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Abstract 8 

Under low and poorly distributed rainfall higher food production can be achieved by increasing 9 

crop water use efficiency (WUE) through optimum soil fertility management and selection of deep-10 

rooting cultivars, appropriate plant density and planting dates. We explored AquaCrop’s 11 

applicability in selecting adaptive practices for improving maize yield and WUE under rainfed 12 

smallholder farming in semi-arid Zimbabwe. AquaCrop was first tested using field measurements 13 

without calibration. The model was subsequently applied to estimate effect of effective rooting 14 

depth (ERD), plant density and planting date on maize yield. Simulations were done with daily 15 

rainfall data for 25 seasons. AquaCrop simulated canopy cover development well and simulated 16 

biomass accumulation showed good agreement with measured values. The model overestimated soil 17 

water, and observed final biomass and grain yield were 96 and 92% of simulated values 18 

respectively at 0.40 m ERD. Increasing ERD  from 0.40 m  at 32500  plants ha
-1

  to 0.60 m at 44400 19 

plants ha
-1

 increased: grain yield from 6.0 to 7.8 t ha
-1

, biomass water use efficiency by 20.5%,  20 

grain water use efficiency  by 23.6% and green water use efficiency by 26.8%. At 0.60 m 0.80 m 21 

ERD and 44400 plants ha
-1

, biomass and grain yield, and WUE, compared favourably. Drainage 22 

below the rootzone was ≥ 40% of non-productive water losses in normal and wet seasons whilst soil 23 

evaporation contributed 47% in dry seasons at 0.80 m ERD. To improve yield and WUE, we 24 

recommend: incorporation of deep-rooting legumes, deeper-rooting cultivars (≥ 0.60 m effective 25 

rooting depth) and practices that improve ERD, a plant density of 44400 plants ha
-1

; and practices 26 
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that reduce soil evaporation e.g. mulching and addition of organic fertilizers to improve soils’ 27 

available water capacity and enhance response to mineral fertilizers. Further research should 28 

include participatory field testing of results from this study with farmers.  29 

  30 

Keywords: Maize yield, AquaCrop modelling, water use efficiency, plant density, efective rooting 31 

depth, smallholder farming.  32 

 33 

1 Introduction 34 

The challenge in semi-arid areas is to increase food production under low and poorly distributed 35 

rainfall. Higher food production can be achieved by increasing crop water use efficiency (WUE) 36 

through appropriate management practices. There is general agreement that crop yields and WUE in 37 

smallholder farming systems can be improved through proper agronomic management including 38 

selection of deep rooting cultivars, appropriate planting dates and plant density, and soil fertility 39 

management through application of fertilizers at optimum rates (Rockström et al., 2010; Tittonell 40 

and Giller, 2013).  41 

Since some crop models simulate the combined effect of environment and management on 42 

crop growth they can provide important information for crop water management strategies (Soltani 43 

and Hoogenboom, 2007). Efficient use of crop models complements experimental research 44 

(Farahani et al., 2009; Matthews et al., 2013; Soltani and Hoogenboom, 2007). Simulation models 45 

provide information faster and require fewer resources compared to experimental studies. However, 46 

the tradeoff between simplicity and accuracy often limits the broad application of crop models 47 

(Farahani et al., 2009). Most mechanistic or deterministic models are suited for research and 48 

systems analysis, but tend to be technically demanding and input-intensive, and thus are not easily 49 

adopted by practitioners (Raes et al., 2011; Wiyo et al., 2000). The Food and Agriculture 50 

Organization of the United Nations (FAO) developed a conceptual generic model, named 51 
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AquaCrop, which achieves a balance between simplicity, accuracy and robustness (Farahani et al., 52 

2009; Raes et al., 2009; Steduto et al., 2009).  53 

AquaCrop is based on a water-driven growth module, in which plant transpiration is 54 

converted into biomass through a water productivity parameter. The equation at the core of 55 

AquaCrop is: B = WP∙∑Tr where Tr is crop transpiration (mm) and WP is the water productivity 56 

parameter (kg of biomass m
-2

 land area and per mm of water transpired). For details on AquaCrop 57 

see Fereres et al. (2008) and Raes et al. (2012). 58 

AquaCrop is menu-driven, with a set of input files that describe the soil-crop-atmosphere 59 

environment and seasonal field practices (Farahani et al., 2009). AquaCrop has been validated for 60 

maize in different locations and was declared non-cultivar specific and applicable to a wide range of 61 

conditions (Heng et al., 2009; Hsiao et al., 2009; Stricevic et al., 2011). Mhizha (2010) calibrated 62 

and validated AquaCrop in the higher rainfall areas of Zimbabwe.  Zinyengere et al. (2011) used 63 

AquaCrop together with a seasonal climate forecast tool (RAINMAN) to come up with a decision 64 

support tool based on predictions of rainfall and potential yields in Zimbabwe. Biazin and 65 

Stroosnijder (2012) used AquaCrop to conduct long-term simulations of the effect of tied ridges in 66 

response to different amounts of seasonal rainfall, sowing time and fertility levels on maize yields 67 

in the Rift Valley drylands of Ethiopia. Stricevic et al. (2011) worked near Rimski Sancevi in Serbia 68 

and concluded that due to the generic character of the model and the wide applicability of its 69 

conservative parameters, the model can be used even when data availability is limited. 70 

Since AquaCrop has been validated for maize in different locations and declared non-cultivar 71 

specific and applicable to a wide range of conditions; emphasis should now be on model 72 

application. Heng et al. (2009) concluded that AquaCrop is useful for design and evaluation of 73 

water management options and for studying the effect of location, soil type and sowing date on 74 

rainfed crop production.  75 

In this study, the performance of AquaCrop was tested for semi-arid Zimbabwe without 76 

calibration before it was used for various applications. Testing was done by comparing simulated 77 
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canopy development, biomass and soil water in the rootzone with field measurements at two 78 

experimental sites for two cropping seasons. The ability of the model to reproduce observed 79 

patterns without time-consuming and costly calibration is an indicator of model performance and 80 

may help model acceptance for practical-oriented users. 81 

Furthermore, AquaCrop was applied to estimate effect of effective rooting depth, plant 82 

density and planting date on yield and WUE. Since rainfall amount and distribution vary strongly in 83 

semi-arid areas, simulations were done for 25 years with daily rainfall data from Rushinga district, 84 

Zimbabwe. Use was made of an extensive analysis of this data set (Nyakudya and Stroosnijder, 85 

2011) that resulted in three categories of rainfall years; normal (456-857 mm ), dry (< 456 mm) and 86 

wet (> 857 mm). Dry (drought or El Niño) years are years with total rainfall less than the mean 87 

minus the standard deviation. Wet or La Niña years are years with rainfall totals with 10% 88 

probability of exceedance (Nyakudya and Stroosnijder, 2011). 89 

Effective rooting depth was selected because it is one of the user-specific parameters that 90 

show wide variability and has a strong influence on the crop water uptake. Non-productive water 91 

flows can be mitigated through conserving or increasing plant available water (PAW). Where PAW 92 

is calculated using Equation 1. 93 

PAW = (Field capacity – Wilting point) * Effective rooting depth    [1] 94 

Field capacity less wilting point (mm/m) is a physical factor whilst effective rooting depth (m) is 95 

both a physical and a crop factor. Effective rooting depth may affect crop growth because shallow-96 

rooted crops have less access to water and nutrients than deep-rooted crops. In addition, shallow-97 

rooted crops are affected more by soil evaporation than deep-rooted crops. Evans et al. (1996) 98 

define maximum rooting depth as “deepest rooting depth attained by a crop under specific soil 99 

conditions” and effective rooting depth as “the upper portion of the rootzone where plants get most 100 

of their water”. Effective rooting depth is estimated as one half of the maximum rooting depth. 101 

Steduto et al. (2009) state that the root system in AquaCrop is simulated through its effective 102 

rooting depth and its water extraction pattern. 103 
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According to Hsiao et al. (1976) on good soils, maize can have a maximum rooting depth of 104 

2.8 m or deeper near the time of maturity. Steduto et al. (2012) report that the maximum rooting 105 

depth is 1.5 to 2 m especially in regions with cold winter temperatures. Researchers in Sub-Saharan 106 

Africa report maximum rooting depths less or equal to 1.2 m: Biazin and Stroosnijder (2012), 0.6 m 107 

maximum rooting depth; Zinyengere et al. (2011), 1.2 m maximum rooting depth; Mhizha (2010), 108 

0.8 m maximum rooting depth; Wiyo et al. (2000), 0.65 m maximum rooting depth; and Vogel 109 

(1993) reports effective rooting depths between 0.4 and 0.5 m under favourable conditions of tied 110 

ridges in Zimbabwe. Tillage research results in the smallholder farming sector of Zimbabwe suggest 111 

a shallower effective rooting depth than depths reported in literature. For example, Tsimba et al. 112 

(1999) established mean ploughing depths less than 0.15 m in two communal areas of Zimbabwe 113 

and existence of plough pans approximately 0.08 m below the mean ploughing depth on loamy soils 114 

at Chinyika. According to Tsimba et al. (1999) root penetration was restricted to 0.20 m due to 115 

penetration resistance of the plough pan. Vogel (1993) observed shallow effective rooting depths of 116 

only 0.15 to 0.25 m in places of very thin topsoil. 117 

Plant densities also vary widely. Smallholder farmers in semi-arid areas often grow crops in 118 

fields with variable fertility levels and low crop densities, usually less or equal to 3 plants m
-2

 in 119 

sharp contrast to higher densities of 6 to 11.9 plants m
-2

 reported by Heng et al. (2009) and Hsiao et 120 

al. (2009).  121 

Planting date depends on the onset of the rainy season. Delays in planting often occur under 122 

smallholder farming due to labour and draught power bottlenecks at the start of the season. Planting 123 

may also be postponed due to sociocultural reasons, for example cultural Sabbath, instruction to 124 

temporarily stop farming activities from spirit mediums and occurrence of a funeral or funerals in 125 

the family or neighbourhood. Therefore, it is very common for farmers to miss the first planting 126 

opportunity. 127 

The main objective of our study was to explore AquaCrop’s applicability in selecting adaptive 128 

management practices for improving maize yields through efficient use of available water under 129 
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rainfed smallholder farming in semi-arid Zimbabwe. The specific objectives were (i) to determine 130 

the feasibility of using AquaCrop without calibration, and  (ii) to estimate effect of rooting depth, 131 

plant density and planting date on maize yield and water use efficiency using AquaCrop. If 132 

AquaCrop is to be adopted by practitioners such as extension personnel and farm managers it must 133 

be able to simulate crop yields reasonably well. This should be possible using appropriate climate, 134 

crop and soil files with no need for parameter adjustments in a non-transparent calibration process. 135 

Our test for feasibility of the use of the model in semi-arid smallholder farming areas hinges on this 136 

assertion. 137 

 138 

2 Study area and experiments 139 

2.1  Study area 140 

Rushinga district (16° 40' 00'' S, 32° 15' 0''E, altitude 730 m a.s.l.) was selected for the study 141 

because it lies in a semi-arid region in Zimbabwe which is entirely a smallholder farming area. 142 

Most smallholder farmers in this area are prone to droughts and dry spells because they lack 143 

irrigation facilities. The district’s seven-year: 2006/07 to 2012/13 mean minimum and maximum 144 

maize yields were 0.1 and 2.5 t ha
-1

. The highest yield; 4.5 t ha
-1

 was obtained during the 2011/12 145 

season. There is need to close the large yield gap between minimum and maximum yields in order 146 

to enhance household food security. Rushinga district covers approximately 229 800 ha of which 7 147 

% is Natural Region III (annual rainfall, 650-800 mm) and the rest is Natural Region IV (annual 148 

rainfall, 450-650 mm) (Vincent and Thomas, 1960). The rainy season is unimodal and stretches 149 

from November to March.  150 

Data from conventional tillage plots of maize field experiments conducted during the 2010/11 151 

through 2012/13 seasons (Nyakudya et al., 2013) were used as input data for AquaCrop model 152 

Version 4.0 Plus March 2012 and for comparison with simulated values. The experiments were 153 

conducted near Rushinga district offices (16
0
37'.899S, 32

0
1'.288, 1045 m a.s.l.) where an automatic 154 

meteo-station had been installed. The experimental sites were Chongoma (16
0
35'.311S, 155 
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31
0
59'.512E, altitude 912 m a.s.l.), Magaranhewe (16

0
36'.888S, 32

0
02'.512E, 1014 m a.s.l.) and 156 

Kapitawo (16
0
38'.905, 31

0
59'.769, altitude 940 m a.s.l.).  157 

Data from two sites, Magaranhewe 2012/13 season, and Chongoma 2011/12 and 2012/13 158 

season were selected for model performance testing. The two sites were selected on the basis of 159 

having most of the required input data for use in evaluating the performance of the model. 160 

 161 

2.2  Determination of canopy cover progression and biomass accumulation 162 

Canopy cover and above-ground biomass hereafter referred to as biomass were measured every ten 163 

days at Chongoma in the 2011-12 season and every seven days at Chongoma and Magaranhewe 164 

during the 2012-13 season from six to eight randomly selected plants per site. Leaf area was 165 

determined by measuring the green area of detached leaves using a combination of the Mangal 166 

table-top leaf area meter for smaller leaves and cut pieces (≤ 200 cm
2
), and the graph paper method 167 

for the bigger leaves. For the graph paper method cardboard papers of known areas were 168 

superimposed on the leaves and the resultant areas summed up. The leaf area meter was calibrated 169 

using graph paper prior to use. Leaf area index (LAI) was calculated by multiplying the leaf area 170 

per plant by the plant density. Canopy cover was then calculated using the empirical relationship 171 

between CC and LAI for maize: CC = 1.005 * [1 – exp(-0.6 LAI)]
1.2

 derived by Hsiao et al. (2009). 172 

Biomass was oven-dried for 48 hours at 70 
0
C after which it was weighed with a digital scale 173 

balance.  174 

 175 

2.3  Measurement of effective rooting depth 176 

Root depth measurements were done in the field at Chongoma and Magaranhewe after the start of 177 

senescence on six plants at Chongoma and eight plants at Magaranhewe. The plants were randomly 178 

selected from conventional tillage plots. Root depth was measured by excavating the soil close to 179 

the maize plant (0-25 cm) and measuring the depth to which roots grew from the soil surface. 180 

Considering limitations of the method we regarded the measured rooting depth as effective rooting 181 
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depth as opposed to maximum rooting depth. Measured mean (SD) effective rooting depths were 182 

32.5 (4.9) for Chongoma for the two seasons (2011/12 and 2012/13) and 32.8 (4.7) for 183 

Magaranhewe. For effective rooting depth the maximum depth observed in the field was 0.40 m but 184 

most roots grew to ≤ 0.30 m.  185 

Working on a Zimbabwean sandy clay loam which is comparable to soils in this study, 186 

Chikowo et al. (2003)established that maize “Root length densities at depths greater than 60 cm 187 

were small, and were still less than 0.1 cm cm
-3

 by the eighth week after emergence...).” The actual 188 

values were 0.005 cm cm
-3

 for the zone 0-22.5 cm from the plant and 0.000 for the zone 22.5-45.0 189 

cm from the plant. According to Chikowo et al. (2003) “By the ninth week after planting, there was 190 

severe depletion of nitrate-N in the 0-40 cm depth, and evidence of accumulation in the deeper soil 191 

layers where maize root length densities were still less than 0.1 cm cm
-3

. This suggests that the 192 

effective rooting depth in the study by Chikowo et al. (2003)  was about 0.40 m. Consequently 193 

modelling at 0.40 m can be justified considering that in the study by Chikowo et al. (2003) the 194 

method used to measure effective rooting depth was thorough.  195 

 196 

2.4 Determination of plant density 197 

Percentage plant emergence (SE), 60.2 (3.0) for Chongoma, 66.0 (2.5) for Magaranhewe, and 63.2 198 

(2.0) for Kapitawo was determined on 22 December 2012 for the 2012/13 season, ten days after the 199 

latest plantings when crop emergence was assumed to be complete. Crop emergence was 200 

determined by counting plants in eight randomly selected rows per plot in all conventional tillage 201 

plots. Plant densities were then estimated from the emergence percentages and target plant 202 

densities. Plant emergence percentage mean (SE) for Chongoma 2011/12 season was estimated at 203 

65.2 (2.0) by counting plants in four randomly selected rows per plot from five out of six 204 

conventional tillage plots ten days after planting. 205 

 206 

2.5 Determination of final biomass and grain yield 207 
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Early cessation of rains or lengthy dry spells at the end of the season made it difficult to detect the 208 

actual time to physiological maturity especially at Chongoma; therefore, final biomass and grain 209 

yield were determined at harvest time. Maize was harvested from sub-plots of 10 m × 10 m in the 210 

centre of the plot in order to avoid border effects. The mass of grain was measured using a digital 211 

balance. Moisture content was measured soon after weighing and the grain weight was adjusted to 212 

12.5% moisture content which is the maximum moisture content recommended for storage by the 213 

national Grain Marketing Board. Days from planting to harvesting were: 114 for Chongoma 214 

2011/12 season, 124 for Chongoma 2012/13 season, and 125 for Magaranhewe 2012/13 season. 215 

3  Methodology for model performance evaluation  216 

As explained above we used Aquacrop (without calibration) in two steps: validation and 217 

application. To stress this difference, we describe the methodology and results for the two steps in 218 

different sections. We tested AquaCrop’s performance using measured site and cultivar specific 219 

parameters. Below is a description of the model parameters, input data and evaluation of 220 

performance results. 221 

3.1  Climate data 222 

Reference evapotranspiration was calculated using FAO’s ETo calculator (Raes, 2009) using air 223 

temperature, solar radiation, wind speed at 2 m and relative humidity from the meteo-station. 224 

Thereafter, the ETo, minimum and maximum air temperatures, and daily rainfall data were input 225 

into the AquaCrop model (Raes et al., 2009; Steduto et al., 2009). Experimental site-specific daily 226 

rainfall was measured using non-recording rain gauges that were installed at each site throughout 227 

the duration of the experiments (Figure 1). For long-term simulations, climate files for individual  228 

years  were created using the average temperature and ETo data for the 2010/11 through 2012/13 229 

seasons combined with daily rainfall data for the individual years and the average atmospheric CO2 230 

concentration for the year 2000 measured at Mauna Loa observatory in Hawaii (369.47 ppm). 231 

 232 

3.2  Soil data 233 
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Measured soil data from experimental sites (Table 1) were used. Samples for determining texture 234 

and bulk density were collected at one representative site in each block at 0.2-m depth intervals up 235 

to 0.8 m. Soil depth was determined using soil profile pits. Particle size distribution was determined 236 

using the hydrometer method and bulk density was determined using the core method. Soil 237 

saturation capacity, field capacity and wilting poing point were determined using a combination of 238 

the sand box method and ceramic pressure plates apparatus. 239 

Soil moisture content was measured weekly during the rainy-season using the TRIME-PICO 240 

IPH intelligent soil moisture/temperature probe with integrated Time Domain Reflectometry (TDR) 241 

electronics at 0.2 m depth intervals up to depth of 0.8 m in the maize crop growing area. Three lines 242 

of access tubes per plot were installed in two conventional tillage plots at Magaranhewe. Five tubes 243 

were installed per line at 3 m, 5 m, 8 m, 12 m, and 17 m downstream from the centre of a field-edge 244 

rainwater management structure: The TRIME-PICO IPH was calibrated using the gravimetric 245 

moisture content data for samples taken from within 0.5 m of the access tubes on the same dates 246 

(Wiyo et al., 2000).  247 

At Chongoma the gravimetric method for determining soil moisture content was used. Soil moisture 248 

measurements were conducted in the cropping area of six conventional tillage plots for the top 0.2 249 

m during the 2011/12 season and from 0.0 to 0.4 m in two conventional tillage plots during the 250 

2012/13 season. Soil moisture content was determined at 4.5 m (first quarter of the field) and 9 m 251 

(centre of the field) downslope from the centre of field-edge rainwater management structures at an 252 

interval of 7 to 10 days throughout the cropping season. Measurements were replicated twice at 253 

each measuring distance. 254 

 255 

In the soil profile menu, AquaCrop provides a default value for the Curve Number (CN) based on 256 

surface conditions. The CN is a dimensionless index, and can vary from 0 (no runoff) to 100 (all 257 

rainfall becomes runoff). Estimates of CN are based on the hydrologic soil group, cover, and 258 

landuse (Boonstra, 1994). Simanton et al. (1996) established that the CN for a small upland 259 
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drainage area of 1 ha oscillated around 85. Maize is a row crop and farmers usually plough on-260 

contour, therefore, we selected contour as practice in relation to hydrological condition. The 261 

category poor was selected due to frequent monocropping practices or rotations of mainly row crops 262 

that include cotton (Gossypium hirsutum L.). We chose hydrological soil group B described as soils 263 

having moderate infiltration rates when thoroughly wetted and a moderate rate of water 264 

transmission. Examples are moderately deep to deep, moderately well to well drained soils with 265 

moderately fine to moderately coarse textures. We obtained CN 79 for antecedent moisture 266 

condition (AMC) Class II. This class was selected because during the rainy season the likelihood of 267 

the antecedent soil moisture content being average is high. Nearing et al. (1996) gives a CN of 81 268 

for conventional corn for the hydrological soil group B used in his study and this is close to 79 that 269 

we used. 270 

 271 

3.3  Crop parameters, phenology and development 272 

 273 

Conservative parameters 274 

The conservative (nearly constant) parameters (Table 2) were generated through multi-season 275 

parameterisation, testing and validation in different climatic zones (Heng et al., 2009) and are 276 

widely applicable for maize. These conservative parameters were used for all simulations. 277 

 278 

The water productivity parameter is normalised for climate (WP*) and can be taken as conservative 279 

for a given crop (Steduto et al., 2009). The ‘normalisation for climate’ takes into account the ratio 280 

between transpiration and evapotranspiration of a reference crop.  The WP* of C4 crops is about 30 281 

to 35 g m
-2

, (Raes et al., 2011). Hsiao et al. (2009) used a WP* of 33.7 g m
-2

, Heng et al. (2009) 282 

used WP* values ranging from 31.3 to 33.2 g m
-2

, Mhizha (2010) and Zinyengere et al. (2011) used 283 

29 g m
-2

 and Biazin and Stroosnijder (2012) used WP* of 30.7 g m
-2

. These figures, precise to the 284 

decimal point, were often obtained after some form of calibration of AquaCrop. 285 
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For nutrient limited situations the model provides categories ranging from slight to severe 286 

deficiencies corresponding to lower and lower water productivity. Calibration for soil fertility stress 287 

is based on field observations of biomass and CC between a reference and a stressed field, which 288 

were not available for this study. Our experimental fields were fertilised using mineral fertilizers 289 

based on recommendations from the Department of Agricultural, Technical and Extension Services 290 

(Agritex) (94.5 kg N ha
-1

, 15.3 kg P ha
-1

 and 14.5 kg K ha
-1

).  291 

We designed our experiment to achieve the attainable yield. Attainable yield is the yield achieved in 292 

farmers’ fields under best management practices including optimum supply of plant nutrients, 293 

timely and effective weed, pests and disease control. In practice however, our fields suffered from 294 

the negative effects of Striga species that was prevalent in the area. Hence we expected our 295 

experimental results to be lower than the achievable yield and considering the short season cultivar 296 

(SC513), we adopted the lower WP*, me ntioned in earlier studies in Zimbabwe, equal to 29.0 g m
-

297 

2
. SC513 is an early maturing (< 125 days from sowing to maturity at 1000 m a.s.l.) white kernel 298 

type maize cultivar, with a yield potential of 2-8 t ha
-1

 (Seed Co, 2004). 299 

 300 

User-specific parameters 301 

User-specific crop data (crop parameters that vary with cultivars, environment and management) 302 

were based on observations of the maize cultivar, SC513, at Chongoma and Magaranhewe and are 303 

given in Table 3.  304 

 305 

3.4  Evaluation of AquaCrop performance results 306 

The performance of the model was evaluated using graphic and statistical tests. Data used to 307 

evaluate model performance consisted of CC, biomass, final biomass and grain yield, and soil 308 

water. Graphic comparisons of measured (observed) CC (%) and biomass with respective simulated 309 

values for the 2011/12 and 2012/13 seasons for Chongoma and 2012/13 season for Magaranhewe 310 

were used as visual measures of goodness of fit.  311 
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AquaCrop Version 4.0 has an in-built module that enables evaluation of simulation results for 312 

CC, biomass and soil water with the help of field data stored in an observations file. The evaluation 313 

results are in the form of graphical displays, numeric data, and statistical indicators. Five statistical 314 

indicators are provided but we selected only two that are commonly reported in literature in order to 315 

avoid cluttering the analysis with too many figures. The statistical indicators that were selected to 316 

evaluate the performance of the model are root mean square error (RMSE), and model coefficient of 317 

efficiency (CE) and they are defined and explained hereafter. The RMSE is calculated using 318 

Equation 2 and the Nash-Sutcliffe model coefficient of efficiency (CE) is calculated using Equation 319 

3. 320 

     √
∑(     )
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 322 

     
∑(     )

 

∑(    ̅)
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 324 

Where:  325 

   and    are observed (measured) and simulated values respectively,  326 

N is the number of observations,  327 

 ̅ is the mean of   328 

 329 

The RMSE measures the average magnitude of the differences between observed and simulated 330 

values. An advantage of RMSE is that it summarises the mean difference in the units of 331 

observations and simulations. However, it does not differentiate between over- and underestimation. 332 

RMSE values range from 0 to positive infinity and the closer the value to zero the better the model 333 

simulation performance. 334 

The CE measures the relative magnitude of the residual variance compared to the variance of 335 

the observations. According to Moriasi et al. (2007), CE indicates how well the plot of observed 336 
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versus simulated data fits the 1:1 line. Values of CE range from minus infinity to 1. A CE of 1 337 

indicates a perfect match between the model and the observations, a CE of 0 means that the model 338 

predictions are as accurate as the mean of the observed data and a negative CE implies that the 339 

mean of the observations is a better prediction than the model (Raes et al., 2012). 340 

Canopy cover, biomass and soil water data measured at specific points in time (sections 2.2, 341 

and 3.2) and their standard deviations were entered into a template in the observations file in the 342 

AquaCrop model. Number of measurement dates corresponding to observation-simulation 343 

combinations for each experiment were: nine for Chongoma 2011/12 CC; 11 for Chongoma and 344 

Magaranhewe 2012/13 CC; 10 for biomass in each of the three experiments; nine for Chongoma 345 

2011/12 and Magaranhewe 2012/13 soil water, 10 for Chongoma 2012/13 soil water. When the 346 

model was run the RMSE and CE for each variable calculated by the in-built module were accessed 347 

through the observations file. 348 

 349 

4  Results of model performance evaluation 350 

Results for model performance evaluation are presented for three variables: CC, biomass and soil 351 

water. For each variable comparisons are made between measured (observed) and simulated values.  352 

 353 

4.1  Canopy cover development 354 

AquaCrop was able to simulate accurately CC development during the 2012/13 season for 355 

Magaranhewe (Figure 2). There were slight mismatches; firstly early in the season up to day 39 356 

after planting (establishment to vegetative stage) when the simulated line underestimated canopy 357 

development and secondly after day 63 after planting with the measured CC declining faster 358 

compared to the simulated CC. The good agreement between the measured and simulated CC is 359 

reflected in the statistical analysis given in Table 5.4 with a relatively low RMSE value (6.1%) and 360 

high CE (0.92) at 0.40 m effective rooting. 361 
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At Chongoma, in the 2012/13 season up to day 69 the model underestimated CC but similar 362 

to Magaranhewe the measured CC declined earlier than the simulated CC up to about day 82 when 363 

there was a faster decline of simulated CC (Figure 2). Statistical analysis confirmed the relatively 364 

low model performance with larger RMSE values and smaller CE values. During the 2011/12 365 

season, AquaCrop overestimated CC after day 44 (Figure 2). The model was unable to simulate the 366 

drastic decline in CC caused by a 19–day dry spell interrupted by 31 mm on day 81 and continued 367 

for 24 days. For Chongoma model performance during the 2011/12 and 2012/13 seasons was 368 

satisfactory. 369 

 370 

5.4.2  Biomass accumulation 371 

At Magaranhewe during the 2012/13 season AquaCrop consistently overestimated biomass 372 

accumulation but showing good agreement between the measured and simulated values (Figure 3). 373 

The overestimation is reflected in the relatively high RMSE of 2.0 t ha
-1 

whilst the good agreement 374 

is shown by the model CE of 0.71 at 0.40 m effective rooting depth. 375 

For Chongoma, during the 2012/13 season the model overestimated the measured values from 376 

day 48 to just after day 87 when simulated biomass accumulation reached a near constant value in 377 

response to early cessation of rains with only 6 mm on day 71 following a 4-day dry spell (Figure 378 

1). However, on average there was good agreement between measured and simulated values Table 379 

4. In the 2011/12 season, generally there was good agreement between the measured and simulated 380 

biomass (Figure 3). The good agreement is reflected in the high model CE (0.98) (Table 5.4) and 381 

low RMSE value of 0.5 t ha
-1

 for the 0.40 m effective rooting depth.  382 

 383 

5.4.3.  Final biomass and grain yield 384 

The model tended to overestimate attainable final biomass and final grain yield at both 0.40 m 385 

effective rooting depth (Table 5). The observed final biomass and grain yield were 96 and 92% of 386 

the simulated values for 0.40 m effective rooting depth (Table 5). 387 
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 388 

5.4.4  Soil water 389 

Results depict relatively large RMSE values and CE values close to 0 (Table 4). 390 

5  Methodology for model application  391 

 392 

5.1  Simulated variables 393 

The AquaCrop model was run using seasonal daily rainfall data for 25 years between 1980 and 394 

2009 for each of the three soil types at the experimental sites (Table 1). Scenario simulations were 395 

performed for: (i) effective rooting depth (m) at five levels (0.30, 0.35, 0.40, 0.60 and 0.80) at 396 

32500 plants ha
-1

; (ii) plant density (plants ha
-1

) at four levels (17500, 25000, 32500 and 44400) for 397 

0.40 m, 0.60 m and 0.80 m effective rooting depths; (iii) planting date for the first and second 398 

planting opportunities within each season based on Agritex criterion i.e. planting after > 25 mm 399 

rainfall in 7 days (Nyakudya and Stroosnijder, 2011; Raes et al., 2004) at 32500 plants ha
-1

; and (iv) 400 

curve number (CN) at three levels (40, 65 and 79) at 32500 plants ha
-1

 and 0.40 m, 0.60 m and 0.80 401 

m effective rooting depths. Except for planting date comparisons, all other planting dates were 402 

based on the Depth criterion i.e. planting after receiving ≥ 40 mm in four days (Raes et al., 2004) 403 

and were obtained from (Nyakudya and Stroosnijder, 2011) (Chapter 3).  404 

Selection of effective rooting depths was based on literature from Sub-Saharan Africa and 405 

field observations (sections 1 and 2.3). We assumed an ideal effective rooting depth of 0.60 m but 406 

we also performed simulations using 0.80 m effective rooting depth in order to assess effect on 407 

yield. According to Raes et al. (2009) the minimum and maximum effective rooting depths for 408 

maize are 0.30 m and 2.8 m.  Plant densities are based on field observations. Nyamudeza (1999) 409 

recommended a plant density of 22000 plants ha
-1

 for the drier Natural Region V with rainfall less 410 

than 450 mm. A density of 32500 plants ha
-1

, equivalent to maximum density observed in 411 

conventional tillage experiments during the 2012/13 season  considering a sowing density of 412 

approximately 49000 plants ha
-1

 with 65% emergence was selected as the standard simulation plant 413 
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density. The highest density, 44400 plants ha
-1

 represents 90% emergence attainable under best 414 

management practices. AquaCrop provides a default CN once soil data is input into the model, in 415 

our case a uniform default value of 65 was obtained for all sites, and we added 40, the lowest 416 

allowable value by the model. The selection of CN = 79 is explained in section 3.2. Modelling with 417 

CN was performed because it enables assessment of possible interventions that alter runoff 418 

quantities for example conservation tillage. 419 

 420 

5.2  Definition of terms 421 

Water use efficiencies, percentage runoff, soil evaporation and drainage below rootzone were 422 

derived from the AquaCrop model output data. The derived variables are defined hereafter. 423 

Crop water use efficiency (WUE) was defined from a physiological perspective as the ratio of 424 

biomass to consumed water (Blum, 2005; Hatfield et al., 2001; Sinclair et al., 1984). Thus, for 425 

maize water use efficiency is described using Equation 4. 426 

 427 

WUE =Y/ET           [4] 428 

 429 

Where:  430 

Y is either total biomass or grain yield, and  431 

ET is the evaporation of water from the soil surface plus transpiration from the crop. Thus WUE 432 

was expressed in kg ha
-1

 mm
-1

 i.e. crop biomass (kg ha
-1

)/water use (mm) (Twomlow and Bruneau, 433 

2000). 434 

 435 

We considered the evaporation of water during the simulation period which was linked to the crop 436 

growing cycle of 115 days from sowing to maturity. 437 

Green-water use efficiency (GWUE) is defined as the ratio: transpiration/precipitation 438 

(Stroosnijder, 2009). The advantage of GWUE is that it avoids the compounding effect of the non-439 
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productive soil evaporation losses. The opportunities available to improve WUE can be assessed by 440 

comparing average values currently being achieved with those obtained under the best field 441 

practices and with estimates of potential values (Stanhill, 1986). For example, according 442 

Stroosnijder (2009), GWUE in rainfed systems in sub-Saharan Africa ranges from 5 to 15% but 443 

may be above 50% in comparable climates in the USA. In calculating GWUE we used the total 444 

seasonal (Nov – Mar) rainfall.  445 

Runoff, soil evaporation and drainage below rootzone were expressed as percentages of the 446 

rainfall within the simulation period.  447 

 448 

5.3  Data analysis 449 

For the long-term rainfall simulations, analysis of variance, or the independent samples t-test, R
2
, 450 

and graphic analyses were used to analyse simulated and derived variables for effective rooting 451 

depth, plant density, planting date, and CN. The coefficient of determination (R
2
) is calculated using 452 

Equation 5. 453 

 454 

   [
∑(    ̅)(    ̅)

√∑(    ̅)
 ∑(    ̅)

 
]
 

          [5] 455 

 456 

Where  ̅ is the mean of   and the other parameters are as defined in section 3.3. 457 

The coefficient of determination (R
2
) is the squared value of the Pearson correlation 458 

coefficient. The coefficient of determination gives the proportion of the variance in the measured 459 

data explained by the model (Field, 2005). It ranges from 0 to 1, with values close to 1 indicating a 460 

good agreement. A disadvantage of R
2
 is that only dispersion is quantified, which means a model 461 

which systematically overestimates (or underestimates) the observations can still have a good R
2
 462 

value (Krause et al., 2005). 463 

Post-hoc tests to identify statistically different means were performed using the Least 464 

Significant Difference (LSD) test.  465 
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 466 

6  Results of model application 467 

Model application results are presented for effective rooting depth, plant density, planting date and 468 

CN.  469 

 470 

6.1  Effective rooting depth 471 

Normal years 472 

The model shows that increasing maize effective rooting depth from 0.40 m (shallow rooted) to 473 

0.60 m (shallow to medium rooted) at 32500 plants ha
-1

, increases maize grain yield (P ≤ 0.05) 474 

(Figure 4). The mean increase across sites from 0.40 m to 0.60 m is 16.7% i.e. from 6.0 to 7.0 t ha
-1 475 

corresponding to a yield increase of 1.0 t ha
-1

. Increasing effective rooting depth from 0.60 m to 476 

0.80 results in 0.3 t ha
-1

 yield gain which is not statistically significant. Doubling effective rooting 477 

depth from 0.40 m to 0.80 m results in 1.3 t ha
-1 

 equivalent to a 21.7% increase in grain yield. The 478 

coefficient of variation ((standard deviation /mean)* 100%) shows a declining trend with increasing 479 

effective rooting depth (Figure 4). Increasing plant density (plants ha
-1

) from 32500 to 44400 at 480 

0.40 m effective rooting depth results in grain yield equal to 6.6 t ha
-1

 , an increase of 10% from 6.0 481 

t ha
-1

. Grain yield increases to 7.8 t ha
-1

 (P < 0.001) when the model is run at 0.60 m and 44400 482 

plants ha
-1

. 483 

Biomass, grain and green-water use efficiencies generally increased (P < 0.05) with 484 

increasing effective rooting depth to 0.80 m at all sites. However, increasing effective rooting depth 485 

from 0.60 m to 0.80 m does not have an effect (P > 0.05) on all water use efficiencies at all sites. 486 

Mean percentage increases from 0.40 m to 0.60 m were; 9.7% for biomass water use efficiency; 487 

12.4% for grain water use efficiency and 10.0% for GWUE respectively. Doubling the effective 488 

rooting depth from 0.40 m to 0.80 m results in mean increases (P < 0.05) across sites of biomass 489 

water use efficiency by 15.0% from 46.7 to 53.7 kg ha
-1

 mm
-1

, grain water use efficiency by 17.7% 490 

from 22.0 to 25.9 kg ha
-1

 mm
-1

 and GWUE by 16.9% from 20.7 to 24.2%. 491 
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Increasing effective rooting depth from 0.40 m to 0.80 m reduced (P < 0.05) soil evaporation 492 

by 15.2% for Chongoma but there were no significant differences for the other sites.  493 

 494 

Dry and wet years 495 

For effective rooting depths 0.40 m to 0.80 m there were no differences (P > 0.05) in biomass and 496 

grain yield, and water use efficiencies in dry (El Niño) and wet (La Niña) seasons for all sites. 497 

Though insignificant (P > 0.05) in dry years, increasing effective rooting depth from 0.40 m to 0.80 498 

m resulted in grain yield increase from 4.0 to 6.4 t ha
-1

. Increasing from shallower effective rooting 499 

depths ≤ 0.30 m to 0.80 m increases (P < 0.05) biomass and grain yield for Chongoma and 500 

Magaranhewe, and only biomass yield for Kapitawo in dry years. 501 

 502 

General 503 

Effective rooting depth did not have an effect (P > 0.05) on non-productive water losses (runoff and 504 

drainage below rootzone) except for soil evaporation for Chongoma in normal years as described 505 

earlier in this section. At 0.80 m effective rooting depth, total non-productive water losses during 506 

the crop growing cycle expressed as a percentage of mean seasonal rainfall (631 mm), amount to 507 

86% in wet seasons, 68% in normal seasons, and 39% in dry seasons (Figure 5). Drainage below 508 

effective rooting depth constitutes the bulk of non-productive water losses, ≥ 40% in normal and 509 

wet years whilst evaporation contributes 47% of non-productive losses in dry years. Runoff is 510 

constant by virtue of a constant CN. Mean drainage as a percentage of rainfall (SD) within the 511 

simulation period across sites for 0.40 m, 0.60 m and 0.80 m effective rooting depths respectively 512 

were: dry years, 27.4 (8.4), 24.9 (8.4), and 22.9 (9.2); normal years, 33.2 (5.6), 32.0 (6.1), 31.8 513 

(6.7), and wet years 31.8 (2.7), 29.0 (4.7), and 28.6 (4.9). 514 

 515 

6.2  Plant density 516 

Normal years 517 
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For modelling based on 0.40 m effective rooting depth at 17500, 25000 and 32500 plants ha
-1

, 518 

differences (P < 0.05) in biomass and grain yield were observed for all the three plant densities for 519 

Kapitawo. For Chongoma the higher densities had similar performance (P > 0.05) and performed 520 

better (P < 0.05) than the lower density. For Magaranhewe, biomass yield increased with increasing 521 

density (17500 < 25000 < 32500); for grain yield the higher densities outperformed (P < 0.05) the 522 

lowest density but performed similarly (P > 0.05). On average; increasing plant density (plants ha
-1

) 523 

from 17500 to 32500 increased (P < 0.05) grain yield by 2.0 t ha
-1

 (from 4.0 to 6.0 t ha
-1

) 524 

corresponding to a 50% increase. Though not significant (P < 0.05) at two of the three sites, 525 

increasing from 25000 to 32000 plants ha
-1

 resulted in additional 0.6 t ha
-1

 (from 5.4 to 6.0 t ha
-1

) 526 

equivalent to 11.1% increase. Respective water use efficiencies followed a similar trend to biomass 527 

and grain yield for all sites (Table 6). On average increasing plant density (plants ha
-1

) from 17500 528 

to 32500 and from 25000 to 32500 increased biomass water use efficiency by 37.3 and 11.0%; grain 529 

water use efficiency by 46.7 and 9.6%; and GWUE by 41.4 and 11.9% respectively. 530 

For all sites the lowest density had higher percentage soil evaporation (P < 0.05) than the two 531 

higher densities which had similar values (P > 0.05). Percentage soil evaporation values (SD) for 532 

the lowest and highest densities respectively were 29.3 (4.4) and 24.3 (4.4) for Chongoma; 27.2 533 

(4.3) and 20.8 (3.1) for Magaranhewe; and 27.8 (4.2) and 21.3 (3.3) for Kapitawo.  534 

Biomass and grain yield increased (P < 0.001) with increasing density when the model was 535 

run at 0.60 m and 0.80 m effective rooting depths (Figure 6) for plant densities from 17500 to 536 

44400 plants ha
-1 

for all sites. Respective water use efficiencies followed a similar trend to biomass 537 

and grain yield, but depicted less significant (P < 0.05) results except for GWUE which was similar 538 

at 25000 and 32500 plants ha
-1

 for Kapitawo (Table 6). Generally percent soil evaporation 539 

decreased with increasing plant density, but from 25000 plants ha
-1

 successive densities had similar 540 

percentage soil evaporation values. Percentage soil evaporation values (SD) for 32500 and 44400 541 

plants ha
-1

 respectively were 20.6 (3.4) and 18.1 (3.1) for Chongoma; 19.2 (3.4) and 16.6 (3.6) for 542 
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Magaranhewe; and 20.3 (3.5) and 17.9 (3.3) for Kapitawo for modelling at 0.80 m effective rooting 543 

depth. 544 

 545 

Dry and wet years 546 

For modelling at effective rooting depth 0.40 m and 17500, 25000 and 32500 plant ha
-1

, dry and 547 

wet seasons had similar performances for all variables (P > 0.05) except for Kapitawo where 548 

biomass water use efficiency for 32500 plant ha
-1

 was higher (P < 0.05) than for the two lower 549 

densities in wet seasons. Mean (SD) GWUE (%) was least in wet years; 10.5 (1.4) at 17500 plants 550 

ha
-1

, 12.8 (1.6) at 25000 plants ha
-1

, and 14.2 (1.7) at 32500 plants ha
-1

; and highest in dry years 551 

19.8 (2.2) at 17500 plants ha
-1

, 23.8 (2.7) at 25000 plants ha
-1

 and 25.8 (2.6) at 32500 plants ha
-1

. 552 

In dry years, modelling at 0.60 m effective rooting depth up to a maximum density of 44400 553 

plants ha
-1

 generally shows that 32500 and 44400 plants ha
-1

 had lower (P < 0.05) percent soil 554 

evaporation rates than the lowest plant densities, 25000 and 17500 plants ha
-1

 at all sites. For 555 

Chongoma all other variables were similar (P > 0.05), but Magaranhewe and Kapitawo biomass 556 

yielded more (P < 0.05) at 32500 and 44400 plants ha
-1

 than 25000 and 17500 plants ha
-1

. Similar 557 

trends were observed for water use efficiencies for Kapitawo, but water use efficiencies were not 558 

different (P > 0.05) for Magaranhewe. 559 

For modelling at 0.80 m effective rooting depth, in dry years percent soil evaporation was 560 

lower (P < 0.05) for all other densities than 17500 plants ha
-1

 for Magaranhewe and Kapitawo. 561 

Middle densities had similar (P > 0.05) percent soil evaporation values which were higher (P < 562 

0.05) than the value for 44400 plants ha
-1

 for Magaranhewe, but 32500 plants ha
-1

 equalled 44400 563 

plants ha
-1

 at Kapitawo and Chongoma. Biomass and grain yield increased (P < 0.001) with 564 

increasing density for Magaranhewe, and water use effciencies followed a similar trend. For 565 

Chongoma a consistent trend was observed for biomass, grain yield and water use efficiencies 566 

where the lowest density 17500 plants ha
-1

 had similar (P > 0.05) values to 25000 plants ha
-1

 which 567 

in turn had similar (P > 0.05) values to 32500 plants ha
-1

 which had a similar values to 44400 plants 568 
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ha
-1

. For Kapitawo, biomass, grain yield and GWUE, a consistent trend was observed where 17500 569 

had lower (P < 0.05) values than 25000 which had similar values to 32500 but lower than 44400 570 

plants ha
-1

. For grain water use efficiency the lowest density had a lower value than all other 571 

densities which were similar (P > 0.05). 572 

For wet years, simulations at 0.60 m effective rooting depths showed that in general the 573 

lowest density (17500 plants ha
-1

) differed from the highest density (44400 plants ha
-1

) for all 574 

variables except GWUE for Chongoma. Differences were more pronounced for Magaranhewe and 575 

Kapitawo. Simulations at 0.80 effective rooting depth resulted in significant differences for all 576 

variables at all sites. 577 

 578 

 General  579 

 Runoff and drainage below rootzone were similar across sites, effective rooting depths, plant 580 

densities and seasons (P > 0.05). 581 

 582 

 

6.3  Planting dates 

All simulated and derived variables were similar (P > 0.05) for the first and second planting 

opportunities for normal, wet, and dry seasons and for all sites. Accordingly, linear regression 

between the first planting yield and the second planting yield for biomass and grain yield 

showed significant relationships (P < 0.001).  

Simulations at 0.60 m effective rooting depth showed that for Chongoma, grain yield, 

R
2
 = 0.96, RMSE =0.0, biomass, R

2
 = 0.89, RMSE = 0.0 t ha

-1
; for Magaranhewe, grain yield 

R
2
 = 0.96, RMSE = 0.1 t ha

-1
, biomass R

2
 = 0.96, RMSE =0.2 t ha

-1
; and for Kapitawo, grain, 

R
2
 = 0.98, RMSE =0.0 t ha

-1
, biomass, R

2
 = 0.97, RMSE = 0.2 t ha

-1
. 

On average the first planting opportunities occurred 28 days after November 1 and 

second occurred 12 days later. The cropping season has a declining temperature regime from 
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the onset to the end but there were no differences (P > 0.05) in the growing degree days 

(GDD) within the growing cycle defined by calendar days, mean (SE) for the first planting 

opportunity was 1754 (9) 
0
C and that for the second was planting 1748 (9) 

0
C.  

 

5.6.4 Curve number (CN) 

For all sites and from dry to wet years, there were no differences (P > 0.05) among curve 

numbers for all variables except runoff and drainage below rootzone (P < 0.05). Due to 

proximity between values obtained among sites it was difficult to plot all sites in one graph so 

we present results for Magaranhewe as an example. As anticipated runoff increased with 

increasing CN whilst drainage below rootzone had an inverse relation with CN. Although, the 

relation between runoff and drainage below rootzone with CN is obvious, we present Figure 8 

in order to show the estimated water quantities involved. Soil evaporation is included as 

another non-productive flow of water and it is constant for a given season quality. Mean (SD) 

drainage below rootzone (%) for CN = 79 in dry years and CN = 40 in wet years was: 28.2 

(9.3) and 54.7 (6.7) for the 0.40 m effective rooting depth; 25.1 (8.6) and 50.6 (10.5) to for 

0.60 m effective rooting depth; and 22.8 (9.7) and 49.5 (10.1) for 0.80 m effective rooting 

depth. 

 

Normal years 

For all effective rooting depths and curve numbers there were differences in runoff (P < 

0.001) and drainage below rootzone (P < 0.05). Simulations with a CN = 79 representing 

maize production under conventional tillage resulted in 31.4% loss of rainfall (about 190 mm) 

in the crop growing cycle as drainage below rootzone (Figure 7). 

 

Wet years 
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For the 0.40 m effective rooting depth, curve numbers 40 and 65 had similar percent runoff 

amounts (P > 0.05) which were lower (P < 0.05) than that for CN 79. At higher effective 

rooting depths CN 79 had higher runoff than CN 40 which had similar runoff to both CN 40 

and CN 65. Drainage exhibited a similar trend to runoff for all effective rooting depths.  

 

Dry years  

Percentage drainage below rootzone was larger for CN 40 than 79 (P < 0.05) with the middle 

CN having similar (P > 0.05) values with the lower and the higher CN at all effective rooting 

depths. Runoff at all sites increased (P < 0.05) in the order (40 < 65 < 79).  

 

5.7  Discussion 

5.7.1  Model performance 

AquaCrop simulated canopy cover (CC) development fairly well at both Magaranhewe and 

Chongoma. Stress induced decline in CC is a highly demanding test for the model since a 

small deviation in simulated timing can lead to a significant difference in CC duration (Heng 

et al., 2009). Hsiao et al. (2009) state that the model has difficulties in simulating water stress 

induced early senescence. This could be a contributory factor in the lag period observed for 

responding to water stress induced senescence between the simulated values and the measured 

values (Figure 2). In this study, the situation was compounded by Striga spp. (maize witch 

weed) stress induced senescence. The witch weed is a parasite of maize and causes wilting of 

plant leaves thus reducing the green CC. This leads to observed early canopy senescence or 

stunted canopy growth. The weed emerged from February onwards and was triggered by dry 

spells. In spite of the timing challenges, at Magaranhewe, during the 2012/13 season the 

model simulated canopy senescence at day 79, six days into a 21-day dry spell (Figures 1 and 

2). At Chongoma the model also showed good sensitivity to dry spells when canopy decline 
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began at 78 days after planting after a 10-day dry spell interrupted by only 6 mm on day 71. 

The differences in CC may also be partly due to sampling and measurement errors. 

Stricevic et al. (2011) reported that in a year where there was sufficient precipitation to 

support high yield AquaCrop simulated rainfed yield excellently. The 2011/12 season at 

Chongoma had a 17-day dry spell from day 15 to day 31 in addition to terminal dry spells 

(Figure 1). The model was unable to correctly simulate the expected stunted growth and 

drastic decline in CC (Figure 2). 

On average there was good agreement between simulated and measured biomass values 

as reflected by CE values 0.71 to 0.98 (Table 4) for simulations at 0.40 m effective rooting 

depth. Heng et al. (2009) obtained a CE of -2.01 for CC and 0.77 for biomass accumulation 

under rainfed conditions for maize. We obtained CE values for CC ranging from 0.42 to 0.69 

for the drier Chongoma site (Table 4) without calibration and our simulation of biomass 

accumulation compared favourably with their results.  

The model overestimated soil water in contrast to findings by Biazin and Stroosnijder 

(2012) who observed underestimation of measured soil water by the model with RMSE values 

of 7.3 mm and 8 mm compared to our results (11.5 mm to 17.2 mm). The reason for 

overestimation of soil water is that measurements in some cases missed the peak soil water as 

they were not always taken just after each rainfall event. Hsiao et al. (2009) observed a 

similar trend. Relatively large RMSE values and CE values close to 0 implied that the model 

predictions are as accurate as the mean of the observed data. Differences between simulated 

and observed values also arise due to the natural variability of field soils which is not 

considered in the model.  

On average the model overestimated final biomass and grain yield. For the 2011/12 

season at Chongoma the terminal dry spells reduced harvest index (HI) and resulted in lower 

measured final biomass and grain yield. The 778 mm seasonal rainfall (Nov-Mar) (Figure 1) 
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is misleading since the crop did not use 125 mm of this amount that fell on 30 March after 

drying prematurely due to water stress. Biazin and Stroosnijder (2012) report positive 

deviations up to 17.7% for final biomass and 11.8% for final grain yield. Hsiao et al. (2009) 

obtained deviations ranging from -20.6% to + 21.9%. For our data, without calibration we 

obtained larger deviation (%) (Table 5). However, with the mean observed final biomass and 

grain yield at 96 and 92% of the mean simulated values respectively for the 0.40 m effective 

rooting depth (Table 5) without calibration we considered the model performance to be good 

enough for use in exploring options for improving rain water use efficiency in semi-arid 

Zimbabwe.  

The observed HI for the 2010/11 to 2012/13 experiments ranged from 0.22 to 0.42 with 

a mean = median of 0.33 (not shown). Mhizha (2010) observed HI ranging from 0.31 to 0.41 

from higher rainfall areas in Zimbabwe. However, there was no basis for changing the HI0 to 

a lower figure.  

 

5.7.2  Model Application 

The large maize grain yield gap of 2.4 t ha
-1

 observed in farmers’ fields from 0.1 t ha
-1

 

minimum to 2.5 t ha
-1

 maximum is largely attributed to management factors. We observed 

none or minimal application of fertilizers, late planting and weeding and low plant densities in 

fields of most farmers in the district. In most cases fertilizers are only applied to some but not 

all fields. Thus, low crop yields in farmers’ fields are attributed to these management factors 

among others. 

The mean maximum yield for the district,  2.5 t ha
-1

  is comparable to the mean yield of 

2.7 t ha
-1

 that we obtained under field experiments. In addition, the maximum measured yield 

in the experiments was 5.0 t ha
-1

 (not shown)
 
and it falls within simulated yield range at the 

0.40 m effective rooting depth (Figure 4).  
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For modelling at 0.40 m effective rooting depth and a final plant density of 32500 plants 

ha
-1

, in general differences in variables (P < 0.05) were observed in normal years (56.0% of 

the seasons). This suggests that agronomic manipulations will not have an effect (P > 0.05) in 

dry and wet years in most cases. This is expected because in wet seasons there is sufficient 

and usually well distributed rainfall and in dry seasons rainfall is simply inadequate to meet 

crop water requirements. However, modelling at larger effective rooting depths 0.60 m and 

0.80 m and higher plant density such as 44400 plants ha
-1

 also resulted in differences in most 

variables especially in wet years.  

Modelling showed that increasing effective rooting depth from 0.30 m to 0.60 m 

improved biomass and grain yield and respective crop water use efficiencies, and GWUE at 

all sites in normal years (P < 0.05) and stabilizes crop yields as reflected by the lower 

standard deviations for the 0.60 m effective rooting depth (Figure 4). This is attributed to 

larger amount of plant available water under a deeper root system. In situations where high 

drainage losses are prevalent (Figures 5 and 7) a deeper root system enables plants to extract 

water that would otherwise be lost through drainage below the rootzone at a shallower 

effective rooting depth. At Chongoma, soil evaporation losses were reduced by increasing 

effective rooting depth possibly due to larger canopy cover developed under the deeper 

rooting maize crop. Therefore, farmers can achieve better yields at 0.60 m effective rooting 

depth. Large grain yield fluctuations in dry years as shown by large standard deviations even 

at 0.60 m effective rooting depth (Figure 4) lead to yield instability and lack of yield 

difference (P >0.05) between 0.30 m and 0.60 m despite a large yield gap of 1.9 t ha
-1

 from 

3.5 to 5.4 t ha
-1

. The fact that increasing effective rooting depth from 0.60 m to 0.80 m 

at32500 plants ha
-1

  did not increase (P > 0.05) biomass and grain yield implies that farmers 

may not benefit much from maize effective root depth beyond 0.60 m at ≤32500 plants ha
-1

 

for the cultivar in question.  
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Simulation results showed better grain and biomass yield performance with increasing 

final plant density up to highest plant density considered in this study, 44400 plants ha
-1 

(Figure 6), and water use efficiencies followed a similar trend (Table 6). Percentage crop 

emergence under smallholder farming conditions is often low; therefore, farmers can achieve 

a final plant density of 32500 plants ha
-1

 by planting at the Agritex recommendation of about 

50000 plants ha
-1

 assuming 65% plant emergence. Farmers who achieve 90% (44400 plants 

ha
-1

 final density) will benefit more. Runoff and drainage below rootzone percentages were 

similar at all plant densities and this is attributed to the constant CN. However, drainage 

below the rootzone was large (Figures 5 and 7) and we attributed this to the generally shallow 

to medium effective rooting depths considered in this study and the heavy storms that are 

typical of semi-arid Zimbabwe especially during the December to January period when the 

maize crop is still in the early development stage (Munodawafa and Zhou, 2008; Nyakudya 

and Stroosnijder, 2011). In normal years GWUE ranged from 13.1% at 17500 plants ha
-1

 to 

22.3% at 32500 plants ha
-1

 at 0.40 m effective rooting depth. GWUE increases from a 

minimum of 16.2% at 17500 plants ha
-1

 to 28.0% at 44400 plants ha
-1

 and 0.80 m effective 

rooting depth (Table 6). Green water use efficiency drops to 12.4% at 17500 plants ha
-1

 and 

21.2% at 44400 plants ha
-1

 at 0.80 effective rooting depth in wet years (not shown). These 

figures are close to a high of 20% estimated by Stroosnijder (2009) for East Africa and are 

within the range of 10 to 30% estimates by Falkenmark and Rockström (2006). Farmers may 

benefit by increasing the plant density (plants ha
-1

) from 32500 to 44400 if a wet season is 

anticipated. The fact that increasing effective rooting depth from 0.60 m to 0.80 m whilst 

maintaining a plant density (plants ha
-1

) of 32500 did not lead to grain yield increase implies 

that at low plant densities an increase in effective rooting depth should be coupled with an 

increase in plant density. Probably the optimum effective rooting depth for the cultivar under 

study is 0.60 m at 44400 plants ha
-1

 because this effective rooting depth - plant density 
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combination produced high grain yield 7.8 t ha
-1

 which is similar to a mean maximum of 8.0 t 

ha
-1

 produced at 44400 plants ha
-1

 at 0.80 m effective rooting depth in normal and wet years 

(Figure 6). 

The high simulated yield of 7.8 t ha
-1

 at 0.60 m effective rooting depth and 44400 plants 

ha
-1

is interesting because it exceeds the yield potential of 3 to 5 t ha
-1

 that corresponds to the 

fertilizer application rates used in this study. We are cognisant of the fact that this can only be 

achieved in seasons with adequate and well distributed rainfall. We used as most important 

yield driving variables (as explained in section (3.3) values of 29.0 g m
-2

 for WP* and 48% 

for HI0 because our aim was to simulate attainable yield using long-term rainfall data. The 

question arises how realistic a value of 7.8 t ha
-1

 for attainable yield is. Of course it would 

have been easy to suppress the yield level by calibrating the model. But since it was our goal 

to use AquaCrop without calibration we deliberately did not consider this option. Instead we 

ask ourselves the question whether our current idea of attainable is still correct. Maybe there 

are still production limiting factors that we have not yet considered and taken into account. 

And maybe the yield gap is larger than we think. If correct, this would imply that there is even 

more to gain in proper crop husbandry than we think. Food for thought! 

Lack of differences (P > 0.05) in all variables except percentage runoff and drainage 

below rootzone with CN suggests that under a sole maize crop, practices that alter CN for 

instance, conservation tillage and rainwater harvesting alone, will not have a significant effect 

on biomass and grain yield and respective water use efficiencies under the soils used in this 

study. Innovative strategies are required to manipulate the field water balance effectively by 

reducing non-productive water losses particularly drainage below the rootzone in all seasons 

and soil evaporation in dry seasons (Figures 5 and 7).  

In an experiment comparing conventional tillage, mulch ripping and conservation basins 

(planting pits) Mupangwa et al. (2012) reported that tillage method had no effect (P > 0.05) 
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on maize grain yield, but mulching increased grain yield. Mulching reduces soil evaporation 

losses and this is important for mitigating effects of dry spells. Lack of effect of CN may also 

be attributed to the relatively low available water capacity of the soils (Equation 1): 61-74 mm 

for 0.60 m effective rooting depth (Table 1) that renders them less responsive to field water 

balance manipulations. Addition of organic fertilizers increases soil water retention in coarse 

to medium textured soils (Rawls et al., 2003) which are typical of soils at the experimental 

sites. Where a restrictive soil layer that impedes root growth exists due to a plough pan for 

example, deep ripping can be done to increase the effective rooting depth. In places with 

shallow soils ridge/furrow sytems where planting is done on the ridge also increase effective 

rooting depth (Vogel, 1993). Selection of and/or breeding for deep rooting maize cultivars is 

an example of manipulation of the crop factor in the PAW equation (Equation 1). In addition 

intercropping systems incorporating legumes with deeper rooting systems for example 

pigeonpea (Cajanus cajan (L.) Millsp.) can be explored as options for improving WUE and 

GWUE. Simulated drainage below the rootzone in normal years ranging from 31.8 to 33.2% 

of rainfall in the crop growing cycle may lead to nutrient losses through leaching. Simulated 

drainage below the rootzone exceeds the maximum of 25% estimated by Falkenmark and 

Rockström (2006).  

Planting in November at the onset of the rains is the safest under rainfed conditions in 

Zimbabwe as the crop is able to utilise the full length of the rainy season. Early maturing 

enables the crop to escape debilitating end of season dry spells. Nyagumbo (2007) reported 

grain yield losses of 5% per week delayed. AquaCrop simulations produced insignificant 

differences in grain yield between the first plantings and second plantings based on the 

Agritex criterion. In Zimbabwe there are other reasons why late plantings often give lower 

yields than early plantings which the model could not capture. These include higher incidence 

of pests for example stalk borer (Busseola fusca (Fuller)), and diseases for example maize 
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streak disease caused by the Maize streak virus in late planted crops. Thus, simulations with 

planting dates exemplify the need to consider other biophysical conditions that are outside the 

scope of crop models. 

 

 

5.8  Conclusions  

AquaCrop simulated canopy cover development well and simulated biomass 

accumulation showed good agreement with measured values. The model overestimated soil 

water, and observed final biomass and grain yield were 96 and 92% of simulated values 

respectively at 0.40 m effective rooting depth. However, the reasonably good model 

performance without parameter adjustments (calibration) implies that the model can be 

applied in semi-arid Zimbabwe as a tool for selecting adaptive water management practices.  

Increasing effective rooting depth (m) for simulation from 0.40 to 0.60 at 32500 plants 

ha
-1

 increased maize grain yield by 16.7% from 6.0 to 7.0 t ha
-1

. Doubling effective rooting 

depth from 0.40 m to 0.80 m resulted in 1.3 t ha
-1 

 equivalent to a 21.7% increase in grain 

yield.  

Increasing effective rooting depth  from 0.40 m  at 32500  plants ha
-1

  to 0.60 m at 44400 

plants ha
-1

 increased: grain yield from 6.0 to 7.8 t ha
-1

, biomass water use efficiency by 

20.5%,  grain water use efficiency  by 23.6% and GWUE by 26.8%. Drainage below the 

rootzone was ≥ 40% of non-productive water losses in normal and wet seasons whilst soil 

evaporation contributed 47% in dry seasons at 0.80 m effective rooting depth.  

All simulated and derived variables were similar (P > 0.05) for the first and second 

planting opportunities based on the Agritex criterion for all years, seasons and sites for 

simulations up to 0.60 m effective rooting depth. 



33 

To improve yield and WUE, we recommend: incorporation of deep-rooting legumes, 

deeper-rooting cultivars (≥ 0.60 m effective rooting depth) and practices that improve 

effective rooting depth, a plant density of 44400 plants ha
-1

; and practices that reduce soil 

evaporation e.g. mulching and addition of organic fertilizers to improve soils’ available water 

capacity and enhance response to mineral fertilizers.  

Further research should include participatory field testing of results from this study with 

farmers.  
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         Figure Captions 

Figure  Caption 

1 Daily rainfall for (a) Magaranhewe 2012/13 season (b) Chongoma 2012/13 

season, and (c) Chongoma 2011/12 season in Rushinga district, Zimbabwe 

2 Observed (dots) and simulated (solid line) canopy cover (%) at 0.40 m 

effective rooting depth and 32500 plants ha
-1

 for rainfed maize cultivar SC513 

at (a) Magaranhewe, 2012/13 season (b) Chongoma, 2012/13 season and, (c) 

2011/12 season. Error bars: standard deviation 

3 Observed (dots) and simulated (solid line) biomass (t ha
-1

) at 0.40 m effective 

rooting depth and 32500 plants ha
-1 

for rainfed maize cultivar SC513 at (a) 

Magaranhewe 2012/13 season, and (b) Chongoma 2012/13 season and (c) 

2011/12 season in Rushinga district, Zimbabwe Error bars: standard deviation 

4 Simulated maize (cultivar SC513) grain yield for 0.30 m, 0.35 m, 0.40 m, 0.60 

m and 0.80 m effective rooting depths at 32500 plants ha
-1

. Means for 

Chongoma (black solid line), Magaranhewe (dashed black line) and Kapitawo 

(light solid line) in Rushinga district, Zimbabwe. Error bars: standard deviation 

5 Simulated drainage below the rootzone (solid black line), evaporation (dashed 

black line) and runoff (solid light line) losses (mm) for 0.30 m, 0.35 m, 0.40 m, 

60 m and 0.80 m effective rooting depths at a plant density of 32500 plants ha
-1

 

for Chongoma, Magaranhewe and Kapitawo in Rushinga district, Zimbabwe. 

Error bars: standard deviation 

 

6 Relation between plant density (plants ha
-1

)and mean simulated maize biomass 

and grain yield (t ha
-1

) at 0.80 effective rooting depth for Chongoma (solid 

lines: lower line represents grain yield and upper line represents biomass), 

Kapitawo (dashed lines: lower line represents grain yield and upper line 

represents aboveground biomass), and Magaranhewe (filled circles:lower 

circles represent grain yield and upper circles represent biomass) in Rushinga, 

Zimbabwe. Error bars: standard deviation 

7  Relationship between curve number and simulated non-productive water 

losses (mm) at 0.80 m effective rooting depth: drainage below rootzone (solid 

black lines), runoff (solid light lines) and soil evaporation (dashed black lines) 

for Magaranhwe, Rushinga district Zimbabwe. Error bars: standard deviation 
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Figure 3 
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Figure 5 
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Figure 7 

 

Table 1: Measured 
a
soil physical properties of experimental fields in Rushinga district, 

Zimbabwe 

Site Soil 

layer 

b
Soil 

texture 

Bulk 

density 

Volumetric soil water 

content  

(mm/m) 

(m)  (g cm
-3

) SAT FC PWP 

Chongoma  0.0-0.2 mSaL 1.64 340 218 114 

0.2-0.4 mSaCL 1.52 379 241 149 

0.4-0.6 mSaCL 1.65 344 265 158 

   0.6-

0.8 

mSaCL 1.63 318 257 150 

Magaranhewe  0.0-0.2 mSaL 1.56 346 158 69 

0.2-0.4 mSaCL 1.44 380 269 134 

0.4-0.6 mSaCL 1.58 380 260 130 

 0.6-0.8 mSaCL 1.62 380 274 135 

Kapitawo  0.0-0.2 fSaL 1.40 412 228 94 

0.2-0.4 fSaL 1.53 379 268 139 

0.4-0.6 fSaL 1.47 381 265 158 

 0.6-0.8 fSaL 1.56 379 273 137 
a 
SAT, water content at saturation; FC, field capacity; PWP, permanent wilting point 

b
mSaL, medium sandy loam; mSaCL, medium sandy clay loam; fSaL, fine sandy loam
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Table 2: Crop conservative input parameters of AquaCrop for maize 

Description Value Units Meaning/Remark 

Conservative (generally applicable) 

Base temperature 8 
0
C  

Cut-off temperature 30 
0
C  

Canopy cover per seedling at 90% 

emergence (CC0) 

6.5 cm
2
  

Canopy growth coefficient (CGC) 1.3 % increase in CC relative to existing CC per 

growing degree day (GDD) function of 

plant density 

Crop coefficient for transpiration at CC = 

100% 

1.03  full canopy transpiration relative to ET0 

Decline in crop coefficient after reaching 

maximum canopy cover (CCx) 

0.3 % decline per day due to leaf ageing 

Canopy decline coefficient (CDC) at 

senescence  

1.06 % decrease in CC relative CCx per GDD 

Leaf growth threshold p – upper 0.14  as a fraction of total available water 

(TAW), above this leaf growth is inhibited 

Leaf growth threshold p- lower 0.72  as a fraction of TAW, leaf growth stops 

completely at this point 

Leaf growth stress coefficient curve 2.9  moderately convex shape 

Stomatal conductance threshold p – 

upper 

0.69  above this, stomata begin to close 

Stomata stress coefficient curve shape 6.0  highly convex curve 

Senescence stress coefficient p –upper 0.69  above this, stomata begin to close 

Senescence stress coefficient curve shape 2.7  Moderately convex shape 

Anaerobiosis point  6 % soil moisture content below saturation at 

which poor aeration no longer limits 

transpiration. Moderately tolerant to water 

logging 

Considered to be conservative but can or may be cultivar specific 

Water productivity parameter is 

normalised for climate (WP*) 

29.0 g m
-2

  This lower value is based on Mhizha 

(2010).  

Reference harvest index (HI0) 48 %  
a
GDD (Growing degree days) from 90% 

emergence to start of anthesis 

800 
0
C earlier for short season cultivars 

Duration of anthesis  190 
0
C  

Coefficient, inhibition of leaf growth on 

HI  

7  

 

HI increased by inhibition of leaf growth 

at anthesis 

Coefficient inhibition of stomata on HI 3  HI reduced by inhibition of stomata at 

anthesis 

 
a
Growing degree days describe crop growth and development in thermal time. Different crop development stages 

are completed once a given number of GDD are reached (Fereres et al., 2008). GDD = (Tmax + Tmin)/2 – Tbase 

where, GDD is the number of temperature degrees determining crop growth and development, Tmax is daily 

maximum air temperature, Tmin is daily minimum air temperature and Tbase is temperature below which crop 

development stops. AquaCrop uses GDD to compute thermal time. 
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Table 3: Phenological observations translated into user-specific parameters of 

AquaCrop for the maize cultivar SC513 in Rushinga district, Zimbabwe 

Description Value Units 

Time from sowing to emergence 6 Calendar 

days 

Time from sowing to maximum canopy cover 65 Calendar 

days 

Time from sowing to flowering 55 Calendar 

days 

Duration of flowering 20 Calendar 

days 

Time from sowing to start of senescence 95 Calendar 

days 

Time from sowing to maturity 115 Calendar 

days 

Effective rooting depth 

Plant density Magaranhewe (2012/13) 

0.40 

32593 

Meter 

Plants ha
-1

 

Maximum canopy cover (CCx) Magaranhewe 

(2012/13) 

Plant density Chongoma  (2011/12) 

Maximum canopy cover (CCx) Chongoma 

(2011/12) 

Plant density Chongoma (2012/13) 

Maximum canopy cover (CCx) Chongoma 

(2012/13) 

 

70 

32099 

57 

27753 

65 

 

% 

Plants ha
-1 

% 

Plants ha
-1 

% 
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Table 4: Root mean square error (RMSE) and coefficient of efficiency (CE) for 

comparisons between observed and simulated canopy cover (CC), biomass and soil 

water for rainfed maize at 0.40 m effective rooting depth at Chongoma and 

Magaranhewe villages in Rushinga district, Zimbabwe 

Site 

 

Season Canopy cover Biomass Soil water 

  RMSE 

(%) 

CE RMSE 

(t ha
-1

) 

CE RMSE 

(mm) 

CE 

Magaranhewe 2012/13 6.1 0.92 2.0 0.71 11.5 -0.78 

Chongoma 2012/13 16.3 0.42 1.3 0.88 16.7 0.04 

 2011/12 9.0 0.69 0.5 0.98   
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Table 5: Observed and simulated final aboveground biomass and grain yield (t ha
-1

)and soil water (mm) at 0.40 m effective rooting depth 

and 32500 plants ha
-1

 for Chongoma and Magaranhewe, in Rushinga district, Zimbabwe 

Site Season Planting 

date 

Seasonal 

rainfall 

Final biomass (t ha
-1

) Final grain yield (t ha
-1

) Soil water (mm)  

   mm Observed Simulated % 

Dev
a
 

Observed Simulated % 

Dev
a
 

Observed Simulated %, 

Dev
a
 

Chongoma 2011/12 15 De 

2011 

778 8.4 8.9 6.0 2.6 3.4 30.8    

 2012/13 12 Dec 

2012 

516 9.3 8.4 -9.7 3.3 2.2 -

33.3 

70.7 80.5 13.9 

Magaranhewe 2012/13 11 Dec 

2012 

767 11.1 12.7 14.4 4.7 5.9 25.5 70.5 73.5 4.3 

a
% Dev =% Deviation = (simulated – observed) * 100/observed
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Table 6: Plant density of maize (cultivar SC513) and mean (SD) water use efficiencies derived 1 

from simulations with AquaCrop at 0.40 m, 0.60 m and 0.80 m effective rooting depths in 2 
n
normal years for three sites in Rushinga district, Zimbabwe 3 

Site Plant 

density 

Biomass 

water use 

efficiency 

Grain water 

use 

efficiency 

Green water 

use 

efficiency 

Biomass 

water use 

efficiency 

Grain water 

use 

efficiency 

Green water 

use 

efficiency 

Biomass 

water use 

efficiency 

Grain water 

use 

efficiency 

Green water 

use 

efficiency 

 (plants ha
-

1
) 

(kg ha
-1

 mm
-

1
) 

(kg ha
-1

 mm
-

1
) 

(%) (kg ha
-1

 mm
-

1
) 

(kg ha
-1

 mm
-

1
) 

(%) (kg ha
-1

 mm
-

1
) 

(kg ha
-1

 mm
-

1
) 

(%) 

  0.40 m 0.60 m 0.80 m 

Chongoma 17500 30.7 (5.8)
a
 13.5 (2.6)

a
 13.1 (3.3)

a
 35.6 (2.6)

a
 15.7 (1.1)

a
 15.3 (1.6)

a
 37.9 (3.2)

a
 16.7 (1.4)

a
 16.2 (1.6)

a
 

 25000 37.9 (6.7)
b
 17.8 (4.1)

b
 16.5 (4.1)

b
 43.9 (2.7)

b
 21.1 (1.3)

b
 19.5 (2.4)

b
 46.3 (2.7)

b
 22.3 (1.3)

b
 20.9 (2.1)

b
 

 32500 41.8 (8.4)
b
 19.3 (5.3)

b
 18.3 (4.9)

b
 48.9 (2.8)

c
 23.6 (1.3)

c
 22.2 (2.9)

c
 51.8 (2.6)

c
 25.1 (1.4)

c
 23.9 (2.4)

c
 

 44400 47.1 (16.9)
b
 21.3 (9.4)

b
 18.3 (8.4)

b
 53.8 (2.7)

d
 26.0 (1.4)

d
 24.8 (3.3)

d
 57.0 (2.4)

d
 27.5 (1.2)

d
 26.8 (2.8)

d
 

Magaranhewe 17500 35.5 (3.4)
a
 15.6 (1.5)

a
 15.1 (2.5)

a
 38.6 (2.8)

a
 17.0 (1.2)

a
 16.5 (1.6)

a
 39.4 (2.9)

a
 17.3 (1.3)

a
 16.9 (1.6)

a
 

 25000 44.1 (4.4)
b
 21.0 (2.7)

b
 19.1 (3.4)

b
 48.0 (5.5)

b
 23.5 (2.2)

b
 20.4 (3.3)

b
 48.8 (2.9)

b
 23.5 (1.6)

b
 21.7 (2.1)

b
 

 32500 49.1 (4.0)
c
 22.9 (3.6)

b
 21.6 (3.6)

b
 53.0 (2.7)

c
 25.5 (1.3)

c
 24.1 (2.6)

c
 54.4 (3.0)

c
 26.1 (1.4)

c
 24.9 (2.4)

c
 

 44400 53.5 (5.7)
d
 24.6 (5.3)

d
 24.1 (4.1)

d
 58.1 (2.6)

d
 28.0 (1.2)

d
 26.9 (3.0)

d
 61.2 (3.0)

d
 29.4 (1.4)

d
 27.8 (2.9)

d
 

Kapitawo 17500 36.0 (2.6)
a
 15.9 (1.1)

a
 15.8 (1.8)

a
 37.3 (2.7)

a
 16.5 (1.2)

a
 16.5 (1.6)

a
 37.5 (2.9)

a
 16.5 (1.3)

a
 17.4 (3.0)

a
 

 25000 44.4 (3.0)
b
 21.4 (1.4)

b
 20.0 (2.7)

b
 46.5 (2.7)

b
 22.4 (1.3)

b
 21.1 (2.1)

b
 47.6 (3.1)

b
 22.7 (1.5)

b
 21.7 (2.1)

b
 

 32500 49.4 (3.2)
c
 23.8 (1.6)

c
 22.3 (3.1)

c
 52.0 (2.7)

c
 25.0 (1.3)

c
 24.2 (2.5)

c
 54.9 (5.8)

c
 26.4 (2.9)

c
 23.6 (3.9)

b
 

 44400 54.5 (2.8)
d
 25.9 (2.0)

d
 28.9 (8.2)

d
 57.2 (2.6)

d
 27.6 (1.2)

d
 27.2 (2.9)

d
 58.0 (3.0)

d
 28.0 (1.6)

d
 28.0 (2.8)

c
 

Means with a common superscript for each variable within a single site and effective rooting depth are not different (P 4 
> 0.05); whilst means without a common superscript are different (P < 0.05). 5 
n
Seasonal rainfall 456-857 mm (Nyakudya and Stroosnijder, 2011) 6 

 7 


