0.6

Weed Transpiration

f /W

=

[Twood / T m",j1'2

Tm

E

[0, 1)

Values

",=

C

=

0.9

1.8 mm.d"l
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7.3. Calibration and Results
7.3.1 Soil Water Movement

PARCH and P-T were developed to investigate crop perfonnance under low rainfall conditions.
Such conditions reduce crop growth indirectly because they result in a low water availability to
the crop. The simulated soil water content is therefore of vital importance for the calculation of
the crop perfonnance. Hess & Stephens (1994) calibrated PARCH to maize production under a
bimodal rainfall distribution, at Katumani, Kenya. They fitted the PARCH soil water predictions
to data on the water content of the soil profile for the 1982-1983 season, although the simulated
soil water content did not drop sufficiently after a large rainfall event had replenished the soil
profile. Chisenga (1994) calibrated PARCH to soil water data from maize experiments conducted
on the coarse sandy soils at the Makoholi Experimental Station during the period 1991-1993. He
concluded that the model tended to overpredict the soil water content in the top 300 mm and
underpredicted the water content deeper in the profile.

Both calibrations, however, did not account for two aspects of the soil water balance. In the first
place, the simulation runs started on the actual sowing day and with a predetermined soil water
content. They did therefore not address the simulation of the soil water content over the preceding
dry season, presumably because the PARCH soil water balance does not simulate the processes
of slow drainage and small evaporation fluxes sufficiently well. This problem has also been
encountered by other users ofP ARCH (Deena Mobbs, Damion Young,pers. comm.). As a result,
the carry-over of soil moisture from one growing season to the next could not be simulated.

Secondly, it was not clear how the calibrations determined the distribution of effective
precipitation between drainage, evaporation and transpiration fluxes. Soil water movement was
only calibrated for measurements from experimental sites that were planted with maize, but actual
crop transpiration was not given much consideration.

The calibration of the improved soil water movement routine in P-T was conducted, therefore,
using soil water measurements from bare soils, so that crop transpiration could be calibrated
independently. The calibration of soil water movement was conducted in three stages:
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1. Calibration of drainage from a saturated soil
2. Calibration of redistribution and evaporation processes
3. Comparison with the original Parched-Thirst soil water balance

The soil water movement routine was calibrated to the pedological conditions at the Makoholi
Experimental Station, where sufficient soil water measurements were available on the soil water
regime of a bare soil. The soil hydraulic properties used for the soil calibration are presented in
Table 7.2, along with basic soil properties such as texture and bulk density. These properties were
derived from the measurements of Twomlow (1994), who conducted ponded infiltration
experiments at the Makoholi Experimental Station (MES) and the Cotton Research Institute
(CRI), using the instantaneous profile method described by Klute(1986). Although measurements
of the soil water content were available up to a depth of900 mm, measurements of the soil water
potential did not go deeper than 500 mm. The soil moisture retention curves and the hydraulic
conductivities at greater depth were therefore estimated on the basis of the reported water
contents and measured conductivities from similarly textured soils (Wosten et at. 1994).
The upper 1000 mm of the simulated soil profile were partitioned into 100 mm layers, apart from
the top 100 mm, which was divided into layers of 10, 30 and 60 mm, because the more dynamic
soil processes near the surface require a more detailed soil description. At the bottom of the
profile, two layers of200 mm thickness were defined, which took the total simulated soil depth
to 1400 mm.
It was found that the soil characteristics ofTwomlow (1994) were comparable to the soil profile
at the site of trial W-2, but that at the site of trials T-2 and TW-3 the textural composition of the
entire soil profile was better matched by the soil characteristics of the top layer.
After calibration, the improved soil water balance was used to simulate the soil water balance
under different maize cropping systems at the CRI trials T-3 J and T-3 2 . The soil hydraulic
properties were derived from Twomlow (1994) and are presented in Table 7.3.
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Table 7.2. Soil data input for the calibration of the soil water movement routines of P ARCHEDTHIRST for the coarse sandy soils at MES. The parameters

e"" e,,, , K"" ex, n and Aare used

in the Van Genuchten-Mualem equations describing the hydraulic properties of the soil

(Equations 7.23, 7.25).
0400

400500

500600

600700

700800

1400

0.03

0.05

0.07

0.09

0.12

0.15

0.19

0.25

0.26

0.26

0.26

0.26

800

800

800

800

700

500

0.05

0.05

0.07

0.07

0.06

0.02

n (-)

1.5

1.9

1.6

1.6

1.5

1.5

A. (-)

0.0

0.0

-1.0

-1.0

-1.0

-1.0

Sand (%)

94.0

93.5

93.0

91.0

91.0

60.0

Silt (%)

3.5

3.5

3.5

4.5

4.5

15.0

Clay (%)

2.5

3.0

3.5

4.5

4.5

25.0

Organic Matter (%)

0.85

0.51

0.51

0.51

0.51

0.51

Bulk Density (g.cm·3 )

1.35

1.45

1.55

1.65

1.65

1.65

Parameters

e",
e".

Soil Depth
(mm)

(m3.m·3)
3

3

(m .m·

)

K". (cm.d· l )
a (-)

800-

Table 7.3. Soil data input for the simulation of the soil water movement routines of PARCHEDTHIRST for the silty clay loam soil at CRI.
500-

0100

100200

200300

300400

1400

0.12

0.18

0.18

0.20

0.18

)

0.43

0.49

0.50

0.52

0.52

K,.. (cm.d· l )
a (-)

1000

1000

1000

1000

1000

0.08

0.08

0.03

0.015

0.015

n (-)

1.2

1.4

1.25

1.3

1.3

A. (-)

0.0

0.0

0.0

0.0

0.0

Sand (%)

0.20

0.20

0.23

0.18

0.13

Silt (%)

0.51

0.53

0.51

0.49

0.50

Clay (%)

0.29

0.27

0.26

0.33

0.37

Organic Matter (%)

0.85

0.51

0.51

0.51

0.51

Bulk Density (g.cm·3)

1.12

1.15

1.23

1.31

1.14

Soil Depth
Parameters

e,..
e,,,

(m3 .m·3)
3

3

(m .m·

(mm)
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1. Calibration oj drainage jrom a saturated soil

The fast drainage processes under near-saturated conditions were tested with the measurements
made by Twomlow (1994), who established soil water content of the 0-900 mm profile over a
period of eight days after the soil was saturated. The calibration of the soil water balance module
focused on the single constant which was introduced by the piston flow routine, the threshold
matric potential for piston flow,

'l'p[.

This is the threshold potential that determines wether or not

piston flow is simulated and it was thought to vary between 0 and -10 kPa, i.e. the piston flow
routine would only affect water flow under near-saturated conditions.

The range of soil water potentials that has been considered is acknowledged to be very small.
However, especially in a coarse sandy soil under near-saturated conditions, small increases in
matric potential lead to large changes in water-filled porosity and, hence, hydraulic conductivity.

The effect of the piston flow routine on the simulation of drainage from a saturated soil profile
is presented in Figure 7.6. The underestimation of the soil water content in the first hours of the
simulation is a result of high levels of saturation at the beginning of the experiment, which were
not captured by the soil moisture retention curves that were used. However, a few hours into the
drainage process, the model was overestimating the 0-900 mm soil water content, as the actual
drainage rate under these extreme conditions was higher than the model was able to predict.

When piston flow was omitted ('I'p/ = 0 kPa), the soil moisture content continued to be
overestimated, as the top-down approach to the simulation of soil water movement failed to
produce a sufficiently rapid drainage response throughout the soil profile. During the period of
piston flow, the drainage flux remained relatively constant until all water was held at a matric
potential below the threshold value. The optimum value for the threshold matric potential
appeared to lie between -4 and -5 kPa. Values below -5 kPa resulted in soil water contents that
were underestimated in the longer term. The measured soil water content during the drainage
process showed a simultaneous decrease throughout the entire profile, rather than just at the top
of the near-saturated piston, which is how the piston flow routine simulates downward soil water
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movement. This is illustrated by Figure 7. 7, which shows the overestimation of the soil water
content at different depths. The figure shows that the effect of piston flow drainage is felt later
at increasing depths. While the simulated drainage through piston flow reduced the initial
overprediction in the top 400 mm within a day, its effect was not felt at 400-600 mm and 600-900
mm depth, until two and three days after saturation, respectively.

2. Calibration ojredistribution and evaporation processes

In the sandy soils ofMES, the processes of redistribution, evaporation and drainage in response
to rainfall events are highly dynamic and the model needed to be capable of capturing such
dynamics successfully. In addition, the model should be able to simulate the slow soil water
movement processes over the dry season, in order to predict accurately the soil water conditions
at the start of the growing season. In the second stage of the calibration process, the simulation
results were therefore compared with soil water measurements of a bare soil under natural rainfall
conditions. These measurements were provided by the W-2 weeding trial at the MES, which ran
for two years. Neutron probe readings were taken weekly between 10 December 1991 and 13
November 1993. The initial soil water content was taken from the measured soil water content
on 10 December 1991, which was the start of the trial and the simulation run.

The simulation was run for different values of 'IIpl. The simulated soil water contents were
compared with the measured values, using three different performance measures and a graphical
representation of the results. The performance measures that were used were: the root mean
square error (RMSE)l; the Average Difference; and the correlation of the simulated and the
measured soil water content. These three measures provide complementary information on the
performance of each simulation. The RMSE evaluates the average deviation from the measured
values, while the Average Difference gives an indication of the average level of overestimation
by the simulation. The coefficient of correlation r provides information on the linearity of the
relationship between the simulated and measured water content (Hoshmand 1993).

.;r, [Estimated -Observed]'

lRMSE =.! •
n

(mm water / mm depth)
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Figure 7.6. Drainage from a saturated coarse sandy soil. Effect of the threshold value 1f;pf on the
overestimation of the soil water content in the 0-900 mm profile during the first days of the
drainage process.
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Figure 7.7. Drainage from a saturated coarse sandy soil. Overestimation of the soil water content
during the first days of the drainage process, as simulated with the piston flow routine.
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Table 7.4 presents the results of the analysis of the soil water content of the 0-900 mm soil
profile. The RMSE's confirmed the findings of the instantaneous profile simulations, i.e. that the
optimal value for 'l/p! lies between -4 and -5 kPa. The same conclusion was drawn when the
average difference was considered. When 'l/p! was larger then -4 kPa, the profile water content
was persistently overestimated. However, the correlation results showed a general trend of
decreasing correspondence between the simulated and measured values, when 'l/pJwas increasingly
negative. The reason for this can be derived from Figure 7.8, in which the simulated water
contents are plotted against the measured values. The figure shows that with increasing 'l/p!' the
linearity of the scatterplot was reduced, which leads to the observed decrease in correlation
coefficients. Meanwhile, the scatterplots also suggest that, despite a higher average
overestimation, the model performance was better for 'l/p!= -4 kPa than 'l/pf= -5 kPa.

Table 7.4.Calibration of the hydraulic behaviour of a bare soil, with particular attention to the

threshold potential for piston flow,

,pp!, Analysis results of the simulated water content of the

0-900 mm soil profile, compared to weekly soil water measurements, taken over the period
10/12/91-10/11/93.
Analysis of Simulated Water Content (0-900 mm Soil Profile)

Bare Soil
Root Mean Square Error

'l/pJ (kPa)

0

-2

-4

-5

-7.5

3.27

2.71

1.05

1.12

1.66

2.91

2.36

0.59

-0.01

-1.08

0.98

0.83

0.91

0.84

0.78

(mmlmm depth*IOO %)

Average Difference

(mm/mm depth*100 %)
Correlation r

-1660.25
M,
E
";0.20
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The piston flow routine also affected the distribution of the soil water throughout the profile and
this is summarized in Table 7.5. This Table presents the same analysis as Table 7.4, but the water
content is analysed for soil layers at different depths. The RMSE's and the Average Differences
show, that the overestimation of the water content was largest between 200-600 mm depth and
that the moisture content at 600-900 mm depth was best estimated when

'fIpf =

-4 kPa. At

'fIpf

<

-4 kPa, the water content was generally underestimated and the correlation with the measured
data decreased sharply. For 'fIpf> -4 kPa, the correlation generally increased, but the water content
was persistently overestimated at all depths.

Table 7.5.Calibration of the hydraulic behaviour of a bare soil, with particular attention to the

threshold potential for piston flow, t/JPf. Analysis results of the simulated soil water content at
different depths, compared to weekly soil water measurements, taken over the period 10/12/9110/11/93.
Analysis of Simulated Water Content (per soil layer)

0

-2

-4

-5

-7.5

0-200 mm

2.64

2.08

l.63

1.48

1.42

Root Mean Square Error

200-400 mm

5.13

3.64

2.60

2.01

2.29

(mm/mm depth'100 %)

400-600 mm

5.27

3.67

l.69

1.82

2.20

600-900 mm

l.72

2.43

l.46

1.93

2.69

0-200 mm

2.25

1.71

l.04

0.63

-0.06

200-400 mm

4.68

2.95

l.70

0.61

-0.79

400-600 mm

4.85

3.28

l.40

0.70

-0.67

600-900 mm

0.88

1.78

-0.98

-1.33

-2.24

0-200 mm

0.94

0.91

0.90

0.89

0.85

200-400 mm

0.98

0.83

0.81

0.77

0.71

400-600 mm

0.96

0.78

0.85

0.61

0.50

600-900 mm

0.94

0.68

0.82

0.67

0.59

Bare Soil

Average Difference
(mm/mm depth'IOO %)

Correlation r

IjIpf

(kPa)
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The analyses represented in Table 7.5 did not produce a basis of deciding a value for \IIpJ which
would give optimal results. The best correlation values were obtained when piston flow was not
introduced, but the persistent overestimation of water content at all depths means that when crop
growth is considered, the soil water available to the plants would be too high. Therefore, it was
deemed appropriate to choose a setting of\llpJthat would not produce an optimal correlation with
the field measurements, but which would give a better approximation of soil water content of the
soil profile and a better distribution of soil moisture throughout the soil profile. On balance,\IIpJ=
-4 kPa was deemed, therefore, to give the best simulation of soil water availability to crops.

3. Comparison with the original Parched-Thirst soil water balance
The relative effects of introducing the Van Genuchten-Mualem functions and the piston flow
routine were assessed by comparing the original and the modified P-T soil water balances when
simulating the soil water regime under the bare soil treatment of trial W-2. Three simulations were
performed: 1) using the P-T soil water balance with the original soil moisture retention, hydraulic
conductivity and pedotransfer functions of Camp bell (1985); 2) replacing the Campbell equations
with the Van Genuchten-Mualem equations; and 3) introducing the piston flow routine as well
as the Van Genuchten-Mualem equations.
The estimated soil moisture retention curves and the soil hydraulic conductivitie calculated with
the Campbell and the Van Genuchten-Mualem equations are presented in Figure 7.1, together
with the field data ofTwomlow (1994). The Campbell equations tended to overestimate the water
content at high matric potentials and underestimate the permanent wilting point.
However, the use of these functions in a soil water balance may not necessarily lead to an
overprediction of the soil water content. The Campbell equations also overestimate the hydraulic
conductivity as a function of soil matric potential. Thus, the water content and the hydraulic
content at a given point in time may be predicted quite accurately, while the matric potential is
strongly underestimated. In P-T, all relations in the soil-plant-atmosphere continuum are
calculated as a function of water content, rather than matric potential. This reduces the impact of
the underestimated soil matric potential on the soil water balance and crop growth. However, the
disappointing fit with measured data restricts the parameterisation of the model using measured
soil properties.

7. PARCHED-THIRST: Results
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Figure 7.9 compares the simulated and observed soil water content of the 0-900 mm soil profile
over two years, starting at the beginning of the '91-'92 growing season, when the soil water
content was very low. The results are presented in three groups; the '9 I -'92 growing season, the
'92-'93 growing season, and the measurements of the '92 and '93 dry seasons. The three
simulations all tended to overestimate the soil water content after relatively small rainfall events
at the start of the '91-'92 season. After the first major rainfall events ofJanuary '92, the results of
started to deviate considerably. The introduction of the Van Genuchten equations led to a distinct
decrease in the overestimation of soil water content, compared with the Campbell-based
simulation. This was most evident in the '92-'93 season, when above average rainfall led the
Campbell-based simulation to predict soil water contents that were persistently above saturation.

The introduction of the Van Genuchten curve per se did not lead to better estimations of rapid
drainage processes, so that the model still overestimated soil water content. The introduction of
the piston flow routine led to a better simulation of drainage under near-saturated conditions, thus
achieving the best fit with the field observations.
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Figure 7.9. Three different simulations of the moisture content of a bare sandy soil. The average
water content of the 0-900mm soil profile is plotted against measured data, grouped in three
contrasting seasons. The simulations used different versions of the Parched-Thirst soil water
balance: the original version used the Camp bell soil hydraulic functions

(~),

the second version

used the Van Genuchten-Mualem functions ( ) and the third used the Van Genuchten
functions combined with the Piston Flow Routine (+).
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7.3.2 Crop Water Extraction
The PARCH and the P-T models are released with different pararneterisations for maize.
However, it is not clear wether these are the result offormal calibrations. Calibrations of the crop
parameters have been reported by Hess & Stephens (1994) for a local cultivar in Kenya
(Katumani Composite B), while Chisenga (1994) performed a calibration of the maize hybrid
R20 I, which is a hybrid that is widely used in semi-arid Zimbabwe and which has been used for
the trials at MES. These calibrations were based on the old PARCH soil water balance and did
not study the location of water uptake through the soil profile in great detail.

In this study, the PARCH crop growth model will be used primarily to study the interaction
between water extraction of a developing crop and the resulting soil water regime. To this end,
the parameterisation ofthe maize hybrid R201 by Chisenga (1994) was critically evaluated and
adjusted to improve the simulation of a representative water uptake pattern of a growing crop.
This calibration was performed by comparing field soil water measurements with the simulated
soil water regime.

The calibrated crop parameterisations for MES (R20 I) and for CRI, where a later maturing
variety was used (Twomlow pers. comm.), are presented in Table 7.6. The parameterisations of
the maize crops at both sites differ primarily in terms of the length of the growing season (GS
1,2,3), the maximum and the half-depth of root distribution (respectively RDm= and R!;]) and the
maximum rate of soil water extraction (Um=). The adjustment ofU""" was required as this cropspecific parameter is also influenced by the soil hydraulic characteristics (see also§7.I.i).

The parameterisation of cultivar R201 at MES was conducted with soil water data from the
weeding trial W-2, which also included a weed free treatment. The calibrated crop parameters
were subsequently tested with the 3FP treatment of trial T-2. The results of both simulations are
presented in Table 7.7. The calibration of the crop parameters with data from the W-2 trial at
MES was comparable to the fit for a bare soil (Table 7.5), while the simulation of the T-2 trial
produced a soil water regime that fitted the measured soil water data sufficiently well (r = 0.82,
RMSE=I.4% for the 0-900 mm soil profile).
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The parameterisation for maize at CRI was hampered by the absence of data from a bare soil
surface, so that the soil hydraulic behaviour could not be validated separately. The robustness of
the improved soil water balance of P-T was put to test by assuming that it could be directly
applied to simulating the soil water regime of a silty clay loam at CRI, even though the calibration
ofthe soil water module was performed for a coarse sandy soil. The soil hydraulic properties of
the silty clay loam were derived from the measurements ofTwomlow (1994, Table 7.3).

Table 7.6. Crop parameters for maize that were used for the simulation runs at MES and CRI,
compared to previous parameters of PARCH and P-T, that vary

between the four

parameterisations of the PARCH maize growth model.
unit

StemTrans,.,~

Seed carbon supply
d
juvenile
d
Grain set time
d
min. Grain fill time
d
stress induced maturity in
GS3
GS I thermal time
d.deg
GS2 thermal time
d.deg
GS3 thermal time
d.deg
Recovery (after stress)
STransreduct
SLAstress
LeafStress
m'.kg·'
SLAl
m'.kg·'
SLA2
m'
LAIm~ per plant
g.MJ·'
Photosynthesis at GS I
Photosynthesis at GS3
g.MJ"
k (light extinction coefJ)
qD
(kg C) / (kg H,O)
GNC
MaxGW
g
RDMIN • planting depth
mm
mm.mm- I
Uma."I:
RV,
mm
mm
RDma.x
PWiltP
kPa

PARCHED- PARCH Katumani R201:
default Comp. B Chiseng
TIIIRST
default
a
0.2
0.5
0.2
0.5
9
9
9
9
IS
15
11
11
17
17
7
7
44
20
23
20
0.8
0.03
-0.3
0.03
370
650
640
0.5
0.9
0.7
0.09
35
25
0.5
2.5
2.3
0.47
0.009
18
0.033
20
0.1
250
1800
450

900
150
630
0.3
0.1
0.7
0.01
30
20
0.25
2.1
2
0.47
0.005
20
0.4
20
0.15
250
900
450

223
562
474
0.5
0.9
0.7
0.09
35
25
0.5
2
1.4
0.65
0.0035
18
0.25
20
0.2
300
1200
450

900
150
600
0.3
0.1
0.9
0.01
30
20
0.3
2.1
2
0.3
0.0035
40
0.3
20
0.2
250
900
450 .

ruOl
MES

CRI
0.3
9
11

0.3
9
11
17
44
0.03

44
0.03

900
150
600
0.3
0.5
0.7
0.01
35
25
0.5
2.5
2.1
0.47
0.016
40
0.25
70
0.08
150
700
450

900
450
650
3
0.5
0.7
0.01
35
25
1
2.5
2.1
0.47
0.016
40
0.25
70
0.18
250
1000
450

17

7. PARCHED-THIRST: Results

-172-

Table 7.7. Calibration and validation results of the simulated water content for trial W.2, T-2 and
TW-3 at the Makoholi Experimental Station and for T-3 at the Cotton Research Institute. The
simulated crop management consisted of 3FP and full weed control. Analysis results of the
simulated soil water content at different depths, compared to weekly soil water measurements.

MES

Analysis of Simulated Water Content
(per soil layer)

CRI

Calibration Validation

Calibration

Validation
T-3,
T-3,
'91-'92 '93-'94

'91-'93

T-2
'91-'94

T-3 2
'92-'93

0-200

1.6

2.6

4.9

7.3

6A

Root Mean Square Error

200-400

1.9

2A

3.0

6.8

6.7

(mm Imm depth" 100 %)

400-600

1.2

2.3

2.5

3.6

2.7

600-900

1.8

1.9

3.1

3.0

2.0

0-200

0.7

1.9

3.3

5A

4.9

200-400

0.6

1.5

1.6

5.5

5.9

400-600

-0.6

-0.6

-1.6

-0.1

0.8

600-900

-lA

-lA

-2.3

-1.3

-1.7

0-200

0.88

0.81

0.73

0.73

0.62

200-400

0.83

0.82

0.82

0.88

0.56

400-600

0.82

0.70

0.54

0.92

0.23

600-900

0.79

0.79

0.58

0.83

-0.28

W-2

Measure

Average Difference
(mm/mm depth' 100 %)

Correlation r

Depth(mm)

The water extraction characteristics of the maize crop at CRI were calibrated using the
measurements of the trials T-3, and T-3 2 . However, these trials were planted with cotton and
maize in alternating seasons, so that the simulation of maize over the period 1991-1994 could not
be conducted as a continuous time series. Hence, the three seasons were simulated separately.

The crop parameters were calibrated using the results of the T-3 2 trial (season '92-'93) and were
subsequently tested on the two seasons with maize production of the T-3, trial, i. e. '91-'92 and
'93-'94. The simulated soil water regime was comparable to the measured soil data, but the results
were generally poorer than the results at the MES. Nevertheless, the fits were acceptable and the
depletion of the soil profile over the dry season was also well simulated, in contrast to the earlier
reported problems with the old PARCH soil water module.
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Table 7.8. Calibration and validation results of simulated maize performance at the trials W-2 and

T-2 at Makoholi Experimental Station and trial T-3 at Cotton Research Institute. Comparison

of measured and simulated yield (t.ha·'), per growing season and over the simulation period.

Crop Yields

MES+CRI

MES

CRI

Root Mean Square Error (t.ha-')

2.2

l.2

3.3

Average Difference (t.ha- I )

0.7

0.7

0.7

Correlation r (Spearman)

0.69

0.70

0.50

It was concluded that P-T, with the improved soil water module, was capable of simulating the
interaction of a developing crop and the resulting soil water regime. The simulation of crop yields
was less satisfactory (Table 7.8), because it is difficult for the PARCH crop growth model to deal
with the extreme inter-annual variations in weather conditions. Nevertheless, the crop growth
model was deemed sufficiently sensitive to environmental conditions to provide indicative figures
of the relative impact of different management systems within one growing season.

7.3.3. Effect of Tillage-Induced StJrjace Relief on Soil Moisture.
The Tillage Routine was not calibrated specifically to the environmental conditions at MES and
CRI. Instead, the parameter settings for the routine were derived from literature and soil physical
measurements at the two sites, while runoff was calculated with the infiltration routines ofP-T
(Young & Gowing 1996, Equations 7.12-7.15). This approach was chosen because it was
acknowledged that, by focusing on the water conservation aspect of the different tillage systems,
the Tillage Routine addresses only a part of their impact on crop growth conditions, since it does
not attempt to simulate how different tillage methods affects depth and timeliness of planting, and
how this influences seedling emergence. It was thought that the PARCH crop growth model did
not describe crop emergence, early root development and establishment in sufficient detail to
allow such an assessment (Crout et al. 1997). For the same reason and due to the absence of data
on root proliferation in response to tillage practices, no attempt was made to address the effects
of tillage on the rootability of the top soil and the subsequent effect on water accessibility for the
plant.
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Land preparation and weeding practices that have been studied at MES were based on the use of
tillage equipment including hand hoe, mouldboard plough, or cultivator. In this chapter, the focus
is on DAP-based Soil Water Conservation (SWC) techniques that use the mouldboard plough,
which were studied during the T-2 and TW-3 trials at MES and during the T-3 trials at CRI. These
techniques include Third Furrow Planting (3FP), Tied Ridging (TR), Open Plough Furrow
Planting (OPFP) and OPFP followed by Mid-Season Ridging (OPMR).

The soil surface parameters that describe the tillage treatments in the P-T Tillage Routine, were
derived from the SP-2 experiments at MES (Bruneau 1995) and CRI (unpublished data). This
series of experiments provided the soil surface characteristics that were created by tied ridging,
third furrow planting and open plough furrow planting. Table 7.9 presents the soil surface
characteristics that were used in the simulation runs of the Tillage Routine. The relative crust
factor was established by comparing the relative surface cover of structural and depositional
crusts ofthe different tillage techniques (Figure 7.10). It was found that the differences in relative
surface cover between the tillage techniques was comparatively small, with just under 50% of the
soil surface covered by a depositional crust. Only the furrow bottom of the tied ridge was
substantially different, with a 90% coverage by depositional crust. The crust factor of the ridge
was therefore assumed to be the same to that of the conventional3FP treatment. An undisturbed,
crusted surface was assumed to reduce the infiltration rated by a further 70%, a value derived
from Casenave & Valentin (1992).

Furrow

Ridge

3FP

100

ii 80

..
8..
"
~

>

.Oepositional

60

OStruotual

~ 40

"

<I)

20
0

9

22

36

47

60

Cumulative Rain (mm)

9

22

36

47

60

Cumulative Rain (mm)

9

22

36

47

60

Cumulative Rain (mm)

Figure 7.10. Measurements of surface degradation in under conventional land preparation and
freshly created tied ridges (Bruneau 1995). Surface cover of structural and depositional crusts as
a function of cumulative precipitation (mm).
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Table 7.9. Summary of the geometric input into the tillage module of the PARCHED-THIRST

model, for different tillage practices. Data were derived from Bruneau (1995) and Casenave &
Valentin (1992).
Furrow
Depth Width

Row
Width

RR"

Orientated
Roughness

(mm)

(mm)

(cm)

(cm)

Undisturbed (Crusted) Surface

900

0.5

1.5

3FP

900

2.5

5

System

(mm)

OPFP

100

300

900

2.5

10

Tied Ridge

150

450

900

1.5

15

75
450
900
2.5
7.5
Mid-Season Ridge (cross-tied)
• Random Roughness of elevated areas which shed water into tillage-induced depressions.

The crop measurements and soil water data from trials T-2, TW-3 at MES and T-3 at CRI were
used to assess the performance of the simulation of the tillage treatments 3FP, OPFP, Tied
Ridging and Mid-Season Ridging after OPFP (OPMR). However, it was difficult to assess the
effects of the SWC treatments on yields, as the three experiments produced few significant yield
effects when compared with the control treatments (Table 3.13, 3.14). In fact, only trial T-3 2
produced a significantly negative yield effect for the Tied Ridge system in the '92-'93 season,
which was attributed to the occurrence ofwaterlogging after large rainfall events (SRI 1993). The
effects of waterlogging are not incorporated well in the PARCH crop growth model, so that,
rather than simulating a below-average yield, the model produced a positive yield effect due to
the apparently increased water availability in the Tied Ridge system (Figure 7.11).

While the Soil Water Conservation (SWC) systems produced few significant yield effects when
compared with 3FP, the measured soil water regimes differed considerably. In §3.5.l.l., it was
argued that the Tied Ridging system was successfully conserving soil moisture at CRI, by
reducing water losses to runoff and storing the water in the soil profile. At the MES, where water
losses due to runoff were limited, the Tied Ridging system tended to produce lower soil water
contents throughout the growing season, especially in the ridge top. This was a result ofthe smallscale re-distribution of water from the ridge into the furrow bottom and the inability of the coarse
sandy soil to retain the redistributed water at higher soil water potentials.
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Simulated and Measured Tillage Effects
Simulated
(t.ha-l)

2.0

•

1.0

o

0.0

o

-1.0

-2.0
-2.0

·1.0

0.0

1.0

2.0

Measured Yield Effect (t.ha·l)

Figure 7.11. Scatterplot of the simulated and measured yield effects of the different S\VC systems,
compared to the control treatments, for the trials T-2, TW·} and T·}. Diamonds indicate
whether the measured yield effect was significant (+) or not significant (0) at the cx=O.OSlevel.

The simulated soil water regimes were compared with measured soil water contents; the results
are presented in Table 7.10. At MES, the overall model performance was best for trial T-2. The
correlations with the measured data were similar for the three tillage treatments. However, soil
water content of the OPFP treatment was consistently underestimated. The correlations of the

TW-3 trial were much lower and this was attributed to the failure of the model to simulate the
poor crop performances that were observed during the '95-'96 and the '96-'97 seasons which saw
rainfall regimes that were not conducive to good crop growth. The simulated plant water uptake
was, therefore, too high and this was found to have a greater impact on the soil water content
than the different tillage systems. Nevertheless, the values of the RMSE and the Average
Differences were sufficiently small to assume that model output could provide additional
information on the mechanisms that play a role in the impact oftillage systems on the soil water
regime.

At CRI, the simulation results of the 3FP system were well correlated with the measured soil
water data in two out of three years. In the third year, the RMSE and the Average Difference with
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the measured data were similar to those in the previous two seasons. The low correlations were
attributed to the small variations in soil water content over the '93 -'94 season that resulted from
relatively low seasonal precipitation (382 mm) which was evenly distributed over the growing
season. The soil water conserving effect of the Tied Ridge system was consistently over-predicted
and the simulation of the Tied Ridge system thus produced a less convincing fit to the measured
data than the 3FP system.

Table 7.10. Calibration and validation results of the simulated water content under different crop
growth conditions and tillage practices. Analysis results of the simulated soil water content at
different depths, compared to weekly soil water measurements of the trials T-2 and TW'-3 at
MES and T-3 at CRI.
MES

Analysis of Simulated Water Content
(0-900 mm soil profile)

T-2

3FP OPFP

TW-3

TR

OPFP OPMR

TR

Root Mean Square Error
(mm Imm depth*IOO %)

l.l

1.8

l.l

2.2

2.2

2.2

Average Difference
(nunlmm depth* 100 %)

-0.1

-1.4

0.2

0.3

0.2

1.1

Correlation r

0.87

0.88

0.89

0.69

0.68

0.74

CRI
T-3 l ('91-'92)

T-3, ('92-'93)

3FP

TR

3FP

3FP

Root Mean Square Error
(mm Imm depth*100 %)

3.4

4.5

2.5

Average Difference
(nunlmm depth*IOO %)

2.0

3.1

Correlation r

0.93

0.76

T-3 l ('93-'94)

TR

5.1

3FP
2.6

2.3

4.0

2.0

1.6

0.91

0.77

0.58

0.76

2.3

The measured and simulated effects of water conservation techniques on the soil water content
throughout the growing season are presented in Figure 7.12a-e. At MES, the simulated water
loss to runoff over the period 1991-1997 equaled 8% of the incoming precipitation for the 3FP
treatment, 2% for OPFP and < I % for OPMR and Tied Ridging. Despite preventing runoff, the
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measured soil water content under the Tied Ridging system was generally lower than the control
treatments, during both the T-2 and the TW-3 trials (Figure 7.12a, b). The model was generally
able to reproduce the observed differences with the 3FP treatment during the T-2 and TW-3 trials

(Figure 7.12a). The simulation results clearly demonstrated how the Tied Ridging system
produced short periods during which the soil water content was higher after a high intensity
rainfall event. However, because the coarse textured soil failed to retain the higher water content
over a prolonged period, most water was rapidly lost through drainage. Thus, the positive effect
on crop growth conditions was limited to a short time period. Moreover, the lower water content
in the ridge top meant that, overall, the water content was slighty lower than that of the 3FP
treatment.

Figure 7.12c illustrates how the simulation model underestimated the soil water content under
the OPFP system, as compared with the control system. The consistently higher soil water content
that was observed was not reproduced by the P- T simulations. The simulation runs also failed to
show a distinct water conservation effect ofOPMR over OPFP during the '95-'96 season of trial

TW-3, although the field measurements suggested that mid-season ridging produced higher water
contents (Figure 7.12d). However, the lack of a SWC effect ofOPMR during the '95-'96 season
was reproduced by the model, while the dynamics of the SWC effect ofMR during the '97-'98
season were captured with limited success.

On the heavier textured soils at CRI, the measured effect of Tied Ridging on the soil water
content was more pronounced than at MES (Figure 7.12e) and, during the '92-'93 season, the soil
water content was consistently higher than the flat control. However, in the '91-'92 season,. the
soil under the Tied Ridge system dried at a much higher rate, so that soil water content towards
the end of the season was considerably lower.

Under the simulated Tied Ridging system, runoff did not occur, while the simulated 3FP system
lost 13% of the incoming rainfall to runoff. The resulting higher soil water content was captured
well by the model, however, the simulation of the subsequent drying of the soil profile was less
successful. It was not possible to establish to what extent this was caused by an underestimation
of (evapo )transpiration fluxes or drainage, as there were no transpiration or drainage
measurements available to quantify their relative contribution.
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Figure 7. 12a-e. Measured (.) and simulated (-) differences in soil water content (0-900 mm soil
profile) between selected tillage practices (in mm). 3FP =third furrow ploughing, OPFP =Open
plough furrow ploughing, opMR = open plough furrow planting + mid-season ridging.
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Despite the limitations of the tillage routine, the small-scale re-distribution effects of the Tied
Ridge system at MES were captured well by the simulation model, as was the increased
infiltration due to the reduction in runoff losses, both at MES and CRI. However, the model was
less successful in predicting the subsequent changes in the soil moisture content. While the
modelled effect on the soil water content did not last much longer than 1-2 weeks after a rainfall
event at MES, the simulation runs at CRI failed to predict the increased drying rate of the Tied
Ridge system.

7.3.4 Weed Management Routine

The weed growth routine was calibrated with soil water data from the W-2 weeding trial. The
initial weed calibration was performed with data from the treatment that was uncropped and
which was left unweeded during the growing season, except for mouldboard ploughing at the start
of the growing season and several weeks after harvest. The calibration was performed by
comparing the predicted soil water content with measured soil water content and with the
simulated water content of a bare soil. This way, the following characteristics of weed growth
could be assessed:

Root front advancement and subsequent water uptake from increasing depths
Response of increased water uptake to soil wetting after a period of drought
Water uptake rate in response to decreasing soil water potential

The first measurements of soil moisture content were taken on 10 December 1991 (Day 345),
which coincided with crop establishment. The weeding effect of mouldboard ploughing was
simulated by resetting the weed rooting depth to 15mm at the start and end of the growing
season. Results of the calibration are presented in Figure 7.13. The difference in water content
between the weed simulation and the simulation of a bare soil indicates the uptake of water by
weeds. The figure thus shows that during the first 3 weeks after day 345, weed water uptake was
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predicted only from the top 200 mm. Over this period, the soil water content that was predicted
by weed growth simulation was higher than the measured soil water content at 200-400 mm
depth. This suggested that the root front extension rate during this period was too slow. This may
be partly due to problems that were reported by Chisenga (1994) and which were also observed
during the calibration of the P-T soil water module, that the redistribution of precipitation into
a desiccated soil profile tends to be underestimated, leading to an overestimation of soil moisture
between 200-600 mm and an underestimation at greater depths (Table 7.11).

During December 1991 (day 336-365 in Figure 7.13), the simulated soil water content of a weedy
soil at depths >400 mm were lower than those ofa simulated bare soil. However, until 2 January,
no water extraction took place beyond 200 mm depth. It was concluded that the observed
difference was due to depletion of shallower soil layers by weed transpiration. The soil moisture
deficit of the upper layerswas sufficiently large, therefore, to capture most of the water that
infiltrated during small rainfall events, such as occurred on day 345 and 361 (respectively 10 and
26 December 1991). This consequently inhibited the redistribution deeper into the soil profile and
led to the lower soil water content at greater depth that was observed.

After 1 January (day 1 in Figure 7.13), the predicted weed rooting depth was >200mm. This
resulted in a rapid depletion of water in the 200-400 mm soil layer. The rainfall period between
day J5-31 was sufficiently large to replenish the entire 0-900 mm soil profile. During this period,
the soil water content of the bare and the weedy simulations were nearly identical. It was
therefore not possible to derive a pattern of weed water uptake until February. By that time, the
simulated root front extended to depths> 400 mm and from day 44 onwards, the water extraction
by weeds had a substantial, direct effect on the simulated soil water content at 400-600 mm depth,
in line with the measured data.
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Calibration of the Weed Growth Routine
Soil Moisture Content between December 1991- November 1992.
Weedy, Uncropped treatment.
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Figure 7.13. Calibration of the weed growth routine. Results over the period December 1991November 1992. Simulated weed water uptake results in a lower soil water content at increasing
depths in time, compared to the simulated water water content of a bare soiL
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Table 7.11. Calibration and validation results of the simulated water content under different crop
growth conditions and weeding regimes. Analysis results of the simulated soil water content at
different depths, compared to weekly soil water measurements, taken over the period 10/12/9110/11/93.
Calibration
Treatments

Analysis of Simulated Water Content
(per soil layer)

Measure

Root Mean Square Error
(mm Imm depth*IOO %)

Average Difference
(mmlmm depth*IOO %)

Correlation r

Depth
(mm)

Validation
Treatments

Bare Crop Weeds W4 W246 W2
No
Soil Only Only
Weeding

0-200

1.6

1.6

1.8

1.5

1.7

1.6

1.5

200-400

2.6

1.9

2.6

2.7

2.4

2.6

2.1

400-600

1.7

1.2

1.5

2.0

1.4

2.1

1.9

600-900

1.5

1.8

2.2

1.4

2.2

2.2

2.0

0-200

1.0

0.7

-0.1

0.2

-0.2

0.4

0.6

200-400

1.7

0.6

0.4

1.7

0.8

1.4

0.8

400-600

1.4

-0.6

0.0

1.9

0.8

1.6

1.4

600-900 -1.0

-1.4

-1.6

0.8

-1.9

-1.4

1.0

0-200

0.90

0.88

0.86

0.90

0.86

0.89

0.92

200-400

0.81

0.83

0.84

0.86

0.82

0.87

0.90

400-600

0.85

0.82

0.91

0.86

0.82

0.88

0.87

600-900

0.82

0.79

0.89

0.87

0.81

0.86

0.75

One factor that was not yet parameterised was the crop competitiveness factor le , which is a
function of the LAI of the crop (Table 7.1). The results of the W-2 weeding trial indicated that,
at 4 weeks after crop emergence, the competitive advantage of the crop was such that weed
development was suppressed sufficiently to have no effect on crop performance. No significant
differences were found between the yield and above-ground dry weight production of treatments
that were weeded at 4 weeks only and treatments that were weeded at 4+6 weeks and 4+6+8
weeks after emergence, while different weeding frequencies in the first four weeks did show
substantial differences (Table 3.9). The crop competitiveness factor was therefore calibrated by
using the results ofthe treatment that was weeded at 4 weeks only.
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From the calibration runs for a weed free maize crop, it was shown that at 4 weeks after
emergence, the LA! of a reasonably well developed crop is 1.3 (Figure 7.14). Further calibration
runs that simulated weed growth under a developing crop, revealed that when the development
rate of weeds was halved at an LA! of 1.3, P-T successfully simulated the effects of a single
weeding operation at 4 weeks. After this weeding operation, weed development and, hence, water
uptake, was limited over the remainder of the growing season and had a negligible effect on
simulated crop performance.

The remaining treatments of the W-2 weeding trial, for which soil water measurements were
available, were used as a validation ofthe combination of the Weed Growth module, the improved
soil water balance and the parameterisation of crop water extraction. An overview of the results
of the simulated soil water balances is given in Tables 7.10 and 7.11. The model delivered a
robust and consistent prediction of the soil water content. This was to be expected, as these
treatments fell within the calibration domain.

Table 7.12. Calibration and validation results of the simulated water content under different crop
growth conditions and weeding regimes. Analysis results of the simulated soil water content of
the 0-900 mm soil profile, compared to weekly soil water measurements, taken over the period

10/12/91-10/11 /93.
Calibration

Analysis of Simulated Water Content
(0-900 mm soil profile)

Measure

Validation
Treatments

Treatments

No
Bare Crop Weeds W4 W246 W2
Weeding
Soil Only Only

Root Mean Square Error
(mm fmm depth*IOO %)

1.1

1.0

1.3

1.6

1.2

1.2

1.3

Average Difference
(mmlmm depth-lOO %)

0.6

-0.3

-0.5

1.3

0.0

0.3

1.0

Correlation r

0.91 0.88

0.92

0.92

0.94

0.93 0.88
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Table 7.13. Calibration and validation results of the simulation of maize performance under eight
different weeding regimes, over two growing seasons ('91-'92 and '92-'93). Comparisons of
measured and simulated yield and above ground dry matter (t.ha·'), per growing season and over
the simulation period.
Measure

Root Mean Square Error
(t.ha-I )
Average Difference
(t.ha·')
Correlation r
(Spearman)

Simulated:

'91-'92
+
'92-'93

'91-'92

'92-'93

Yield

0.36

0.36

0.35

Above Ground Dry Weight

1.02

l.01

0.98

Yield

0.29

0.33

0.25

Above Ground Dry Weight

0.46

l.03

-0.18

Yield

0.89

Above Ground Dry Weight

0.95

0.67
0.90

0.68

Once the water uptake component of the model had been calibrated, the effects of weed
competition on crop production were compared with measured values. The results of these
simulation runs are presented in Figure 7.15 and Table 7.13. The model was very successful in
capturing the inter-annual variability, jUdging from the high correlations r over the two growing
seasons. However, crop yields were persistently overpredicted, on average by 0.29 t.ha· l . The
response of above-ground dry matter production to improved cropping conditions was not as
strong as the measured response; under adverse conditions, such as the '91-'92 season and the
unweeded treatment in the '92-'93 season, above-ground dry weight was overpredicted, while it
was underestimated under better circumstances.

The effects of different weeding regimes on crop performance is derived more appropriately from
the intra-annual correlations. Over the '91-'92 season, the model did not simulate the failure of the
crop. Although the intra-annual correlations were not as high as the overall correlations, the
model was successful in predicting the effects of different weeding regimes on crop performance.
The model performed worst in simulating the effect of the absence of weeding, underpredicting
the loss of yield in the '92-'93 season by almost 1 t.ha- I (Figure 7.15).
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Figl/m 7.14. Simulated Leaf Area Index for the weed free treatment of the W-2weeding trial.
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Figl/m 7. 15. Calibration and validation results of the simulation of maize performance under eight
different weeding regimes, over two growing seasons ('91-'92 and '92-'93). Comparisons of
measured and simulated yield and above ground dry weight (kg.ha·').
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7.4. Discussion
Soil Water Movement

The modified P-T model, which included the Van Genuchten-Mualem curves and the developed
piston flow routine, successfully simulated the soil water movement in a coarse sandy soil under
both near-saturated and unsaturated conditions. The simulation of soil water movement in a silty
clay loam could not be studied independently of the impact of crop growth, but the model results
were acceptable.

Crop Parameterisation

The water uptake characteristics of the maize crops at MES and CRI was inferred from the
measured soil moisture distribution in the soil profile. Crop water extraction per soil layer in the
PARCH crop growth module is a quadratic function of relative soil water content (Equation 7. 7,
7.8). Because the accessibility of soil moisture is governed by a combination of soil water
potential and soil hydraulic conductivity, the value of the parameters and constants in the
quadratic function differ with soil type. However, it was difficult to quantifY these parameters,
which include the maximum rooting depth RDmax> the "half-depth" of the root distribution, R!Iz,
and the maximum water extraction rate

Um~

.

The simulation of crop yields was less satisfactory than the calibration results of water extraction
by crops (Table 7.8), because it was difficult for the crop growth module to deal with the extreme
inter-annual variations in weather conditions. Nevertheless, the crop growth model was deemed
sufficiently sensitive to environmental conditions to provide indicative figures of the relative
impact of different management systems within one growing season.

Tillage Routine

Despite its limitations, the Tillage Routine captured the small-scale redistribution effects of the
Tied Ridge system at MES. However, the model was less successful in predicting the subsequent
cahnge in soil moisture content, the simulation runs at CRI failing to predict the increased drying
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rate of the Tied Ridge system. While the yield effects of the simulated soil and water conservation
systems could not be assesses, it was concluded that, overall, the accuracy of the tillage routine
was insufficient for applications in simulating the potential benefits and drawbacks of different soil
and water conservation techniques for smallholder farmers.

Weed Management Routine

The calibration and validation of the Weed Management Routine for the conditions at MES
showed that the model produced a robust and consistent prediction of weed water uptake, weed
re-growth after weeding operations and the soil water regime that resulted from the competition
ofweeds for soil moisture. The model was successful in predicting the effects of different weeding
regimes on crop performance, providing weed growth was kept under reasonable control. i.e. at
least one weeding per growing season.
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CHAPTER

8.

8. Drought Assessments

CHARACTERISTICS OF AGRICULTURAL DROUGHT

8.1. Introduction

Drought and its impact on agricultural production is a topic that has received a lot of attention
from many scientific disciplines, such as (agro)meteorology, hydrology, agronomy and economics.
Much of this research interest is driven by the notion that drought is possibly the most important
factor limiting agricultural production worldwide (Jones & Corlett 1992). It is not surprising that
the definition of drought varies according to the research objective.

A drought is generally defined as "a period of water shortage for some activity or group that
originates from a deficiency of precipitation" (White 1998). Whether a given dry spell qualifies
as a drought, depends on the environment and the purpose of the drought assessment; the
threshold duration for a dry spell can vary from 6 days in Bali, to 2 years in Libya (Hudson &
Hazen 1964).

Droughts are often referred to as meteorological, hydrological, agricultural or socio-economic
droughts. The objectives of this thesis led to a focus on agricultural drought, in particular on the
accuracy and the complexity of different methods that characterise such a drought. Although
agricultural drought, by definition, includes the effect of drought on animal production, only the
impact of drought on crop production is considered in this chapter.

White's definition of drought puts an emphasis on the fact that drought is rooted in a shortage of
precipitation. Agricultural drought in arable systems is indeed strongly correlated with
meteorological drought, although the restricted capacity of the soil to store moisture and crop
physiology, also dictate the severity of a drought. Several factors and processes lie between the
cause of a drought (insufficient precipitation) and the eventual agricultural response to drought
(reduced crop performance). In general terms, these include:
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• Soil water availability:

- Soil water movement

• Soil water accessibility:

- Root development

• Crop water demand:

- Potential crop transpiration (atmospheric conditions)
- Crop development stage
- Crop development history
- Crop response to drought (physiological drought stress)

Hsiao (1973) defined the level of drought stress by the loss of turgor. The loss of turgor,
however, is just one of the symptoms of drought stress; crop responses to drought include leaf
rolling, stomatal closure, CO2 homeostasis and a reduction in assimilation and leaf extension rates
(Hale & Orcutt 1987).

The eventual damage to crop production is caused by the inability of plants to deal with a reduced
water availability, i.e. the occurrence of physiological drought stress. The focus of research into
the drought physiology of crops lies, therefore, in the understanding of crop response to drought,
in the hope of building a knowledge base that can be used to breed drought tolerant cultivars
(Jones & Corlett 1992).

Crop physiology distinguishes between short- and long-term responses to drought. In the event
of a drought, the earliest short-term response is a decreased leaf expansion rate (Hsiao 1973).
This is followed by a reduction of the crop water demand by partially closing the stomata, which
also leads to a reduction of CO 2 assimilation rate. Unlike the long-term response, this does not
directly affect the physiology of the crop - the effects are not permanent and are limited to the
period of drought. A prolonged drought period may permanently affect the maximum capacity
for CO 2 fixation, increase the mesophyll resistance (Chaves 1991) and decrease the interception
ofiight by the canopy (Legg et al. 1979).

The degree of these responses to drought not only depends on the length and severity of the
drought period, but also on the stage of crop development. Crops are generally more susceptible
to drought during the flowering stage (Bolaiios & Edmeades 1996, Ludlow & Muchow
1990).However, shallow rooting in the earlier stages of crop development means that a crop stand
is more susceptible to the depletion of available soil moisture. A major advancement in drought
physiology over the past decade has been the recognition that drought response is not so much
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linked to the water potential in the leaves, but that it is strongly influenced by the root water
potential. This potential, in turn, is closely related to the available soil moisture (Davies & Zhang
1991). The occurrence of physiological drought stress is therefore directly related to the soil
water potential in the root zone.

There are, however, a number of issues that make the practical link between the soil moisture
status and the physiological response less clear than the straightforward link via the soil water
potential. The threshold value of the potential at which water becomes unavailable to plants, the
permanent wilting point, is generally defined as -1500 kPa, but may vary considerably between
different crops (Marshall & Holmes 1988). Hulugalle & WiIlatt (1983) found that the wilting
point is determined by the soil rather than the plant. Yet, plants already start to experience
difficulty in extracting water that is held at water potentials of -I 00 kPa (Feddes et at. 1978). The
uptake of water is further limited by the accessibility of soil moisture. This is determined by the
rooting depth, but it is also a function of the density of the rooting system and of the soil hydraulic
conductivity, which, respectively, determine the travel distance and the flux of water to the root
surface (Droogers et al. 1997, Bouma 1990). Another problem in linking soil moisture to the
occurrence of drought stress lies in the vertical heterogeneity ofthe soil profile. A threshold water
potential is, in practice, an average value over a predefined depth of the soil profile. The soil water
content is far from homogenous throughout the soil profile and variations in the root density with
depth also have a strong effect on the accessibility of soil water. It has also been observed that
a partially stressed rooting system can still cause drought stress (Davies & Zang 1991).

The issues that are outlined above, make the choice of a threshold value of soil moisture, as an
indication of drought stress ("pedological drought"), less objective than might be expected. From
an agronomic perspective, soil moisture limits crop production when the soil water supply does
not meet the consumptive water needs (Driessen & Konijn 1994). Thus, it is the shortfall in the
rate of water supply that defines the occurrence of drought stress, rather than the soil water
potential at which moisture is held in the soil. This shortfall is as much determined by the growth
and water uptake patterns of crops, as by the availability of soil moisture. The inclusion of a crop
component in the characterisation of a drought, therefore, changes the nature of this
characterisation from an environmental to an agronomic description.
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The water need of a crop can be expressed as the water consumption that is required to achieve
the light limited rate of assimilation. This rate is a function of atmospheric conditions
(temperature, light, humidity), the growth stage and the light interception of the crop (Equation
7.1). The latter is further affected by the occurrence of (drought) stress, which induces leaf
rolling, senescence and the partitioning of assimilates to the leaves. In fact, such responses to
stress form a negative feedback on the water demand by the crop, thus reducing the effect of a
dry spell. Such feedback loops complicate the characterisation ofa (crop specific) physiological
drought.

Another complicating factor, which is inherent in the physiological description of drought, is the
impact of the history of the crop on its capacity to deal with a period oflimited water availability.
For instance, a crop that has developed under sub-optimal conditions, will have a lower demand
for water and may have a root/shoot ratio that is better equipped to deal with periods of drought
later in the season. The impact of a period without substantial rainfall depends, therefore, on the
erratic rainfall distribution in the period preceding the dry spell. With the aid of crop growth
modelling, such complexities can be addressed in a process-based manner. Moreover, the severity
ofa drought period and the impact of the seasonal weather pattern can be described in terms of
the effect on crop performance rather than the potential restrictions of the agro-ecological
environment.

This chapter will investigate two main issues concerning the characterisation of drought:

1.

Impact ofdroughts on crop performance: how do the timing. the duration alld the severity
of a drought period affect crop performance?
This issue is explored in §8.2., by the use of computer simulation. The effects of the length,
severity and timing of periods of drought are simulated and discussed. Most crop growth
models do not describe accurately the effects of severe drought and other environmental
stresses on crop physiological performance, thus limiting their predictive capabilities (Crout
& Azam-Ali 1990). This limitation makes it even more important to investigate how
modelled crop production responds to the occurrence of drought. The aim of such a study
is to ensure that the results of any application of a modelling approach can be evaluated with
regard to both its strengths and its weaknesses.
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Methods (or assessing intra-seasonal drought occurrence: How can the probability of the
occurrence and the severity of intra-seasonal droughts be described using available data,
and how do different methods compare in terms of their relevance to agricultural
production and how generic are they?
Different characterisations of drought include meteorological,

pedological

and

physiological/agricultural drought. The comparison ofthese different approaches to drought
occurrence addresses issues like: the weighting of data availability and research needs; and
the robustness of the calculations and their generic applicability, which is dependent on the
functionality of the method used. Similar considerations have been discussed with regard
to the calculation of the soil water balance in Chapter 4 and the choice of crop simulation
models in §6.4. These discussions embody one of the central aims of this thesis, i.e. to
deliver practical tools for data analysis and computer simulations that can make a useful
contribution to ongoing research that is designed to improve the soil and water conservation
practices of smallholder farmers.

8.2. Impact of Droughts on Simulated Crop Performance.
Two series of simulation runs were performed, in which the environmental conditions for crop
growth were kept constant at a level that was representative for an average day during the
growing season (Table 8.1). The simulation series studied the following characteristics of a
drought event:

1. Soil Water Potential: water accessibility and crop performance
2. Drought Severity
3. Drought Duration and Timing

8.2.1. Soil Water Potential

The first series of crop simulations was run with a fixed soil water potential throughout the
growing season, in order to investigate its effect on crop performance. The results of these
simulations are summarized in Figure 8.1. With the current settings of the crop growth model,
waterlogging only affected crop yield at saturation ('I' = 0 kPa). The set environmental conditions,
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together with potentials >-6kPa, led to optimal yields of around 4.7 t.ha·', while production of
above-ground dry matter decreased when the soil water potential was lower than -4kPa.
The PARCH crop growth module, with IjF -I OkPa ("field capacity"), predicted a yield of 2.75
t.ha·', only 55% of the optimum yield at

IjF

-lkPa, which was 5.0 t.ha·'. This revealed a high

sensitivity of the model for changes in the soil water potential, already at high levels. This
sensitvity is largely governed by the calculation of the accessibility of soil water for crop
transpiration in PARCH (Equation 7. 6). PARCH describes the accessibility of water for crop
transpiration, Twatm as a quadratic function of relative soil water availability (Figure 8.2a).
According to this function, maximum soil water availability and hence maximum transpiration and
assimilation, can only occur at saturation. The simulation results, however, are nearly constant
at potentials > -6kPa.

Table 8.1. Settings of the weather parameters for the simulation of drought occurrence at different
stages of crop development.

Parameter

Value

Maximum Temperature

30

'C

Minimum Temperature

14

'C
mm.d· l

Class "A" pan-cvaporation

6

Mean Daily Saturation Vapour Deficit

2.5 kPa

Daily Ineedent Solar Radiation

22

Mlm·'.d· l

Soil Water Potential

-I

kPa

The sensitivity of the model at relatively high soil water potentials is in line with the description
of the onset of water stress by Gregory & Brown (1987) and Passioura (1983). When water
extraction is limited at higher potentials, this will be due to accessibility rather than availability of
soil water. This limitation is sometimes referred to as the absorbtion lag, which occurs when the
transpiration rate of the crop is exceeding the rate of water absorbtion by roots (Monteith &
Webb 1981). The occurrence of an absorbtion lag is therefore dependent on the ability of the soil
to supply water and the rate of supply that is required to satisfY the transpiration demand of the
crop.

-195ADW,
Yield
(t.ha-1)

8. Drought Assessments

Transpiration

Simulated Crop Perfonnance at
Constant Soil Water Potential

- -,

(mm)

--ADW
-Yield

12

240

....... Transpiration
8

160

4

00

o

0

o

4

8

12

16

20

24

28

32

36

40

Fixed Soil Water Potential (-!<Pal

Figure 8.1 Crop simulation under standard conditions at the Makoholi Experimental Sration (see
Table 8.1) and with soil water potential throughout the growing season fIXed at different levels.
ADW = above-ground dry weight.

The impact of transpiration rate on the absorbtion lag has been illustrated by the results of
Denmead & Shaw (1962), who showed that, for a potential transpiration rate of 6.4 mm.d'l on
a silty clay loam, the soil could only supply sufficient water to the crop when the soil water
potential was greater than -20 kPa. When the potential was lower than this threshold, the rate of
transpiration dropped sharply <Figure 8. 3). On a sandy soil, this threshold of water potential can
be expected to be higher because the hydraulic conductivity of a sandy soil is generally lower than
a silty clay loam at water potentials lower than -5kPa (W6sten et al. 1994).

8.2.2. Drought Severity.
A period of drought within the growing season was simulated by lowering the soil moisture
content gradually over a period, that varied in duration between 7 and 42 days. The severity of
a drought period depends on the duration ofthe drought, but also on the rate and extent of the
decrease in soil water content (Sharma 1998). This aspect of drought severity was addressed by
simulating a rate of decline in soil moisture content that was similar to observed rates of drying.
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Figure S.2a,b. Zero to unity reduction factor (dimensionless) for A) the availability of soil moisture
and B) the relative root length per volume. Both factors are used in Equation 7.7, which the
PARCH crop growth module uses to calculate the accessibility of soil moisture for crop water
uptake.

In the simulation runs, the interactions between transpiration and soil moisture availability needed
to be negated, so that the direct effect of limiting soil water supply on crop performance could
be investigated. This was achieved by simulating the rate of soil drying independently of the crop
water uptake. Over the duration of the drought period, soil water content WC was reduced
according to soil drying as estimated with the Daily Water Estimate method for calculating a daily
soil water balance (see Chapter 4):

[4.6]

wherefd,e")' is a decay factor (/d,e")'

E

[0, I]), t is time (days) and WC min is the minimum water

content (m3.m-3). The values that were used were derived from the fit of the Daily Water Estimate
to a drying soil at the Makoholi Experimetal Station (MES).

The effect offd,e")' on the rate of simulated soil drying during a period of drought is shown in

Figure S.4a. The severest decline in soil water content occurs at the start ofa period of drought,
typically over the first 7-14 days, while the severest drought conditions inevitably occur towards
the end.
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Figure 8.3 Relative transpiration rate of maize as a function of the soil suction for different potential
transpiration rates (mm.d·', shown by the numbers) on a silty day loam in Iowa (Denmead &
Shaw 1962).

The drying factorid""" was taken as a suitable indicator of drought severity. Lower values ofid"""
lead to more severe drought periods, as the soil water content decreases at a higher rate. The
decay factor was also linked to the increased drying rate of a soil due to crop water uptake and
weed infestation, so that the effect of drought severity can be linked with the competition of
weeds for soil water resources.

A drought of21 days was simulated during the grain filling period, for values ofid«ay ranging from
0.9 to 1.0. The simulation showed the effect of the severity ofa drought period on crop yield

(Figure 8. 4b) and the likely impact of a high weed infestation.

8.2.3. Drought Duration and Timing
Crop performance is affected both by the timing and the duration of a drought period. However,
the interaction between these drought characteristics makes it difficult to assess them separately.
A single drought was therefore simulated, with varying duration and timing. The onset of the
drought was increased by 5-day increments, from 15 days before crop emergence until crop
maturity. The duration of the drought was increased by 7-day increments from 7 to 42 days.
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Figure 8.5 shows the results of a simulation series in which the timing of a 35-day drought was
varied over the growing season. A dry spell of 3 5 days at Makoholi Experimental Station has a
recurrence period of approximately 3 years. Crop performance is plotted as a function of the
timing of the end of the 35-day drought. The figure shows how the timing of the end ofa drought
period is crucial to its impact on crop performance.
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Figure 8.4a,b. Effect of the drying factor /"'' '1 on (A) the rate of drying of the soil profile during a
simulated drought and (B) on the simulated crop yield fora 21-day drought, starting at 105 days
after emergence. The values of fd~.y for a weedy and a weed free crop, were derived from the
analysis of measured soil water data at the Makoholi Experimental Station (§3.3).

The simulated crop yield was particularly sensitive to the occurrence of drought during flowering.
When the drought period covered the entire flowering stage, which generally occurs between 66
and 81 days after emergence, the crop failed to produce any yield. Similar results were obtained
with the other simulation series, examples of which are presented in Figure 8. 6. The timing ofthe
drought for each of the five selected series fell in a different developmental stage of crop growth.
The sensitivity to droughts during flowering was further emphasised, as droughts over 21 days
and covering this period resulted in crop failure. This sensitivity is governed by the number of
grain sites N that are set by PARCH, at the end of the flowering period:
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N

=

No (I'lAD W)GS2

[8. 1]

Pplalll

where No= grain number conversion factor (sites.planr' .g-'(increase)), (LlADUQGsl = increase in
weight over the flowering period and P p/ani = plant density (plants.m-2 ) . When assimilation ceases
during the flowering period due to drought, no grain sites are set, resulting in crop failure . The
sensitivity of crop yields to drought stress over the fl owering period is well documented (Costa

et al. 1999, Hofer 1998, Rhoads & Bennett 1990) and grain yield has been found to be highly
correlated with the kernel number per plant (Bolafios & Ed meades 1996). The method used to
calculate grain setting is similar to the method that is used in CERES (Jones & Kiniri 1986).
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8.5. Simulated effects of the timing of a 35-day drought period on crop yield al1d above-

grou nd dry weight production

(AD ~Ii').

Horizontal bars show selected periods of drought, e.g.

th e drought perio d ending 36 DAE produced a yield of 3.4 t.ha-' and 6.8 t.ha-' of ADW. The
shaded area CS 2 indicates the period of flowering, during which maize is mos t sensitive to the
occurrence of drough t. Yet, only when the drough t period las ted for the entire fl owering period
did the simulated crop fail to produce a yield.
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Figure 8.6. Simulated effects of the timing and duration ofa drought period on crop yield (top) and
above-ground dry weight (bottom). The different series show the timing of the end of the
drought period (in days after emergence, DAB), which is when drought is most severe. The
abbreviations in brackets indicate the timing in terms of the stages ,of crop growth: Est. =
Establishment, Veg. = Vegetative growth,gs2 = Growth stage 2 (Flowering),gs3 = grain filling,

Mat. = Maturity.

The series shown in Figure 8.6 showed a linear decline of the total production of above-ground
biomass with an increase in drought duration. This linearity can be explained by the crop response
to limited water accessibility. During a period of drought, the simulated crop ceases to take up
water and assimilation is halted. After a period of drought, the crop showed a rapid recovery of
the rate of assimilation. An example of this response is given in Figure 8.7, in which the timing
of a 35-day drought is varied over the growing season. Only when the simulated drought
exceeded 35 days and the drought period affected the vegetative growth of the crop did the
simulated crop show a partial, rather than a full recovery of the assimilation rate (Figure 8.6).
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Simulated 35-day Drought
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Figure 8.7. Effect of a drought period of35 days on the accumulation of above-ground dry matter.
During a period of drought, assimilation ceases.

8.2.4. Conclusions
The aims of this exercise have been to investigate the physiological response ofthe simulated crop
to the occurrence of drought and to establish the strengths and weaknesses ofthe PARCH crop
growth model in its response to drought stress. Such an analysis will contribute to the
interpretation of results of subsequent modelling exercises (Chapter 9).
In general, the crop model exhibited a marked response to the occurrence of droughts of different
length and severity. The simulation series showed how the timing of the end of a drought
determined the effect on crop performance, reflecting the end-point of the soil moisture deficit.
The simulated crop yield was particularly sensitive to drought during the flowering period, due to
a sharp reduction in the number of grain sites that were produced under stressed conditions.
Simulated yields were also sensitive to drought occurrence during the grain filling period. Drought
during the early stages of crop development had a distinct impact on the production of aboveground dry weight, but the impact on simulated yields was limited. This is not in line with the
observations ofTwornlow et al. (1994), who found a strong effect of dry conditions during crop
establishment. The yield effect of droughts occurring at the start of the season are therefore likely
to be underestimated by the crop growth model.
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8.3. Assessment of Intra-Seasonal Drought

Section 8.2 investigated how the duration and the severity of periods of drought within the
growing season affected crop performance as simulated by the PARCH crop growth module.
This section discusses different methods assessing the probability of the occurrence and the
severity of these intra-seasonal droughts. The methods are compared in terms of their relevance
to agricultural production and their general applicability. They are based on precipitation alone
(meteorological drought), or on weather and soil moisture content (pedological drought) or on
crop response to drought conditions (agricultural drought, using the P ARCHED-THIRST crop
growth simulations).

Dracup et al. (1980) identified four issues that needed to be considered in order to define
accurately the type of drought event to be studied:

1. Primary research interest.
The research interest here is the calculation of agricultural drought. It is necessary to
investigate to what extent this is a function of meteorological and pedological conditions.

2. Determination of the averaging period of the time series. Which unit of time will be used

as the averaging period for the meteorological or pedological variables under consideration?
The choice of the averaging period is dependent on the primary research interest. Agronomic
research into drought has generally put the emphasis on the yield effect of seasonal drought,
which leads to an averaging period of one season or longer, depending on the political and
social context (e.g. Scoones 1996, Keating & Meinke 1998). The occurrence of seasonal
drought is discussed in §8. 4., where several characterisation methods are compared with
observed and simulated crop performance. The occurrence of intra-seasonal drought periods
requires a shorter averaging period.

-203-

8. Drought Assessments

3. Analytical distinction of drought events.

The definition of the onset of a drought is relatively arbitrary compared with other extreme
events such as floods due to the gradual nature of the development of drought. In this study,
the onset of a drought is identified on the basis of a predefined threshold value for each
drought estimation method. The threshold values are defined so as to represent conditions
at which the reduced availability of soil moisture to a crop starts to have a severe impact on
crop performance.

4. Regional aspects of drought occurrence .

• On a regional rather than a point or field scale, different soil types occur which have a
distinct influence on the drought susceptibility of the cropping system. This aspect is
addressed in §8.4, by comparing the long-term drought susceptibility of two soil types
under the same climatic conditions .
• The resource base of smallholder farmers within a region varies widely in terms of their
access to good soils, labour and draught animal power resources, as well as fertilisers,
improved seed and herbicides (Chatizwa et al. 1998). This resource base has a distinct
impact on the tillage and weeding practices of farmers, on their flexibility to adapt to
weather conditions and on their susceptibility to the occurrence of drought. This issue is
further investigated in §8.4, where an application of the modified PARCHED-THIRST
model is presented. In a case study, the model has been used to demonstrate how the
socio-econornic context offarmer livelihoods influenced the management options, which
in turn had an impact on overall crop performance. It was found that, especially, the intraseasonal variability of the rainfall distribution exacerbated sub-optimal crop management
practices .
• At a national scale, there is currently a drive towards increased accuracy and efficiency in
monitoring and predicting spatial weather patterns. Several early warning systems are now
in place that combine satellite imaging and ground data to estimate real-time precipitation
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and to make seasonal weather predictions (e.g. GIEWS', REWS2) . In southern Africa,
Lourens & De Jager (I997) produced a crop-specific drought monitoring system, linking
crop growth modelling with GIS. Kumar (1998) developed a similar system for the arid
J odphur district in India, but he used multiple regression models rather than crop growth
modelling. This is an important development in the application of crop growth modelling.
However, it is beyond the scope of this thesis.

Four methods were used to characterise intra-seasonal drought. The first method was defined
as meteorological and was based on weather data only. The remaining three methods calculated
pedological drought occurrence, the soil water component being calculated on the basis of,
respectively, the soil water holding capacity (swhc), the Daily Water Estimate method (Chapter
4) and the simulation of soil water regime.

8.3.1. Meteorological Drought.
The meteorological approach to intra-seasonal drought describes the occurrence of dry spells
between rains that are sufficiently large to replenish the soil reservoir. The computation of intraseasonal, meteorological drought, therefore, depends on the definition of a "sufficiently large"
rainfall event. This was considered to be a function of a) the threshold rainfall depth to end a
period of drought, b) the occurrence of clusters of rain storms, i.e. period over which the
threshold rainfall depth is reached and c) the duration of a drought period required to make an
impact on crop growth.

a) Depth of Rainfall
Several studies that have investigated dry spells between rainfall events have disregarded rain
storms smaUer than 1-5 mm.d·', based on the rationale that such smaU events have no impact
Global Information and Early Warning System (I'AO),
http://www.fao.org/WAICENT/faoinfo/economic/g).euws/english/g).euwse.htm
2 Reg).onal Early Warning System (SADC),
http://www.zimbabwe.net/sadc-fanr/rewu/rewutxt.htm
1
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on the soil moisture content, because they are smaller than the potential evaporation (Martin

et al. 1995, Moyo & Hagmann 1994, Nieuwolt 1989). However, from an agronomic
viewpoint, a period of drought is only terminated by rainfall events that are large enough to
replenish a parched soil profile, thus increasing the availability of water to plants. On coarse
sandy soils, it may take as little as 30 mm of precipitation to bring the top 500 mm of a
desiccated soil profile to field capacity, but as much as 90 mm may be required to achieve
the same for a silty clay loam (Twomlow 1994). This variation with soil type hampers the
selection of a single threshold depth of rainfall for the determination of dry spells that are
agronomically relevant.

b) Rainfall Clustering
A period of drought may end because of a single rainfall event, but it is often terminated by
a cluster of convective rain storms. A rainfall cluster has been defined as a period during
which the daily precipitation did not drop below a threshold value of 3 mm.d"' for longer
than one day. The long-term rainfall record of the Makoholi Experimental Station (MES)
showed that rainfall periods can last for two weeks or longer and that 82% of the rain days
were part ofa cluster of< 4 days (Figure 8.8). At the Cotton Research Institute (CRI), the
size ofthe clusters over the period 1989-1995 was generally smaller. This has been attributed
to the below-average rainfall observed over this period (Figu re 3.5), although this could not
be tested for rainfall prior to 1989 because only monthly data were available.

Especially large rainfall events were commonly associated with rainfall clusters. This is
illustrated by Figure 8.9., which shows, for example, that at both MES and CRI, there is
approximately an 85% chance of additional rainfall within three days of a rainfall event
exceeding 10 mm.d"'. The median rainfall depth over a 5-day period around such a rainfall
event was 50 mm at MES, while the 6-year daily weather data at CRI only showed a median
5-day rainfall expectation of30mm (Figure 8.10). Nevertheless, under most conditions, this
is sufficient to replenish at least part ofthe soil profile, thus alleviating the immediate drought
stress of crops.
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Figure 8.8. Probability distribution of rainy days over rainfall periods (clusters) of differen t lengths,
at MES and CRI. A rainfall period was defined as a period during which the daily precipitation
did not drop below a threshold value of 3 mm.d·!, for longer than one day.

c) Duration of Drought Period

To assess the occurrence of drought, a minimum drought length was defined because brief
periods without rainfall generally have no affect on crop performance. The minimum length
of a dry spell was set to 14 days, as under most conditions, crops will be able to survive for
two weeks on moisture stored in the soil profile, even on coarse sandy soils (Figure 8.6).

8.3.2. Pedological/ Agn'cultuml Drought

Pedological drought was investigated for the climatic conditions at MES over the period 19671997 and at CRI for the period 1989-1995, depending on the length of the daily weather data
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that were available.' Both of the parameterisations of the coarse sandy soil at MES and the silty
clay loam of CRI were used to calculate drought in order to study the effect of different soil
types on drought sensitivity. In defining pedological drought, three methods were used to
address the soil moisture storage. The first method used a bucket-type approach, based on the
soil water holding capacity2 (swhc). Precipitation replenished the soil moisture storage, while
evapotranspiration losses were set at 4 mm.d·'.

During the growing season, this value was a rough approximation of o. 7*class "A" open-pan
evaporation, which Doorenbos & Kassam (J 981) reported as being the equivalent of the
evapotranspiration rate from a sparse canopy. Drought was recorded as those days when the
available soil water storage was fully depleted.

The second and third method of assessing pedological drought used estimations of the soil
water content in the 0-900 mm soil profile, calculated by, respectively, the Daily Water Estimate
method (DWE) of Chapter 5, and the PARCHED-THIRST crop growth and soil water
simulation model (SIM). Both methods simulated the response of (evapo )transpiration rates to
a diminishing soil water content. They thus introduced an agronomic response to soil and
weather conditions into the drought calculations, which made them potentially more valuable
to studies of the agronomic impact of drought occurrence. Based on earlier simulation results,
the threshold water content at which the soil water availability was considered to be low enough
to severely constrain crop growth was defined as 0.09 m3 .m·3 for the coarse sandy soil and 0.32
mJ m·3 for the silty clay loam.
, At MES, daily rainfall data were available for the entire 3D-year period, while daily
data on minimum / maximum temperature, rainfall and sunshine hours were only available
for the period 1991-1998. The weather generator in PARCHED-THIRST was used to create a
3D-year data set of daily weather.
'The soil water holding capacity was here defined as the difference in water content
between field capacity and the permanent wilting point (in mm), albeit with the notion that
this definition needs to be used with great caution, as not all soil moisture within this range is
equally available (Hillel 1982)
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8.3.3. Comparison of Drought Measures

The meteorological assessment of intra-seasonal drought and the three pedological drought
measures produced different assessments of the frequency at which droughts occurred at MES,
and the length of those drought periods during the growing season (Figure 8.12a). The swhcbased assessment estimated a much higher occurrence of short periods of drought, but fewer
periods that lasted more than 14 days. The total number of drought days predicted over the
season was comparable to the number of days calculated with the simulation-based assessments

(Table 8.2). TheDWE-based drought assessment estimated substantially less drought days than
the other methods, due to the overestimation of the soil water content (Table 4.3). In contrast,
at CRI, the swhc based approach calculated fewer drought days than the other methods and did
not simulate extended periods of drought (Figure 8.12b).

Table 8.2. Average number of drought days at the MES and CRI, over the period DecemberMarch, as calculated with four methods for drought assessment. The standard error is the
error of the seasonal mean. MET = meteorological drought, PED = pedological drought.
PED

MET
swhc

dwe

sim

P>10, t> 14

100mm

0.09 m3 m-3

0.09 m3 m-3

Drought Days (Dec-Mar)

41

31

15

36

S.e.

3.4

3.9

3.2

5.6

Drought Days (Dec-Mar)

38

18

32

38

S.e.

6.7

5.6

9.8

10.6

MES 1967-1997

CRI 1989-1995
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Similar patterns were observed when the occurrence of intra-seasonal drought was assessed on
a monthly basis. Figure 8.13 shows that, although the average number of drought days per
month varied between the calculation methods, they all demonstrated that the chance of
experiencing drought was smallest during the period December-February and that the number
of drought days was approximately half of those calculated for November. However, the
drought days calculated for November also included dry days before the onset of the growing
season. In March, the likelihood of experiencing drought increases dramatically, emphasising
the need for early planting in order to reduce the risk of drought stress during flowering.

8.3.4 Discussion
The differences in the number of drought days calculated with the different methods made it
impossible to make an unambiguous statement on the actual occurrence of drought. Although
the four methods are based on threshold values for the occurrence of drought, it is not possible
to define the precise onset of an agricultural drought. This is a gradual process rather than an
event, because it is caused by a continuous decrease in available water to plants. Nevertheless,
a similarity was observed in the pattern and number of drought days given by the different
drought characterisation methods. This emphasises that the semi-arid conditions at MES,
combined with the low soil water holding capacity, make the occurrence of agricultural drought
highly dependent on the rainfall distribution over the growing season.

It is difficult to draw similar conclusions about the monthly drought patterns at CRI (Figure

8. 13b), which, due to the shorter rainfall record, are more erratic. However, at both CRI and
MES, the risk of agricultural drought increases sharply towards the end of the growing season
as soil water resources are depleted and the probability of additional rainfall decreases. This
higher risk emphasises the need for planting early in the season, so that maturity is reached and
the crop water demand is reduced before soil water resources are depleted. Yet, because the
risk of drought after intitial planting rains is substantially higher during November than during
December, sucha strategy may compromise crop emergence rates and good crop establishment.
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Both these factors are very important, as they increase the rooting depth and general root
proliferation, thus increasing the accessibility of the soil water reserves present. Poorly
resourced smallholder farmers often put great emphasis on good establishment, also because
the cost of seed takes up approximately 30% of the total costs including labour and DAP and
some 80% of the input purchases (Mazhangara et al. 1995). Planting strategies thus vary from
farmer to farmer and from year to year, depending on the apparent soil and weather conditions.
This exercise shows that although the probability of intra-seasonal dry spells can be analysed
and described, the high degree of variability means that it is difficult to advise on optimum
planting dates, because each cropping strategy will involve a high degree of risk-taking.
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Figure 8. 12a, b. Effect of different measures of intra-seasonal drought on the occurrence and
distribution of drought duration during the growing season, for a coarse sandy soil at the MES
(A) and a silty clay loam at the CRI (B). MET = meteorological drought, PED
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Figure 8.13. Effect of different measures of intra-seasonal drought on the occurrence and
distribution of drought days over the growing season, for (A) a coarse sandy soil at the MES
and (B) a silty clay loam at CRI. MET

=meteorological drought, PED = pedological drought.

Error bars indicate the standard deviation of the monthly mean of the meteorological drought
( T) and the swhc·based drought calculation (T).

8.4. Assessment of Seasonal Drought

Many authors have described the risk of seasonal drought from an agro-meteorological or from
an agronomic perspective. In a review paper on the research conducted by ICRISAT, Monteith
and Virmani (1991) described how, over the past four decades, the use of (agro-)
meteorological characterisations have been complemented with increasingly complex soil water
and crop growth models. Simple water balance models were introduced in the early seventies
in order to estimate the risk of crop failure due to pedological droughts that were caused by
erratic rainfall distributions during the growing season (e.g. Virmani et al. 1979). The
shortcomings of such models were the use of arbitrary values for transpiration rates which were
dependent on climatic factors only. Since then, several studies have applied crop growth models
to the study of drought risk.
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Keating & Meinke (1998) have argued that meteorological conditions alone do not sufficiently
capture the important issues of rainfall intensity and distribution in relation to the state of the
agricultural system. They proposed the use of crop growth modelling results as an objective,
scientific input into drought policy decision making, such as judging whether conditions are
sufficiently severe to justify the activation of the Australian Rural Adjustment Scheme (White
& O'Meagher 1995). In South Africa, crop growth modelling has been used for similar

purposes by Lourens & De Jager (1997). However, in many arid regions, a lack of data is often
seen as an obstacle to attempting complex analyses and model applications (Agnew & Warren
1996). Kumar (1998) argued that in such a case, a stochastic approach maybe favoured. While
acknowledging soil moisture as the single most significant parameter affecting crop yield, he
developed yield models for the Jodhpur district based on daily rainfall data and yield
observations alone.

The studies ofKeating & Meinke (1998), Lourens & De Jager (1997) and Kumar (1998) all
achieved acceptable predictions for the occurrence of drought, despite the large differences in
data requirements and model functionality. This raises the question as to what extent a reduction
in model complexity limits its ability to identifY droughts and to classifY them in terms of
severity. This section addresses this issue through a comparison of the drought measures
discussed in §8.3., which are based on soil water balance and crop water uptake models of
increasing complexity and data requirement.

8.4.1 Material and Methods

In total, seven methods of characterising seasonal drought were used to calculate drought
severity. The methods required different levels of data input and provided different expressions
of drought (Table 8.3).
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The first measure is the (meteorological) drought indexDI of Downing et al. (1988), which has
been used by Mashavira et al. (1997) as an illustration of the general cropping conditions at
MES and CRI between 1980-1997. DJ is a linear function of the seasonal precipitation P and
is calculated as

D/= [P-P""g]IS

[8.1]

where P""g is the long term mean seasonal rainfall and S the standard deviation of the mean.

A second estimate of meteorological drought used the calculation of drought days described in
§8. 3., i. e. days more than 14 days after the last rainfall event ~ 10 mm. A seasonal drought
measure was obtained by simply summing the estimated drought days over the growing season.

The same approach was used to calculate pedologicai drought either using the swhc method or
the predicted soil water content, which was calculated with the P ARCHED-THIRST model
calibrated to maize production on coarse sandy soils at the MES (Chapter 8). The simulated
crop performance, expressed by yield and seasonal crop transpiration, was used as a measure
of agricultural drought.

The seasonal drought estimates were compared with measured yield data at MES and CRI,
respectively, over the period 1991-1997 (Twomlow 1999) and 1989-1995 (CRI, unpublished).
The performance of the drought estimates was assessed with Spearman's rank correlation r,
because the relation between the measures of drought intensity and crop performance was not
necessarily linear and the sample size was small (n<IO). The parameter settings of the drought
measures were taken from §8.3. The drought measures were calculated over two periods,
December-March and November-April. The period December-March forms the core of the
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growing season at both MES and CRI, although planting commences between early November
and late December. The growing season at CRI is longer, a result of the higher soil moisture
holding capacity and the slighty higher precipitation towards the end of the growing season, 179
mm over the period February-April compared to 123 mm at MES (Figure 3.5). The use oflater
maturing varieties results in a higher sensitivity to (pedological) droughts during April in
comparison to the early maturing cultivars that are grown on the coarse sandy soils at MES.

The seasonal drought characterisations were used to calculate the severity of seasonal drought
at MES over the period 1967-1997 and to study the relative performance of the drought
measures.

Table 8.3. Summary of the seasonal drought estimates discussed in this section.
Drought Estimate

Data Input

Input
Parameters

Measure of
Drought Intensity

Unit

Meteorological Drought
1.

D!

Seasonal P

[P-P",J/S

Daily P

Pmin, 'tmin

~[drought

days]

days.season·!

iii. swhc-based

Daily P

swhc. ET

~[drought

days]

days.season'!

iv. DWE-based

Daily P, ET

WCmin, WCmllX)

~[drought

days]

days.season.!

~[drought

days]

days.season·!

ii. Drought Days

Pedological Drought

id,,"y
v. simulated SWC

DailyP, ET,
Tmim Tmax

Soil & Crop
parameters

Daily P, ET,
Tmi"" Tmax

Soil & Crop
parameters

Agricultural Drought
vi. Simulated Yield
vii. Simulated Transpiration

Yield

t.ha·\

Crop Transpiration nun.season·\
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8.4.2. Results and DisCllssion

Comparison with Observed Yields

Table 8.4 presents the Spearman rank correlation r between different seasonal drought
measures and observed maize yields of a conventional cropping system. Acceptable results were
achieved with the meteorological drought estimate methods, both at MES and CRI. Similar
performances were found for the pedological drought estimates at the MES, when they were
calculated over the period December-March. When calculated over November-April, the
correlations were lower, as pedological drought before planting (early November) and after
maturity (April) did not affect crop yields. At CRI, the pedological drought over the period
December-March was not well correlated with crop yields, but drought calculations over the
period November-April gave acceptable results for the swhc-based method and the simulated
soil water content.

The correlations of the simulated crop performance parameters with observed crop yields were
generally poor. The exception was the seasonal crop transpiration at MES which, in fact,
produced the best correlation with observed yields (r = 0.99). Possible causes for these results
were thought to lie in the crop growth module of the P-T model and in difficulties with the
parameterisation of crop growth processes such as root proliferation, water extraction from the
soil profile and drought response.

Due to the different soil water holding capacities at MES and CRI, an erratic rainfall distribution
over the growing season affects crop growth differently at each site. The low soil water holding
capacity of the coarse sandy soils at MES results in the occurrence of pedological drought
periods throughout the season, limiting crop transpiration and assimilation rates. Droughts
during crop establishment (early December) and the flowering period, which generally takes
place in February, have a detrimental effect on actual crop yields.
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Table 8.4. Spearman Rank Correlations rbetween seasonal drought measures and observed maize

yields of a flat conventional cropping system, over the period 1991-1997 at MES (fwomlow
1999) and 1989-1995 at CRI (CRI, unpublished). fwhc = Soil water holding capacity, DWE =
Daily water estimate, SWC =Soil water content, ADW = Above ground dry weight.

Calculation Period

MES

CRI

Dec-Mar Nov-Apr

Dec-Mar Nov-Apr

Meteorological Drought Measures
Drought Index

0.75

0.76

0.80

0.80

-0.72

-0.72

-0.60

-0.90

swhc 2

-0.85

-0.68

-0.31

-0.78

DWE 3

-0.79

-0.41

-0.70

-0.60

-0.72

-0.72

-0.10

-0.82

Drought Days

I

Pedological Drought

Simulated SWC

3

Agricultural Drought
Simulated Yield (t.ha· l )

0.26

0.50

Crop Transpiration (mm. season· l )
0.99
-0.20
1 criterium for drought day: time since rainfall event >10 mm exceeds 13 days.
Z

swhc =: 100 mm (MES) or 250 mm (CRI).

'Threshold soil water content =: 0.09 m'.m·' (MES) or 0.32 m'm" (CRI).

However, on the silty clay loam soils at CRI, early rains replenish a substantial part of the soil
profile and water losses to drainage are limited. Thus, dry spells during the first half of the
growing season do not lead to the occurrence of severe pedological drought. But, if
precipitation levels throughout the season are below-average, the soil water availability
decreases towards the end of the season. When soil water availability becomes limiting during
the grain filling period, crop yield is rapidly reduced. This mechanism explains why the observed
crop yields at CRI correlated wel1 with the Drought Index over the period December-March,
but not with the pedological drought days over the same period.
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Long-term estimates of seasonal drought.
The drought characterisation methods were used to calculate the occurrence of seasonal
drought over the period 1967-1997 for the rainfall and soil conditions at MES. The results are
presented in Figure 8.14, along with the seasonal rainfall. Years with extreme droughts, such
as 91-92 and those with above average conditions for crop growth, such as the period 19741978, were identified by all methods. However, the differences in the units for expressing
drought severity between drought characterisation methods inhibited a direct comparison
between the methods under investigation. Therefore, the units of drought were normalised to
a drought index with a mean of zero and a standard deviation of one, analogous to Equation

8.1:
Xm = [X - x..,.JlS

[8.2]

where Xavg and S are the mean and standard deviation of the mean over the 30-year period of
drought characteristic X. Scoones (1996) distinguished four levels of drought:
-0.2 S Xm < -0.5 Light drought
-0.5 S Xm < -0. 8 Moderate drought
-0.8 S Xm < -1.3 Severe drought
Very severe drought.

Figure 8.15 shows the predicted occurrence of different levels of drought, as calculated with
six drought characterisation methods. The predicted occurrence of droughts exceeding "slight"
drought was similar for all characterisation methods, ranging from 4.2 (DJ) to 3.1 (Tuop )
droughts per 10 years. The occurrence of "severe" and "very severe" droughts varied strongly,
however, between the different characterisation methods. Based on seasonal precipitation alone,
nearly all droughts fell into those categories, whereas the use of meteorological drought days
suggested that this was the case for less than half of the registered droughts.
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Figure 8.14. Seasonal Rainfall at the MES over the period 1967-1998, compared to four seasonal
drought characterisations. The x-axis indicates the year of harvest, i.e. '92 shows the results for
the season 1991-92.
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The use of the pedological drought characterisations led to higher predictions of the occurrence
of drought. This was mainly due to the high estimation of the occurrence of "slight" droughts,
especially when the drought calculations were based on the simulated soil water content. Yet,
the occurrence of " slight" pedological droughts appeared to have little effect on the simulated
crop performance. The crop transpiration and yield figures predicted respectively 3.7 and 3.5
seasonal droughts per 10 years, which was si mil ar to the 3.9 " moderate" and "severe"
pedological droughts that were predicted with the simulated soil water content. Yet, while the
pedological drought characterisation did not predict "very severe" droughts, the crop
transpiration figures classified half of the droughts as "very severe". Similarly, the simulated
yield method predicted that over 90% of droughts were "severe" or "very severe". In this
respect, the results were surprisingly similar to drought calculations with the meteorological DI,
which predicted that 85% of droughts exceeding "slight" drought would fall in these categories.

Drought Occurrence overthe period 1967-1997
Comparison of drought characterisation methods
. VerySevere

. Severe

0 Moderate

O Slight

Occurrence per
10 Years

6 ~-----------------r==~------------

5t------------r===O-l

1.9

4f1-~F.Fl_--rc~l-~~'~·°_l--_L--_l--_r~~---------

3

2

o
MET: 0 1

MET: Drought

PED:swhc

PED: SIM

Days·

100mm

0 .09 m3 .m-3

SIM: Tcrop

SIM: Yield

Figun 8.15 Expected occurrence of seasonal drough t per 10 year, calculated with six different
drought characterisation meth ods. Drough t severity follows the definition o fScoones (1996)

(Eq/latioll 8.l) . Data labels show the occurrence per 10 years.
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The objective of this section has been to investigate to what extent an increase in model
functionality and data input would produce a better drought characterisation. Although Keating
& Meinke (1998) argued that simulation model results were a superior measure of drought

severity in relation to crop performance, this exercise suggests that less complicated drought
characterisations also successfully identified extreme droughts.

The effect of the erratic rainfall distribution over the growing season depends strongly on the
soil type, as the presence of a soil with a high water holding capacity acts like a buffer to
dramatic changes in the crop growth conditions. This effect is highlighted in Figure 8.16,
showing that the impact of drought on a soil with a higher soil water holding capacity is
considerably lower.
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Figure 8.16. Calculation of pedological drought days between December-March using the slIlhcbased characterisation, for two levels of the soil moisture holding capacity (in mm).
Calculations were made using the long-term rainfall record at MES.
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CHAPTER 9. SIMULATED CROP MANAGEMENT AND DROUGHT IMPACT

Weed competition for soil moisture is a key factor in semi-arid, low-input farming (Twomlow et
aI.1997). Smallholder farmers in semi-arid Zimbabwe have long recognized the need for good

weed control. Winter ploughing at the start of the dry season eliminates weeds, prevents the
depletion of the moisture that is stored in the soil profile and thus improves the soil moisture
conditions during crop emergence and establishment (Willatt, 1967). Shumba (1984) reported
yield reductions of3.4 to 2.4 t.ha· t for a sandy soil in Natural Region 11 when winter ploughing
was not carried out.

The use of draught animal power (OAP) by smallholder farmers strongly reduces the human
labour input that is required for tillage and weeding operations. It thus increases the opportunity
to perform operations that are timely and appropriate with regard to the weather conditions
(Shumba et al. 1992). However, limited access to labour and OAP restricts the farming options
of poorly resourced farmers (Ellis-Jones & Mudhara 1994).

Chatizwa et al. (1998) distinguished three broad categories offarmers, based on their wealth and
the resources available to them (Table 9.1, see also §1.2.1). Riches et al. (1998) subsequently
summarized how these categories related to farm size, land quality, access to labour, OAP and
off-farm income (e.g. remittances from family members). These studies demonstrated how
livelihoods affect farmers' options for proper land preparation and weed control and importantly;
how they can restrict the opportunities for the uptake of soil and water conservation practices.

If research and dissemination efforts that deal with improved farming practices are to address the
issues that restrict the production potential of smallholder farmers, it is of great importance to
consider the constraints and opportunities that result from their livelihoods. Yet, quantitative
computer simulation studies often fail to address how crop performance relates to restrictions in
management options and how management affects weed competition for limited water resources.
These relations are crucial, if computer simulation is to be used to full advantage, in the drive
towards improved cropping practices for smallholder farmers.

9. Simulated Crop Management
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This chapter aims to demonstrate how even simple assumptions about the link between fanner
livelihoods, crop management and biophysical simulation modelling can produce insights into how
these relations affect crop performance.

Table 9.1. Tillage and weeding options for farmers with different resources, on a coarse sandy soil.
WP = Winter Ploughing, JP = Spring Ploughing, 3FP = Third Furrow Planting, C"lt =
Cultivator,

Rip = Tine Ripping (Source: Chatizwa et al. 1998).

Farmer category

Land
Crop
Weeding
Availability
- - - - - - - - - Preparation Establishment
DAP Labour Implements

Full OAP
Full implements
High
Well
Resourced Few labour constraints
Outside incomes
Regular fann sales

Partial OAP
Low
Medium
Plough only
Resourced Some labour constraints
Variable outside

High

Full

WP SP

3FP
Rip

Hand Hoe
Cult
(Plough)

High

Plough

- sp

3FP
Rip

Hand Hoe
(Plough)

Low

Hoe only

-

3FP

Hand Hoe

incomes
Fann sales in good
years

Poorly
Resourced

little or no OAP
No implements
Severe labour
constraints
Remittances/relief
Fann sales rare

Low

SP

(Rip)

9.1. Definition of Simulation Scenarios
The study ofChatizwa et at. (1998) investigated cropping practices offarmers in two smallholder
farming areas in Masvingo Province, Zimbabwe, which were located in the vicinity ofMakoholi
Experimental Station (MES). Decision trees were developed that described how the financial and
social position offarmers affected their access to draught animal power and labour and how this
defined which cropping practices were most appropriate for their circumstances (Table 9.2).
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The information in Tables 9.1 and 9.2 was used to define typical crop management scenarios for
each category offarmers that could be simulated using the modified P ARCHED-THIRST crop
growth model. The scenarios described whether a farmer was able to winter plough, to plant at
the optimal planting date and to control weeds efficiently during the growing season. The effect
of different crop establishment practices, such as tine ripping and open plough furrow planting,
were not taken into consideration, as there were insufficient data available to justifY the use of the
Tillage Routine ofthe modified P ARCHED-THIRST model (§8. 3. 3). The four crop management
scenarios that have been defined, are outlined in Table 9.3. Two different scenarios were defined
for the "poorly resourced"-catergory, so that the simulated effect oflate planting could be studied
independently of the level of weed control.
The four scenarios were simulated over 30 consecutive growing seasons, using the long-term
daily rainfall record at MES, starting with the 1967-68 season. The model was run with two
different soil types, the coarse sand of MES and the silty clay loam of CRI, based on the
calibration exercise that is presented in §8.3. The weed growth routine, however, was only
calibrated using the W-2 weeding experiment and the weed water use experiment of Chapter 5,
both of which were conducted on the coarse sandy soils ofMES. For the silty clay loam, no data
on weed water use were available. It was thus not possible to calibrate the weed growth routine
for the different pedological conditions, but to account for the higher water availability on the silty
clay loam, the maximum weed transpiration rate Tw m"" (Equation 8.34) was increased from 1.8
to 4 mm.d· l . This is a rough approximation to the evapotranspiration rate from a sparse canopy
(Doorenbos & Kassam 1981).

The simulation runs emphasised the effect of weed control on crop performance. It was
acknowledged that the technique and timing of crop establishment methods had a strong impact
on the early development of the crop. However, as the PARCH crop growth model does not
describe crop emergence, early root development or crop establishment in sufficient detail (Crout

et al. 1997), the impact of different crop establishment techniques was not further addressed in
this exercise.
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Table 9.2 Effect of the resource level of fanners on crop establishment and weeding technologies
they are able to adopt. 3FP =Third Furrow Planting, Rip =Tine Ripping, OPFP =Open Plough
Furrow Planting, Cult

= Cultivator. Availability of resources: + Available, - Unavailable

+/-

Most suitable option for those with severe constraints. (Source: Chatizwa et al. 1998).

Crop Establishment
Weeding
Labour (h.ha·
DAP (h. ha-I)

l

)

DAP availability
Well-Resourced

3FP

RIP

30

29

23

15

7

9

23

+

+
+

+
+

+
+

+

+/-

+/-

+
+

+
+

+

+
+

+/-

+/-

+

+

+

+

+

+

+

+

+

+

Medium-Resourced
Poorly Resourced
Implement availability
+
Well-Resourced
Medium-Resourced
Poorly Resourced

Hand Hoe Cult" Plough"
113
39
62

46

Medium-Resourced
Poorly Resourced
Labour availability
Well-Resourced

OPFP

+

+

+

+/-

+

+

• Including additional handweeding.

Table 9.3. Typical crop management scenarios available to farmers with different resources at their
disposal. Winter ploughing takes place 21 days after the simulation indicates crop maturity. The
four scenarios represent decreasing levels of weed control.
Winter
Ploughing

Crop
Establishment"

Weeding
(weeks after
emergence)

Reference
in Text

Well-Resourced

Yes

Timely

2+6

WP2+6

Medium Resourced

No

Timely

2+6

nWP 2+6

Poorly Resourced I

No

Timely

4

Farmer Category

nWP4

Poorly Resourced n
Late (21 days)
No
nWP4LP
4
The crop establishment technique was assumed similar for all farmer categories, i.e. combining
spring ploughing with third furrow planting.

-226-

9. Simulated Crop Management

The simulated tillage and weeding operations were assumed to achieve full weed control. This
assumption means, that differences in weeding efficiencies which are caused by the use of different
ploughing and weeding techniques are not addressed. Yet, the simple weed management
assumption that was used allowed the weed growth routine to simulate the agronomic effects of
timing and frequency of weeding in greater detail and with greater relevance for the socio-·
economic context.
The simulation results of the four scenarios were compared using the median and average crop
yield, as well as annual weed and crop transpiration. The upper and lower quartiles were
calculated to indicate variability of the data because the 30-year crop performance could not be
assumed to be normally distributed.

9.2. Results and Discussion
The results of the 30-year simulation runs are presented in Figures 9.1 to 9.4. On both the coarse
sand and the silty clay loam, each of the four scenarios produced a wide range in maize yields,
indicated by the values at the upper and lower quartile. This range results from the large interannual variability of the rainfall distribution, which has a marked effect on the conditions for crop
growth.

Winter Ploughing

Figure 9.1 a. demonstrates how winter ploughing had a profound affect on weed transpiration on
the coarse sandy soil. In the absence of winter ploughing (n WP 2 + 6), weed transpiration was
typically 28 mm higher, most of which was extracted over the dry season. As a result, the soil
water content at the start of the growing season was typically 1.6% lower. Yet, the model results
did not indicate that this made a substantial impact on crop performance, as neither crop
transpiration nor yield were affected by the absence of winter ploughing (Figures 9.2a, 9.3a.).
This was explained by the observation that the first rains were generally able to replenish the
coarse sandy soil, thus annulling the small differences in soil water content that had built up over
the dry season. An additional explanation was that the limitations of the PARCH crop growth
model in simulating crop emergence and early establishment affected the results.
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Based on work by Willatt (1967) and Shumba (1984), Van Der Meer et al. (1999) had argued
that, on soils with higher moisture holding capacities than the coarse sandy soils at MES, weeds
are capable of extracting more water from the soil profile, so that weed control by winter
ploughing will have a greater impact on the soil water status at the start of the growing season.
However, as Figure 9.Jb shows, the simulated transpiration by weeds was much lower on the
silty clay loam than on the coarse sand and winter ploughing did not affect weed water uptake.

It was found that weeds did not succeed in taking advantage of the soil moisture left in the soil

profile at the end of the season. This was caused by the shading effect of the simulated crop,
which, due to higher soil water availability, quickly developed a canopy that prevented the regrowth of weeds after the weeding operations. The discrepancy between the model results and
reported weed pressures under similar cropping conditions (Mabasa et al. 1998) suggests that the
simple weed growth routine used in this study needs to be calibrated to account for differences
in cropping conditions and the type of weed vegetation.

Weeding Regime

The difference in weed transpiration rates between the treatments n WP 2 +6 and n WP 4 show the
effects of the application of two weedings rather than one weeding operation (Figure 9.1 a, b). On
both soil types, weed transpiration rates increased by some 20 mm per season, as the delay in
weeding led to an overall increase of the weed transpiration rates over the first 4 weeks after crop
emergence. On the silty clay loam, the yield effect of this increase was small, although the median
yield was reduced from 4.8 to 4.3 t.ha'! (Figure 9.3b).

On coarse sand, the detrimental effect ofthe increased competition by weeds was strongest during
seasons with above average cropping conditions. Although reductions in crop transpiration
between the treatments nWP 2+6 and nWP 4 were limited (Figure9.2a), the predicted yields at
the upper quartile showed a marked decrease from 1.9 to 1.4 t.ha'l. It was argued that because
a well developed crop has a higher potential transpiration rate, it will be more susceptible to
within-season drought spells. An increase in the rate of depletion of the soil profile due to weed
competition for soil moisture, is likely to increase the detrimental effects of intra-seasonal drought
spells on crop production.
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Figure 9.1 a,b. 3D-year simulation results of simulated weed transpiration, for four farming scenarios
with different levels of weed control and land preparation practices. (A) Coarse Sand, (B) Silty
Clay Loam. (O)=Average, (-)=Median. Error bars indicate the lower and upper quartiles.
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To investigate this contention, the exercise described in §8. 2. 2, which simulated a 21-day drought
on a coarse sand for a range of soil depletion rates, was repeated for a silty clay loam. The yield
effects of the two simulation series are presented in Figures 9.4a, b. The drying factors for a
weed- infested and a weed-free crop are derived from the calibrated Daily Water Estimates of
Chapter 4. The Figures clearly demonstate how the combination of weed competition for soil
water resoures and an erratic rainfall distribution can have a strong impact on crop yields.
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Figure 9.4a,b. Simulated yield effect of a 21-day drought during the grain filling period, with
different rates of soil drying, (A) on a coarse sandy soil, (B) on a silty clay loam. The drying
factors for a weedy and a weed free crop were derived the calibration of the Daily \V'ater
Estimate in Chapter4.

Planting Delay

While winter ploughing and the frequency of weeding did affect crop performance, the most
pronounced reductions in crop yields were found to be the result of the delay in planting, both on
the coarse sand and the silty clay loam (treatment nWP 4 LP, Figure 9.3a,b). However, it was
found that late planting mainly affected the crop performance in years with average cropping
conditions, as the yields at the upper and lower quartile showed a much smaller reduction than
the median and average yields.
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On the coarse sand, the effect of the planting delay on annual weed transpiration was limited, but
as crop establishment took place under sub-optimal conditions, crop development was affected,
indicated by the reduction of crop transpiration by approximately 18%. Importantly, late planting
also meant that maturity was reached later in the season and this increased the risk of experiencing
an intra-seasonal drought during the sensitive crop growth stages of flowering and grain filling.
Weed control in this scenario, which represents the poorly resourced farmer, was limited as a
result of the single weeding operation and the water extraction of weeds would further decrease
the soil water availability to crops during such dry spells. As a consequence, crop yields in a
typical year were nearly halved from 1.1 t.ha· 1 to 0.6 t.ha· 1 .

The yield reduction on the silty clay loam was typically 35%, dropping from 4.3 to 2.8 t.ha· 1

(f'igure 9. 3b). Weed transpiration was higher, mainly due to the lack of weed control before the
planting operations. Late planting however did not strongly affect the total crop transpiration

(Figure 9. 2b), which indicated that, throughout most of the growing season, crop water
availability was not substantially affected and that intra-seasonal droughts had less of an effect
than was the case on the coarse sandy soil. The reduction in yield was thus concluded to be the
result of the increased vulnerability for experiencing drought during the grain filling stages due
to a gradual depletion of the soil moisture reserves throughout the growing season.

9.3. Conclusions

The simulation exercise of this chapter highlighted the detrimental effect of delayed planting
operations, even though the effects of poor planting conditions did not affect the simulated
emergence rates (see also §8.2). The yield losses incurred on the silty clay loam were attributed
to the increased vulnerability to drought at the end of the growing season. On the coarse sand,
increased weed water uptake before and after planting was found to have a considerable impact
on crop yields as well. These results subscribe to the conclusions of §8. 4., i. e. that yield
reductions on soils with a low soil water holding capacity are generally due to intra-seasonal
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droughts, whereas yields on soils with a higher storage capacity are less sensitive to an erratic
rainfaIl distribution. Thus, yields from the latter soils exhibit a closer correlation to total
precipitation received over the growing season.

The modified PARCHED-THIRST model successfully simulated how crop performance on a
coarse sandy soil was influenced by different levels of weed competition for soil moisture. The
modelling exercise has demonstrated how this competition exacerbated the detrimental effects of
an erratic rainfaIl distribution. However, the simulation of competition between weeds and crops
on the silty clay loam did not always produce realistic results, because the model failed to predict
high levels of weed pressure under sub-optimal weed management.

Different crop management scenarios, which were defined on the basis of farmers' livelihoods,
were shown to affect the agricultural productivity that can be achieved. The effect of socioeconomic constraints on the productivity of smallholder farmers is illustrated by Figure 9.5a,b,
which shows that timely access to adequate draught animal power and labour is particularly
crucial during the planting operations, because a delay in planting can severely reduce crop
performance.

Yields on the silty clay loam were higher than on the coarse sandy soil, due to its higher physical
fertility. However, access to better soils is closesly linked to the socio-economic status offarmers
(Riches et al. 1998). The differences between fanner categories, therefore, are likely to be greater
than the yield gaps of Figure 9.5 suggest. This study thus demonstrates the pivotal importance
of research and agricultural extension work in increasing the opportunities offarmers to optimise
the use of the biophysical and socio-economic resources at their disposal. An example is the
coIlaborative effort in Zimbabwe ofresearch institutes, NGO's, agricultural extension agencies and
farmer groups, to produce a series of practical "guidebooks to good land husbandry", which is
currently being distributed by the Zimbabwean Farmer's Union (Twomlow & Hagmann 1999).
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Figure 9.5. Cumulative yield gap with well-resourced farmers, simulated over a 30-year period
starting with the season 1967-68, for a coarse sandy soil and asilty clay loam. The resource levels
of the farmer categories are summarised in Table 9.3.

-233-

10. General Conclusions

CHAPTER 10. GENERAL CONCLUSIONS
The availability of soil moisture to the crop is one of the main constraints on crop production by
smal1holder farmers in semi-arid Zimbabwe. Other restrictions to crop production, such as limited
use of fertilisers and herbicides, stem primarily from socio-economic, rather than biophysical
constraints (Rohrback 1998). The objective of this thesis was, therefore, to describe the soil water
regime under different soil and water conservation systems and to discuss its impact on water
availability to crops.
The review of field experiments at the Makoholi Experimental Station (MES) and the Cotton
Research Institute (CRI) showed that soil and water conservation tillage had a considerable
influence on requirements oflabour and draught animal power (DAP). However, its impact on
crop yield and soil moisture availability was limited and varied strongly with the weather
conditions during the experimental period. The duration of field trials is commonly restricted to
the length ofa project cycle, typical1y a period of three seasons, which is too short to cover the
variability of the meteorological cycle. It was therefore concluded that the field trials per se did
not produce conclusive evidence of the benefits and disadvantages of the soil and water
conservation techniques. In addition, the absence of a standard control treatment made it difficult
to establish a comprehensive link between different field trials. All this supported the need for
development of supplementary analyses of available soil water data with the aim of extrapolating
experimental results in time.

10.1 Quantification of Soil Water Regimes
Several basic elements ofthe soil water regime have been identified and addressed. These include

i.

the distribution of rainfal1 between drainage and evapotranspiration fiuxes,

11.

the occurrence of intra- and inter-seasonal drought,

iii.

weed water uptake and

IV.

the effect of crop management on the availability of soil moisture to crops.

Models of varying complexity have been used to quantify each of these elements and the results
have been evaluated critical1y in terms of performance, practical applicability and data
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requirements. Through this approach, the strengths and weaknesses of each model have been
emphasised, while good understanding has been obtained of the processes governing the soil
water regime.
i. Drainage and Evapotranspiratioll Fluxes

Three methods have been used to estimate the seasonal distribution ofincoming precipitation
between drainage, evaporation, crop transpiration and weed water uptake, using
meteorological data and soil water measurements. The first method, the straightforward
"Simple Water Balance"- approach, has been found to be a robust method that produces
reasonable estimates of seasonal evapotranspiration, providing the measurements of soil
moisture content are frequent enough to capture the occurrence of drainage events. On coarse
sandy soils, weekly measurements are insufficient to use this method confidently.

The "No Drainage Estimate" method (NDE) was developed to improve the use of weekly soil
water measurements, and to distinguish between soil evaporation, crop transpiration and weed
water uptake. The method successfully estimates the effect of SWC tillage and weeding
regimes on the water availability to crops. The calculations, however, still require the input of
meas·tired soil moisture content. Therefore, the NDE method can only be applied over the
experimental period and is not capable to extrapolate results in time. The "Daily Water
Estimate" method (DWE) was developed from the NDE method to overcome this restriction,
but this model failed to produce realistic predictions of transpiration and drainage fluxes. The
application of the simple, mechanistic approach of the three water balance models is thus
restricted to processing and analysing experimental results.

The extrapolation of experimental findings beyond the three-year trial period, in order to cover
the full range of climatic conditions, requires the use of dynamic simulation modelling and the
p ARCHED-THIRST model was selected as the most appropriate tool to serve the objectives
of this study. Thirty-year simulation runs of crop growth on different soil types have
highlighted the interaction between soil moisture storage and an erratic rainfall distribution. On
a heavier textured soil, the higher soil water holding capacity acts as a buffer against an erratic
rainfall distribution. Thus, the drainage flux is much lower and the impact of dry spells is
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smaller. This buffer-function of the soil explains the somewhat contradictory observation that
the correlation between crop yield and seasonal rainfall increases when the influence of the soil
moisture storage is higher (Table 8.4).
ii. Seasonal Drought

The occurrence and severity of seasonal drought has been investigated using several drought
characterisation methods. These included the use of the P ARCHED-THIRST model to predict
crop yields in response to rainfall and the soil water regime. The simulated yields provide a
good measure for the occurrence of severe droughts, but, in this exercise, comparable results
have been achieved with less complicated drought characterisations such as the rainfall-based
Drought Index. In the context of drought prediction, therefore, the results of simulation
modelling do not justify the high investment in time-consuming calibration and validation
efforts that the approach requires.
iii. Weed Water Uptake

The seasonal soil water balance that was calculated with the "No Drainage Estimate" method
clearly showed that, on sandy soils, the main effect of soil and water conservation practices was
not to improve soil infiltration and soil moisture storage but to prevent the extraction of soil
water by weeds. Therefore, the effect of weed water uptake on the soil water regime has been
studied in greater detail and the combination of field experiments and dynamic simulation
mode\ling has been very successful. Simulated effects of drought periods have compared well
with measured rates of soil depletion under a weedy and a weed free crop. Thus, the model
results have demonstrated that weed growth leads to an increased rate of soil depletion during
dry spells, has a strong impact on crop performance (Figure 9.4a, b) and must be included in
any systems modelling approach in the future.
iv. Crop Management and Available Soil Moisture.
Different levels of weed control have been simulated, showing that weed water uptake
exacerbates the effect of dry spells on crop yields, especially in years with above-average
growing conditions, reducing yields by more than 25% on coarse sandy soils. Mode\ling results
have further shown how soil moisture, rainfall patterns and the planting strategies of
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smallholder farmers are related, despite the limitations of the PARCH crop growth model when
it comes to simulating crop emergence and early establishment. A delay in planting by three
weeks typically led to yield reductions of 45% on coarse sandy soil and 35% on silty clay loam.
The results support the accepted wisdom that early planting is to be encouraged under most
semi-arid conditions, prolonging the length of the growing season and reducing the risk of
drought during flowering and the grain-filling period. However, soils with a low soil moisture
holding capacity exhibit a higher risk of crop yield reductions due to drought during the early
stages of crop development, so that late-planted crops can sometimes achieve higher yields

(Figure 9.5). Similar conclusions have been drawn from an analysis of intra-seasonal droughts
which showed that it is difficult to advise on optimum planting strategies because any strategy
will entail a certain degree of risk taking by farmers. In fact, in many areas, staggered and relay
planting are a direct response to this risk (Ellis-Jones & Mudhara 1995).

10.2. Application of Modelling in Agricultural Development Research
The need for the application rather than the development of models is increasingly emphasised
in agricultural development research. F or instance, the current strategy of the Natural Resources
Systems Programme (NRSP) of the .Department for International Development calls for the
establishment of "clear descriptive and analytical models" relevant to current livelihoods (NRSP
1999). Within these models, the biophysical environment is but one of a range offactors affecting
household decision making (Table 10.2). These models need to be developed into decision
support tools that can aid researchers in the identification of "groups that form the true poverty
focus" and to identify suitable researchable constraints (NRSP 1999). Examples of such models
are the PARCHED-THIRST Decision Support System', which studies the effect of different
water harvesting schemes on crop production in semi-arid environments (Young et al. 1999), or
the FLORES project2, which was conceived as a tool that would enable policy-makers to explore
the consequences of alternative policies for improving the livelihood of rural communities at the
forest margin (Vanclay 1997).

, http://www.staff.ncl.ac.uk/m.d.b.young/softwarc.html
2

http://www.cgiar.org/cifor/research/flores
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However, in order for biophysical models to serve as decision support tools for researchers and
for policy makers within government institutes, NGO's or agricultural extension services, they do
not necessarily need to be embedded in a socio-economic model. For example, biophysical
simulation models are incorporated into early warning systems which are used to assist policy
decisions on drought relief (e.g. Lourens & De Jager 1997).

Table 10.2. Issues and management decisions that directly affect the livelihoods of smallholder
farmers. The elements in italics have been addressed in this thesis. (Source: NRSP 1999).

Issues affecting semi-arid systems
• Potential ofBiophysical Resource Base

• Economic trends

Key management decisions of households
• Management of Biophysical Resource Base:
Soil fertility, Soil & Water Conservation

• Demographic trends

• Technical choices in on/off - farm enterprises

• Health & Education services

• Allocation offamily labour

• Infrastructure

• Labour division between on/off - farm work

• Tenure & Property rights

• Savings, investment and borrowing decisions

• Civil & Social Structures

• Management of houschold consumption

• Institutional barriers to livelihood

• Community & other social action

change

On a field scale, Schouwenaars (1988) used modelling to address the effects of planting strategies
on crop performance. The planting strategies were defined on the basis of socio-economic
circumstances, thus increasing the practical relevance of the model results. Such an approach has
been used throughout this study. The empirical seasonal water balances have produced
corroborating evidence that weed control is a pivotal element of effective soil and water
conservation practices. The characterisations of intra-seasonal droughts have described how
weather conditions and soil moisture characteristics interact with sub-optimal cropping strategies
that can exacerbate the detrimental effects of dry spells.
Finally, the P ARCHED-THlRST model has been applied as a stand-alone biophysical model, but
with the acknowledgement that the results be relevant within the socio-economic context of
smallholder farming. This has been achieved through the development of model routines that
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enable the simulation of crop management interventions that can be linked to the degree of access
to labour and DAP of poo rly resourced farme rs (Fig ure 10. 1, Appendix !If) . The weed
management routine has been used to demonstrate that through even simple assumptions about
how livelihoods affect crop management, biophysical simulation modelling can make a valuable
contribution to agricultural development research.

PARrnED-THJRST

i R URAL

I LlvEUHOOOO

Environment

Crop

GrOYJth
Produce
Figllre 10.1. Simplified representation of the role o f crop managemen t in th e link between
biophysical modelling and the socio-economic context that affects farm strategies.

Modelling, whether empirical or process-based, statistical or deterministic, needs to be regarded
by experimental researchers and modellers alike as a supplementary tool of ongoing research or
decision making processes. In research, the use of models can be beneficial at different stages of
the investigation, fo r instance during the experimental setup (planning tool), data analysis (data
processing and analysis tool) and the application of the results (predictive modelling tool).
Each application, however, will require a different modelling approach. This study has fo und that
simple empirical models often suffice for the analysis of soil moisture and meteorological data
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with the aim of extracting new infonnation from existing data sets. Conceptual models have been
used to address specific research problems, such as the soil water movement under a ridged
system and as a result of transpiration by crops and weeds. Other research objectives, however,
have required the use of dynamic simulation modelling, such as the extrapolation of experimental
findings in time and to other agro-ecological environments, and the modelling of yield effects of
soil and water conservation strategies.
The use of such a variety of modelling techniques demonstrates that, for the modelling approach
to be additive to research, it needs to be versatile, so that its application can suit the requirements
of a wide range of research problems. This can be achieved by offering a large selection of model
approaches that differ in sophistication, input requirements and results that can be delivered. The
large number of models that are currently on offer suggests that a suitable range is already
available l , to such an extent that the choice may well be overwhelming for those scientists seeking
to use modelling as an extension of their research. Also, it is often found that modelling efforts
and field research are not well integrated, so that the desired simulation models are not compatible
with the available data set.
It has been argued, therefore, that, in order to accomplish such integration, researchers as well

as modellers would benefit from guidance on the opportunities and limitations of using models
in their research, in much the same way as advice is currently given on the use of statistics and
socio-economic methods (Gaunt 2000). With such a support system in place, the application of
modelling can be exploited, in order to maximise its impact on the achievements of agricultural
development research.

1

e.g. Http://www.bib.wau.nl/camase/
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I.

Calibration of Soil Moisture Measurements of Chapter 5
The calibration showed a very good linear fit between the Theta probe and gravimetric samples
and it approximates the standard calibration curve for mineral soils (Delta-T 1995). Despite stated
error margins of 0.02-0.05 m3 .m-3 soil moisture, calibration was good for moisture contents below
0.05 m3m-3 (Figure i-i).
The neutron probe and the Theta probe measurements showed similar drying patterns over the
period 3-18 February 1998. The neutron probe readings at 100 mm were compared with the
average water content at 0-180 mm as measured with the Theta probe. It was shown that the
estimates obtained with the Theta probe were more extreme at both the wet and the dry end of
the spectrum (Figure i-2). Under wet conditions, the occurrence of a drying front can lead to
overestimation by the Theta probe (R. Whalley pers. comm.). The overestimation occurred,
however, mainly during the rainfall period. As the emphasis of the experiment was put on the
drying period, the data points that were overestimated were not used in the analysis.
Neutron probe readings closer to the surface can lead to an underestimation of soil water
content!, although, the existing 100 mm calibration curve largely accounted for this. The large
volume of soil, which is sampled by the neutron probe, leads to a smoothing out of the soil
moisture profile, an effect that has been discussed at length (e.g. Williams et al. 1981, Marshall
& Holmes 1988). For the 100 mm readings, it results in neutron counts which are too high under

drying conditions, because a high moisture content further down the profile is also registered. The
existing 100 mm calibration curve does not account for such an heterogenous profile. Therefore,
for this experiment, a new 100 mm calibration was used, based on the 0-180 mm soil water
content as measured with the Theta Probe (Figure i-2). This reduced the overestimation of water
content at the dry end.
As this experiment was mainly concerned with water differences between plots, rather than
absolute values, over- and underestimations were to have relatively little impact on the results.
Further research is currently being undertaken to quantifY the impact of calibration errors of both
the neutron and Theta probe measurements.
iFor the >Wallingford= neutron probe, Bell (/973) estimated the effective radius of the neutron cloud
around the source at 120 mm for wet soils, and 300 mm for dry soils. The amount of neutrons lost is
proportional to the fraction of the (approximately) spherical neutron cloud which is located above the soil
surface. Calculations show that measurements taken at 100 mm will lead to underestimations of2% and 25%
for a wet and dry soil, respectively. Similarly, readings at 90 mm rather than 100 mm depth cause
underestimations in the order of2-3%.
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Figure i·l. Theta probe calibration with gravimetric samples. Sqrt(q) is a near linear function of the
electric potential (Volt) as measured by the Theta probe (Delta-T Services Ltd. 1995).
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Standard Percentage Cover Chart (Hodgson 1974).
Use of such a chart may well improve the quality of weed cover observations.
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Access to Draught Animal Power, Crop Management and Yield: Simulation
and Economic Evaluation of Farmer Livelihoods in Semi-arid Zimbabwe
F.B.W. van der Meer, SJ. Twomlow & J. Ellis-Jones

Paper presented at ISTRO 2000, 1-7 July 2000, Fort Worth, Texas, USA
ABSTRACT
The use of draught animal power (DAP) by smallholder farmers in semi-arid Zimbabwe strongly
reduces the labour input that is required for management operations, such as winter ploughing, primary
tillage and weeding. Unfortunately, the livelihoods of poorly resoureed farmers restricts their access to
DAP. This in turn limits their ability to perform management operations, that are timely, and suitable with
regard to the apparent weather conditions. Thus, farmer livelihoods affect farm management strategies,
which have a profound impact on crop establishment, weed competition and crop yield.
Unfortunately, computer simulation studies to date have often failed to relate crop responses to
management restrictions and to the competition of weeds. A weed management routine was developed, to
simulate the effect of weed competition for soil water on crop performance. This routine was incorporated
in the PARCHED-1HIRST crop growth model and calibrated with results from several trials at Makoholi
Experimental Station. Weed competition and crop performance were simulated for four levels of access to
DAP and labour, over a 30-year simulation period.
Crop performance was combined with data on the costs oflabour input and DAP, so that a simple costbenifit analysis could be performed. The results demonstrate how sub-optimal crop management strongly
affects crop production and the return to labour. The timely access to sufficient DAP and labour is
particularly crucial during planting operations, as a delay in planting can severely reduce crop performance.
Winter ploughing did affect the weed transpiration and the soil water content at planting, but not sufficient
to affect crop performance.
INTRODUCTION
Weed competition for soil moisture is a key factor in semi-arid, low-input farming (Twomlow
et at. 1997). Smallholder farmers in semi-arid Zimbabwe have long recognized the need for good
weed control. Winter ploughing at the start of the dry season eliminates weeds, prevents the
depletion of the moisture that is stored in the soil profile and thus improves the soil moisture
conditions during crop emergence and establishment (Willatt, 1967). Shumba (1984) reported
yield reductions of3.4 to 2.4 t ha- 1 for a sandy soil in Natural Region II when winter ploughing
was not carried out.
The use of draught animal power (DAP) by smallholder farmers strongly reduces the human
labour input that is required for tillage and weeding operations. It thus increases the opportunity
to perform operations that are timely and appropriate with regard to the weather conditions
(Shumba et al. 1992). However, limited access to labour and DAP restricts the farming options
of poorly resourced farmers (Ellis-Jones & Mudhara 1994).
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Ellis-Jones (2000) distinguished four broad categories of farmers, based on their wealth and
the resources available to them (Table 1). These categories related to farm size, land quality,
access to labour, DAP and off-farm income (e.g. remittances from family members). Together with
studies of Chatizwa et al. (1998) and Riches et al. (1998), this study demonstrated how
livelihoods affect farmers' options for proper land preparation and weed control and importantly,
how they can restrict the opportunities for the uptake of soil and water conservation practices.

Table 1. Tillage and weeding options for fanners with different resources, on a coarse sandy soil. If7P
Winter Ploughing, SP Spring Ploughing, 3FP = Third Furrow Planting, Rip Tine Ripping
(Source: Chatizwa et al. 1998, Ellis-!ones 2000).
Crop
Weeding
Land
Farmer Household
Availability
DAP
Labour
Implements
Preparation
Establisbment
Category

=

=

=

>5 livestock; Full DAP
Well
Full implements
High High
Resourced Few labour constraints
(I)
Outside incomes
Regular farm sales

Full

>I livestock; Partial
Medium
Resourced
(II )

DAP

Low

WP SP

3FP
Rip

Hand Hoe
Cultivator
(Plough)

High

Plough

-

SP

3FP
Rip

Hand Hoe
(plough)

Low

Hoe only

-

SP

3FP
(Rip)

Hand Hoe

Low

Hoe only

Plough only
Some labour constraints
Variable outside
incomes

Farm sales in good years
::;1 livestock: little DAP
Poorly
Hand tools only
Low
Resourced Severe labour constraints
(ill)
Remittances/relief
Hiring out labour
Farm sales rare
no livestock; no DAP
Old hand hoe
Low
Poorly
Resourced Severe labour constraints
Hiring our labour
(IV )
no farm sales

Hand Planting Hand Hoe
3FP
(Rip)

If research and dissemination efforts, that deal with improved farming practices, are to address
the issues that restrict the production potential of smallholder farmers, it is of great importance
to consider the constraints and opportunities that result from their livelihoods. Yet, quantitative
computer simulation studies often fail to address how crop performance relates to restrictions in
management options, and how management affects weed competition for limited water resources.
These relations are crucial, if the quantitative nature of computer simulations is to be used to its
full advantage, in the drive towards improved cropping practices for smallholder farmers.
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This paper explores how even simple assumptions about the link between farmer livelihoods, crop
management strategies and biophysical simulation modelling can produce insights into how these
relations affect crop performance and farming strategies.

MATERIAL AND METHODS
Simulation of Crop Management Practices
Chatizwa et al. (1998) described how the financial and social position offarmers affected their
access to draught animal power and labour, and how this defined which cropping practices were
most appropriate for their circumstances. These findings, combined with the information in Table
1, are used to define typical crop management scenarios for each category of farmers. The
management scenarios describe whether a farmer is able to winter plough, to plant at the optimal
planting date and to control weeds efficiently during the growing season. The management
scenarios are outlined in Table 2.
The scenarios are simulated with the P ARCHED-THIRST model of Young & Gowing (I 996)
over 30 consecutive growing seasons, using the long-term daily rainfall record at Makoholi
Experimental Station (MES), Masvingo province, Zimbabwe, starting with the 1967-68 season.
The climate is semi-arid and characterised by a unimodal wet season from October to March. The
30-year average seasonal rainfall at the MES is 583 mm, but this ranges from 260 to 1150 mm
(Bruneau & Twomlow, 1999), as a result of the high inter- and intra-seasonal variability of the
rainfall.

Table 2. Typical crop management scenarios available to farmers with different resources at their
disposal. Winter ploughing takes place 21 days after the simulation indicates crop maturity. The
four scenarios represent decreasing levels of weed control.
Farmer Category
Well-Resourced
Medium Resourced
Poorly Resourced
Very Poorly Resourced

Winter
Ploughing

Planting

Weeding
(weeks after emergence)

Reference
in Text

Yes

Timely
Timely
Timely
Late (21 days)

2+6

WP2+6
nWP2+6
nWP4
nWP4 LP

No
No
No

2+6

4
4

Previous research has found that the effect of different management strategies is strongly
related to their level of weed control. However, despite recent efforts to incorporate weed
competition in simulation models, most computer simulation studies to date have ignored or
oversimplified the effects of weed transpiration on the soil water availability and overall crop
performance (e.g.Hoogmoed 1999). For this study, the soil water balance of the PARCHEDTHIRST has been improved and a pragmatic weed management routine has been developed,
which simulates the effect of weed competition for soil moisture on crop performance (Van Der
Meer 1999).
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The simulation runs in this study puts the emphasis on the effect of weed control on crop
performance, although technique and timing of planting also have a strong impact on early crop
development. However, the P ARCHED-THIRST crop growth module does not describe crop
emergence, early root development nor crop establishment in sufficient detail (Crout et al. 1997),
so that the impact of different crop establishment techniques are not further addressed in this
exercise.
Weed control is simulated as taking place during all tillage and weeding operations. This
simple assumption allows the weed growth routine to simulate the agronomic effects oftiming
and frequency of weeding in greater detail, and with a greater relevance to the socio-economic
context. The weed management routine does not address the yield effect of different ploughing
and weeding techniques on weeding efficiency. It is argued that the tillage and weeding technique
used by a farmer is primarily determined by the accessibility ofDAP and the differences in labour
input between techniques (Scoones et al., 1996).
The model is run with a coarse grained sandy soil, classified as a Ferralic Arenosol (FAO) or
an Ustic Quartzipsamment (USDA). This soil is representative of Topland soils within the
geomorphological catena of the Zimbabwean landscape, which is the most common soil type for
poorly resourced farmers in Communal Areas of Zimbabwe (Twomlow 1994). The modules for
soil water movement, crop growth and weed management were calibrated separately (Table 3).

Table 3. Calibration results of the simulation of maize yields with and without weed competition.
Comparisons of measured and simulated yield (t ha-') over the simulation period.
Maize Yield

No Weed Competition'

Weed Competition:

Root Mean Square Error§ (t ha-I)

1.2

0.4

Average Difference (t ha-I)

0.7

0.3

Correlation r (Spearman)
0.70
t Measured data from Twomlow (1994) and Twomlow et al. (1997)
! Measured data from Twomlow et al. (1994).
§

0.89

.;r lEstimated-Obsen>edj'

RMSE =..1. •
11

The 30-year simulation results of the four scenarios are compared using median and average
crop yield, and annual weed and crop transpiration. The upper and lower quartiles are used to
indicate the variability of the data, because anorrnal distribution of the 30-year crop performance
can not be assumed.

Socio-Economic Analysis
A costlbenefit analysis has been performed that compares labour and DAP inputs with
proceeds of selling maize on the market when yields exceed the annual grain consumption of a
household. In years when maize yields falls short of the household consumption, the analysis
accounts for the purchase of supplemental maize at market prices, some 40% above the selling
price of maize (Ellis-Jones pers. comm.). The household maize consumption was calculated on
the basis of data collected by Ellis-Jones (2000) and was subsequently converted to the minimum
production per hectare required in order for the household to be self-sufficient (Table 5).
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Table 5. Minimum maize production of households to be self-suffICient, based on an annual maize
consumption of 90kg per person (Ellis-Jones, pm. comm.).
Farmer
Average Household
Land
Annual Required
Category
Size (persons)
Pressure
Maize Production
(people ha·')
(t ha·' season·')
WelI-Resourced

10.8

3.7

0.33

Medium-Resourced

9.7

4.0

0.36

Poorly Resourced

9.1

4.2

0.38

Very Poorly Resourced

6.7

3.8

0.35

The input of farm power from within the household is usually not considered by farmers. The
availability of OAP and labour within the household, therefore, determines the cost of hiring
additional farm power. In this study, labour cost is calculated by either including or excluding
the "opportunity costs", which represent off-farm wages could be earned by members of the
household were there an opportunity to do so. The fraction of total labour and OAP that is
considered in the costJbenifit analysis is presented in Table 5, for each of the four farmer
categories. The annual cost oflabour and OAP for each management scenario is calculated by
combining the information from Table 2 and Table 6. The results from the cost-benefit analysis
are expressed as the net productivity in Zimbabwean $ per hectare, per year.

Table 5. Fraction of the total cost oflabour and draught animal power (OAP) that is
OAP
Accosted Input (Fraction of Total)
Labour
Opportunity +
Hired

Farmer Category

Hired
Only

Well-Resourced

1/3

0
1/3

Medium-Resourced
Poorly Resourced

1

1/3

1

0

Very Poorly Resourced

1

0

0

Table 6. Prices of labour, draught animal power (OAP) and maize in 1999 (ElIis-Jones, pers. comm.),
and the labour and OAP requirements of different tillage and weeding practices (after Chatizwa et at.
1998).
hha·'
Reguirements of:
Prices of:
Labour
DAP

Labour (Zim$ h·')
DAP (Zim$ h·')
Maize (Zim$ r')
Maize profit margin (fraction)

3
20
4200
0.4

Winter Ploughing

46

23

1bird Furrow Planting

46

23

Hand Planting

332

0

Hand Hoe Weeding
Cultivator W ceding

113

0
9

39
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RESULTS AND DISCUSSION

Simulated Crop Managment Practices
The results of the 30-year simulation runs are presented in Figure la,b,c. On both the coarse
sand and the silty clay loam, each of the four scenarios produced a wide range in maize yields,
indicated by the values at the upper and lower quartile. This range is the result of the large interannual variability of the rainfall distribution, which has a marked effect on the conditions for crop
growth.
The effect of winter ploughing on weed transpiration is demonstrated in Figure la. In the
absence of winter ploughing (nWP 2+6), weed transpiration was typically 28 mm higher, most
of which was extracted over the dry season. As a result, the soil water content at the start of the
growing season was typically 0.01 6 m3 m-3 lower. Yet, the model results did not indicate that this
made a substantial impact on crop performance, as neither crop transpiration nor yield were
affected by the absence of winter ploughing (Figures 1b,c). This was explained by the
observation that the first rains were generally able to replenish the coarse sandy soil, thus
annulling the small differences in soil water content that had built up over the dry season. An
additional explanation was that the limitations of the PARCH crop growth model in simulating
crop emergence and early establishment affected the results.
The difference in weed transpiration rates between the treatments nWP 2+6 and nWP 4 show
the effects of the application of two weedings rather than one weeding operation (Figure la, b).
Weed transpiration rates increased by some 20 mm per season, as the delay in weeding led to an
overall increase of the weed transpiration rates over the first 4 weeks after crop emergence.
The detrimental effect of the increased competition by weeds is strongest during seasons with
above average cropping conditions. Although reductions in crop transpiration of scenario n WP
2+6 compared to nWP 4 are limited (Figure 1b), the predicted yields atthe upper quartile show
a marked decrease from 1.9 to 1.4 t ha-I It is argued that because a well developed crop has a
higher potential transpiration rate, it will be more susceptible to within-season drought spells.
An increase in the rate of depletion of the soil profile due to weed competition for soil moisture,
is likely to increase the detrimental effects of intra-seasonal drought spells on crop production.
The delay in planting produces the most pronounced reductions in crop yields (scenario n WP
4 LP, Figure lc). However, it is found that late planting mainly affected crop performance in
years with average cropping conditions, as yields at the upper and lower quartile showed a much
smaller reduction than the median and average yields. Planting delay had a limited effect on
annual weed transpiration, but it did resul in crop establishment taking place under sub-optimal
conditions. Crop development was negatively affected, indicated by the reduction of crop
transpiration by approximately 18%.
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Figure 1a,bc. Results of 30-year simulation runs for four farming scenarios with different levels of
weed control and land preparation practices. (A) annual weed transpiration, (B) annual crop
transpiration, (C) crop yield. (O)=Average, (-)=Median. Error bars indicate the lower and
upper quartiles_ For an explanation of the farming scenarios see Table 2.

Importantly, late planting also meant that maturity was reached later in the season and this
increased the risk of experiencing an intra-seasonal drought during the sensitive crop growth
stages of flowering and grain filling. Weed control in scenario nWP 4 LP was limited as a result
of the single weeding operation, so that the water extraction of weeds would further decrease
the soil water availability to crops during such dry spells. As a consequence, crop yields in a
typical year were nearly halved from 1.1 t ha- I to 0.6 t ha-I.

Socio-Economic Analysis
The net productivity of the four farming categories is presented in Figure 2a. The figure shows,
that all farmer categories are confronted with a negative productivity in approximately one out
of four years when the costs of opportunity labour are not included. The inclusion of opportunity
costs leads to such a decrease in net productivity that very poor farmers have a negative
productivity in most years. These farmers therefore are likely to abandon their fields if off-farm
labour is available.
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A
Net Productivity ove r a 30-year period

4000

............ + .....................

Farmer
Resource
Category
Well

D Medi um
D Poor
. V. Poor

-2000

opportunity
Hired

+

Hired Only

Labour Costing

Figure 2. Net productivity over a 3D-year period of different farmer categories, with or without the
inclusion of opportunity costs of household labour. Bars show th e median productivity, Erro r
bars indicate the lower and upper quartiles.
The decrease in productivity due to a delay in planting supports the accepted wisdom that
early planting is to be encouraged under most semi-arid conditions, prolonging the length of the
growing season and reducing the risk of drought during floweri ng and the grain-filling period.
However, soils with a low soil moisture holding capacity exhibit a higher risk of crop yield
reductions due to drought during the early stages of crop development. Indeed, in 6 out oDO
years, the simu lation runs produced the highest yields for the late planted t reatment. In direct
response to the ri sk of planting either too early or too late, most farmers pursue a strategy of
staggered and relay planting (Elli s-Jones & Mudhara 1995).
The economic effect of a staggered planting strategy has been investigated for the simulation
scenario of poorly resourced farmers, which either do or do not have access to DAP fo r planting.
Figllre 3 shows that early planting typically gives the highest net productivity, however, poorly
resourced farmers generally do not have the farm power at their disposal to do so. Nevertheless,
the staggered planting strategy has a slightly higher productivity in years with above average
cropping conditions, in fact outperforming the early planting strategy in 8 out of30 years.
Staggered planting does not increase the ri sk in poo r years when hired DAP was accosted .
When the crop is hand planted, so that no DAP is required, staggered planting has a negative
productivity in 5 out of 30 years, compared to 6 and 7 years for early and late planting,
respectively. The benefits of the staggered planting strategy are thus greatest for farmers with
limited resources at their disposal.
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Net Prod uctivity over a 30 -year peri od
Poorly Resourced Farmers
(Z$ ha·' season·')
(Z$ ha·')

3000

.....

D Early

o Staggered

1000
~--"+-'-+

__,.....-, • Late

-1000
No Labour,
No DAP

No Labour,

Hired DAP

Labou r Costing

Fig/m 3. Net productivity of poorly resourced farme rs with different planting strategies, with o r
without the use of hired 0 1\P for planting, over a 3D-year simulation period. Coloured bars
show the median productivity, E rror bars indicate the lower and upper quartiles. The " I 0
Labour, No OAP" -scenario represents hand planting, whereas " I 0 Labour, Hired OAP"
calculates the OAP costs of th ird furrow planting.

CONCLUSIONS
The modified PARCHED-THIRST model successtully simulates how crop pelformance is
influenced by diA'erent levels of weed competition for soil moisture. The mod elling exercise has
demonstrated how this competition exacerbated the detrimental effects of an erratic rainfall
distribution. The simulations also highlight the negative impact of delayed planting, even though
the effects of poor planting conditions do not affect the simulated emergence rates.
Different crop management scenarios that have been defined on the basis of farmers'
livelihoods are shown to affect the agricultural productivity that can be achieved . The simulation
results support the observation that staggered planting strategie are helping lanners to optimise
their crop production in the face of a hostile environment and a shortage oflabour and DAP. The
simulations suggest that an investment in hired DAP fo r third furrow planting is only benificial
when a farmer lacks the labour resources to achieve timely planting of all his fields .
This study demonstrates the pivotal importance of the decisions making process of farmers
to optimi e the use of the biophysical and socio-economic resources at their disposal. Farming
strategies depend strongly on farmer livelihoods, which determine the availability and the cost
of labour and DAP, farm implements and the o pportunity for off-farm work . Well resourced
farmers, in addition to a decreased dependency on hired DAP and labour, often have the benefit
of being included in a larger social network, which further improves their accessiblity to input
resources.
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The plethora of farming strategies that result from these and other factors implies that
agricultural development efforts need to offer flexible solutions to the problems of smallholder
farmers, which can be easily implemented and adjusted to the farmer's needs. An example of such
a flexible development strategy is the collaborative effort in Zimbabwe of research institutes,
NGO's, agricultural extension agencies and farmer groups, which has produced a series of
practical "guidebooks to good land husbandry", which is currently being distributed by the
Zimbabwean Farmer's Union (Twomlow & Hagmann 1999).
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