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EXTENDED ABSTRACT 

 

Though production of cereal crops in Tanzania could succumb to the projected 

climate change, research has mainly focused on maize (Zea mays L), the main staple 

crop for the country, and just little work has been done to analyse climate change 

impacts specifically on sorghum [Sorghum bicolor (L) Moench]. This study 

analysed the nature and sources of vulnerability on sorghum production by 

smallholder farmers due to climate variability and change and evaluated possible 

farm-level adaptation options that can enhance the adaptive capacity of smallholder 

farmers in the face of increased climate variability and long-term change in climate. 

The study was conducted in Dodoma and Singida regions in central Tanzania. Local 

famers‟ management practices from databases and surveys were combined with field 

experimentation and simulation modelling. The Agricultural Production Systems 

SIMulator (APSIM) and Decision Support System for Agro-technological Transfer 

(DSSAT) models were calibrated and validated to predict growth and yield of 

sorghum under rainfed conditions in the case study regions. Three sorghum 

varieties: Macia, Pato and Tegemeo were used. The models were parameterized 

using different agronomic parameters (phenological development, dry matter 

accumulation and grain yield) and climatic data. Efficiency of the models were 

tested using model validation skill scores including d-stat, root mean square error 

(RMSE) and regression coefficient (R
2
). To understand the nature of vulnerability, 

long term historical rainfall data were analysed. Simulations were conducted to 

evaluate the impacts and interactions of adaptation options, namely: staggered 

planting dates, recommended planting density, and variable fertilizer rates on 

sorghum and maize yields under long-term climate change towards the mid-century. 

The long-term rainfall analysis shows that total annual rainfall has so far not 
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changed, but variability in the rainfall distribution within seasons has increased. 

Experimentation in this study demonstrated that the tested sorghum varieties had 

variable maturity dates and different responses to prolonged dry spells. Thus, the 

early maturing variety Macia (102 days) was able to avoid terminal drought versus 

Pato (118 days) and Tegemeo (114). Statistical analysis show a significant (at 0.05 

level) inter-seasonal effect on grain yield and total biomass of the sorghum varieties. 

Agricultural production systems in semi-arid central Tanzania are projected to be 

affected by expected changes in climatic conditions over the next decades and 

century. Simulation results show that Macia will not be affected by climate change. 

In contrast, early maturing maize variety Situka was not able to compensate for the 

decline in yield under climate change. However, fertilizer application increased 

Situka yield significantly under future climates particularly when early planting was 

adopted. Coupled with increasing population pressure and declining soil fertility, 

climate variability and change are relentless driving forces to reduce 

agricultural productivity in the near future. Because agriculture causes a variety of 

benefits and challenges, impacts of climate change on agricultural systems are of 

importance from an economic but also from a social and environmental point of 

view. Assessment of impacts and potential adaptation supports the decision making 

processes of farmers, governments, and other stakeholders. Adaptation options such 

as changes in sowing dates, changes in planting density and fertilizer application 

were evaluated. To adapt to the changing climate, early sowing and increasing plant 

density per hectare and fertilizer application would be feasible options. The selection 

of an earlier sowing date for maize, for instance, would be the appropriate response 

to offset the negative effect of increased temperature. This change in planting date 

would allow for the crop to develop during a period of the year with lower 
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temperatures, thereby decreasing developmental rates and increasing the growth 

duration, especially the grain filling period. The study also found that site specific 

agro-ecological conditions such as soil type characterize farmers‟ responses to 

decisions on the type of crop and/or crop variety to grow in a given season. This is 

partly due to their perceptions on soil fertility status among soil types taking spatial 

variability across the fields into account. Other socio-economic factors ranging from 

food tastes and preferences to markets and prices, variably but strongly influence 

decisions on continued adoption of drought tolerant crops (sorghum and millets) 

versus the susceptible maize. The results show that these factors and associated 

challenges have the potential to bring negative externalities, therefore, efforts to 

minimize the impacts from climate variability and change should go alongside with 

addressing the reported perception and preference challenges. Soil fertility 

management is therefore likely to be a major entry point for increasing the adaptive 

capacity of smallholder farmers to climate change and increased climate variability. 

However, management of other factors related to improved varieties, nutrient 

resource access and socio-economic factors is critical for rainfed cereal production 

under changing climate. This dissertation addresses impacts and adaptation to 

climate change on sorghum production (with some comparison with maize) in the 

central zone of Tanzania. An overview over different approaches of modelling 

climate change impacts on crop production as well as a review of studies that 

analyse climate change impacts on agriculture in sub-Saharan Africa and Tanzania 

in particular are given in the introductory Chapter 1.  Chapter 2 describes the 

evaluation of the performance of three sorghum varieties at the field level and 

assessment of their performance over a long-term period using biophysical 

modelling. In Chapter 3, an approach that integrates the biophysical models 
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DSSAT and APSIM model with GCMs is used to analyse the impact of climate 

change on sorghum and maize production. Chapter 4 investigates the influence of 

driving factors separate from impacts of climate change on the production of 

sorghum relative to other cereals important in the zone. General discussion and 

conclusions are given in Chapter 5. 
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CHAPTER ONE 

 

1.0    GENERAL INTRODUCTION 

1.1   Vulnerability of cereal production systems to climate change 

Vulnerability to climate change is how susceptible people are to harmful stresses and 

their ability to respond or adapt to these stresses (Adger, 2006). Sub-Saharan 

Africa‟s (SSA) population is estimated at almost 2 billion people by 2050 (UNDP, 

2012). Meeting the increasing demand for food is jolted by stresses put on 

agricultural production by climate change among other factors under current 

agricultural practices. Thus, sharp and sustainable increases in cereal crop yields are 

required over the next twenty to thirty years to enhance food security, incomes and 

livelihoods to keep pace with these developments. A large fraction of Africa‟s 

smallholder crop production depends directly on rainfall. For example, studies 

have reported that 89% of cereal production in SSA is under rainfed agriculture 

(Cooper et al., 2008; Rosegrant et al., 2002). Rainfed cereal production is also a 

major component of farming systems in East Africa. The majority of Tanzanians 

depend largely on rainfed agriculture which employs about 75% of the population 

(URT, 2013).  

 

Major cereals in Tanzania include maize, rice, wheat and sorghum. Climate change 

presents an obvious threat to the country‟s cereal production systems, which 

translates into production risks, due to the increase in probability of extreme 

events, the uncertainty of the timing of field operations and lack of investments in 

new agricultural technologies. An analysis of projected climate change impacts on 
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agricultural productivity is essential in order to elucidate the concern for food 

security in the present and future periods and ensuring that the implications of 

the impacts are communicated to public and policy makers (IFPRI, 2009, IPCC 

2007).  

 

Productivity of cereals in Tanzania is increasingly threatened by several factors 

including land resource deterioration, declining soil fertility, increasing drought 

frequency, declining fertilizer consumption and increasing variability in rainfall 

(Malley et al., 2009). When these are coupled with the projected increase in 

population, the current cereal crop yields and productivity trends will need to 

increase by at least 70% to meet demands by 2050 (Alexandratos and Bruinsma, 

2012).  

 

In-depth analysis of these factors is vital for sustainable increase in cereal crop 

yields required over the next twenty to thirty years to enhance food security, 

incomes and livelihoods. While studies on adaptation and coping with climate 

variability and change have become key themes in global climate discussions and 

policy initiatives, there is a dearth of literature on studies specifically on the impacts 

on sorghum productivity in the semi-arid areas of Tanzania. Given that maize has 

gradually replaced sorghum and millet as staple food in semi-arid areas of Tanzania, 

the trend has dictated several studies on vulnerability to climate variability and 

change to focus on maize, but implications for the drought tolerant crops (sorghum 

and millet) prevalent in the semi-arid areas remain uncertain.  
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Several studies identify regions sensitive to progressive climate change (Lobell et 

al., 2008; IPCC, 2007; Jones and Thornton, 2003), eastern Africa being one of 

them, but scientific knowledge remain sparse and fragmented as to how current 

cereal farming systems evolve at local scale. For Tanzania, while it is estimated that 

yields from rainfed agriculture can be reduced by up to 50% by 2020 (IPCC, 2007), 

only few studies have quantitatively concurred or refuted the estimates (URT, 

2007). Previous modelling studies dealing with the assessment of the impacts of 

climate change in Africa, though very useful at the continental or regional scale, 

provided little information to guide decision makers at country or district level on the 

precise extent of the impacts of climate change (Baethgen, 2010; IFPRI, 2009; 

Thornton et al. 2009). For instance the projected decline in cereal production in SSA 

by a net 3.2 percent by 2050 and the overall increase in millet and sorghum yields as 

a result of climate change (IFPRI, 2009) gives rather conflicting information about 

the exact locations where such decline or increase will occur.  

 

In that regard, investigations at various scales are needed to elucidate the crop yield 

projections. Moreover, the low level of human development, extreme poverty and 

high dependence on rainfed agriculture makes Tanzania more vulnerable to 

projected climate change, making adaptation a great necessity. The Tanzania 

National Adaptation Programme of Action (NAPA) (URT, 2007) are apprehensive 

about previously highly productive areas such as the southern highlands being 

under threat due to declining rainfall amount and increased spatial and temporal 

rainfall variability.  
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Agricultural adaptation is defined as the adjustment in agricultural systems in 

response to actual or expected climatic stimuli or their effects, to moderate harm or 

exploit beneficial opportunities (IPCC, 2001). Thus agricultural adaptation is a key 

element in climate change policy that warrants an in-depth study. The scope of the 

current study is limited to farm level adaptations consisting of adjustments and/or 

changes in crop agronomic practices undertaken by farmers. In a situation where 

most of the agricultural crop production is rain-fed, farm level adaptations are crucial 

for enhancing capacity to reduce food insecurity. These can be placed into two 

groups: ex ante measures, for which action is taken in anticipation of a given climate 

realization and ex post responses, which are undertaken after the event is realized 

(Burke and Lobell, 2010). According to Pandey et al. (2007) cited in Burke and 

Lobell, (2010), ex ante adaptations to climate variability often centre around 

strategies of diversification, which attempt to capitalize on the differential effects 

that a given climate event might have on different crops and activities in a given 

year. Examples include, diversifying the location of farm plots to take advantage 

of high spatial variability of rainfall, grow a range of crops or crop varieties 

with different sensitivities to climate, or to diversify income sources into non-farm 

enterprises that are less sensitive to climate (Pandey et al., 2007). At policy level, 

adaptation strategies may include investment in the development of drought and heat 

tolerant crops, and also through examining how to empower and encourage farmer 

adaptation to climate change at a range of spatial scales (Morton, 2007). 

 

Crop simulation models (CSMs) can provide good simulations of crop productivity 

under the impact of variable weather in a range of soil, water and crop management 

choices (Cooper et al., 2008). Whitbread et al. (2010), Gregory and Ingram (2008) 
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and Mathews et al. (2002) give an overview of different models and their 

components across tropical agricultural systems. However, for CSMs to have 

plausible applications in studies on impacts and adaptation options in local 

environments, appropriate and representative information on crops including crop 

variety is a vital requirement (Craufurd et al., 2013).  

 

The threat that climate variability poses to rain-fed agriculture necessitates the 

understanding of its potential impacts at various scales in order to reduce the 

vulnerability and thereby secure the livelihoods of the smallholder farmers 

(Sivakumar et al., 2005; Lansigan, 2003; Chipanshi et al., 2003). Studies have 

established that temperature and rainfall are the most critical variables for crop 

productivity (Chen et al., 2013; Lobell et al., 2011; Gornall et al., 2010; Lobell and 

Burke, 2008; Tilahun, 2006). Evidence points to the fact that, in the semi-arid 

regions of Africa where agricultural systems rely on rainfall as a sole source of 

moisture for crop production, seasonal rainfall variability leads to highly variable 

production levels and risks (Cooper et al., 2008). 

 

Since agricultural practices are climate-dependent and crop yields vary from year to 

year depending on climate variability, rainfed agriculture is particularly exposed to 

changes in climate. Laux et al. (2010) observe that high spatial and temporal 

variability of rainfall, reflected by dry spells and recurrent droughts and floods are 

considered to be the most important factors affecting agricultural productivity in 

SSA. Elsewhere, comparable negative relationships between climate variability and 

sorghum yields were reported by Prasad et al. (2006); Prasad et al. (2008) and 
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Prasad and Staggenborg (2009). Prasad et al. (2008) indicate that maximum 

decreases in yield of grain sorghum occur when high temperature stress is imposed 

at flowering and 10 days before flowering.  

 

For Tanzania in particular, an empirical study (Rowhani et al., 2011) on the 

impacts of climate variability on maize, sorghum and rice yields, focused on 

intra- and inter-seasonal temperature and rainfall variability a n d  concluded that 

increased rainfall variability during the growing season was responsible for 

reduction of the crop yields. It is, however, worth noting that, Tanzanian climate is 

influenced by large-scale climatic events such as the El Nino-Southern Oscillation 

(ENSO) and the North Atlantic Oscillation (NAO) (Giannini, 2008) and therefore 

climate variability associated with these two phenomena significantly contribute 

towards the variability in crop yields in Tanzania. Against this background, the 

present study aimed at highlighting how important it is to address and understand 

impacts of climate variability in reducing the vulnerability of dryland farmers. 

  

1.2   Climate Change Impact Assessment  

Climate change projections lead to uncertainty due to the use of multiple models, 

databases, different levels of aggregation and different number of scenarios (Liu et 

al., 2013; Challinor et al., 2009). Methods are, therefore, required to reduce the 

uncertainty and thus improve the estimates of the impacts of climate variability and 

change on agriculture. However, most crop models are designed to run at the field 

scale, which may not be appropriate for policy decisions. Therefore, large-area 

modelling is required to reduce the uncertainty due to future climate projections, 
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establish food security warning systems, predict food production in future and 

examine the options for adaptations (Tao et al., 2009). Berg et al. (2013) observe 

that more reliable agricultural impact assessments over tropical regions can be 

provided if the uncertainty in rainfall projections over dry areas is narrowed through 

reducing the uncertainty in aggregated impacts. They contend that in dryland areas 

larger yield changes occur that are driven by rainfall changes which encompass 

more uncertainty. Considering sorghum, some studies have indicated high risks to 

rainfed sorghum production posed by climate change (MacCarthy and Vlek, 2012; 

Srivastava et al., 2010). Results indicate the vulnerability, particularly of the 

smallholder (low input) farmers to climate change impacts, thus necessitating 

inclusion of an integrated approach to reduce the impact and give desirable results 

for sustaining the sorghum yields. Options such as high temperature tolerant 

varieties and soil moisture conservation have shown high potential as additional 

options to be considered for climate change adaptation (Hellin et al., 2012). 

 

Despite the variability in the methods and models used in the assessments, and the 

emission scenarios simulated, there is an agreement that maize yields in SSA may be 

reduced overall by 10-30% to the middle of the century (Lobell et al., 2008; 

Challinor et al., 2007). Research has focused on assessments of the potential 

impacts of climate change on agriculture at different scales. For example, national, 

regional and global estimates of potential climate change on agricultural production 

have been conducted using statistical models (Rowhani et al., 2011; Lobell and 

Burke, 2010; Lobell et al., 2008), process- based crop simulation models (Tumbo et 

al., 2012; Thornton et al., 2009; Parry et al. 2004; Alexandrov and Hoogenboom, 
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2000; Mwandosya et al., 1998) and a combination of biophysical and economic 

simulation models (IFPRI, 2009; Challinor et al., 2010; Arndt et al., 2011; 

Moriondo et al., 2011; Rosenzweig et al., 2013). 

 

Common methods in climate change impact assessment over large areas have 

evolved, specifically crop–climate modelling with a focus on crop phenology and 

yield. Downing et al. (2002) reviewed the methods including a site within a 

polygon, grids with relational data on polygons, spatially uniform grids, 

interpolation and stochastic spatial models and concluded that no one methodology 

was the best. Priya and Shibasaki (2001) developed a “Spatial EPIC” model to 

simulate crop yield in India on a pixel–by–pixel basis following a row and column 

sequence with multiple soil, climate, and management information provided in the 

form of geographic information system (GIS) layers. Other studies utilized methods 

such as crop model scaling approaches (Hansen and Jones, 2000) and the yield 

correction approach (Jagtap and Jones, 2002).  

 

Owing to the need to aggregate input parameters of a crop model due to the 

heterogeneity of the larger region, Hansen and Jones (2000) proposed the 

development of simpler crop models designed specifically to work at the larger 

spatial scale. On the other hand, Challinor et al. (2009) expound on the need to 

simulate the impacts of climate variability and change on crops in a process-based 

fashion using the output from climate models directly (i.e. without any 

downscaling). On the other hand, grids have been used in several studies (Ventrella 

et al., 2012; Wang et al., 2011; IFPRI, 2009). As climate change projections form 
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the basis for assessing the impact on crop production and developing adaptation 

strategies, reliable future changes with reduced level of uncertainty are very 

important. In that regard, IPCC (2007) for example, suggest the use of regional 

climate models (RCM) run at high resolution of 25 km × 25 km grid could predict 

the future climate with high confidence. 

 

Use of simplified crop models to simulate crop growth and development over larger 

areas has been demonstrated through GLAM (Challinor et al., 2004) and MCWLA 

(Tao et al., 2009). GLAM was successfully used to simulate groundnut yield over 

large areas in India (Challinor et al., 2004) and to study crop-atmosphere feedbacks 

across the tropics (Osborne et al., 2007). Experiences of DSSAT (a field scale 

model) application at spatial scale are reported by Batchelor et al. (2002), Wang et 

al. (2011) and Geethalakshmi et al. (2011). Wang et al. (2011) demonstrate a spatial 

application of DSSAT (CERES-Maize) to simulate the effects of climate change on 

maize yield, on a grid by grid scale, rather than following the common 

representative site approach. They observed that depending on data availability, 

such a method provides a potentially more accurate simulation for each grid cell. 

Hence, the model can be easily extended to any annual crop for the investigation 

of the impacts of climate variability (or change) on crop yield over large areas. 

Statistical or empirical models though lacking the capability to mechanistically 

capture the effects of weather variability on crop growth, is another approach in the 

assessment of impacts of climate change. Despite their deficiencies, Lobell and 

Burke (2010) and Lobell et al. (2011) reiterate the use of statistical models as one of 

the methodologies for assessing the biophysical effects of climate on crop yield.  
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1.3   Justification  

Climate variability and projected future climate change will have increasingly 

negative impacts on Tanzanian crop production systems (and, consequently, on food 

security and rural livelihoods), and will exceed the limits to adaptation in the most 

vulnerable agricultural regions. IPCC (2007) estimates that in Tanzania, yields from 

rainfed agriculture can be reduced by up to 50% by 2020. The estimates appear 

highly elevated and exacerbate concerns about food security considering the 

projection period being in the near-future. Thus predicting impacts on crop yield 

under different climate change scenarios is needed to further quantify the uncertainty 

in crop yield. Mwandosya et al. (1998) used CERES-Maize to simulate yields of 

maize under the baseline (1951 -1980) and changed climate scenario (2xCO2) from 

the UK89 model expected by the year 2100. Results show that in semi-arid areas of 

Tabora and Dodoma increasing temperature and decreasing rainfall are estimated to 

reduce maize yields by between 80% and 90%. Moreover, Arndt et al. (2011) 

conclude that food security in Tanzania appears likely to deteriorate as a 

consequence of climate change through reductions in food production, due to 

increases in temperature and changes in rainfall patterns. However, Mwandosya et 

al. (1998) did not account for the spatial variability in soils and crop cultivars. 

 

Proper usage of climate projections for agricultural impact assessment is of 

paramount importance in order to properly inform adaptation. Modelling approaches 

have shown great potential for ensuring sustainable agriculture over a wide range of 

climates around the world and crop growth models have become state-of-the-art 

research tools and an important component of agriculture-related decision-support 

systems (Murthy, 2004; Stephens and Middleton, 2002).  Since sorghum is grown as 
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a rainfed crop, the climatic factors play a significant role in its productivity. IPCC 

(2007) recommends further exploration of the potential of sorghum to contribute to 

food security needs, particularly in the light of climate variability and change that is 

expected to lead to higher temperatures, more variable rainfall and extreme weather 

events, and thus negatively affecting agricultural production. In coping with rainfall 

variability, smallholder farmers diversify cropping by mainly planting resistant crops 

such as sorghum, millet, green grams and cowpeas. However, these tactical strategies 

lack quantification of their responses in respect of benefits or disadvantages. Reports 

are already emerging of smallholder farmers in the southern highlands of Tanzania 

not being sure of when to sow their maize (Malley et al., 2009). The shifts and 

unpredictability of maize planting dates are a clear manifestation of the increasing 

impacts of climate variability on cropping systems. Research in agriculture, food 

security and climate change is therefore, highly desirable in order to improve 

understanding of uncertainty and to allow more confident decision-making on 

resource allocation. 

 

This study adopts a simulation framework which takes into account the spatial 

variability in soils, varieties, sowing dates and crop management and their effects 

on crop productivity. So rghum  and maize yield responses to current and future 

climate scenarios were simulated using crop simulation models. A methodology 

based on Rosenzweig et al. (2013) was adapted for this study. The 

methodology allows use of spatially aggregated climate (daily weather), soils, 

land use and farm level management data to minimize the uncertainty.  
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1.4   OBJECTIVES 

1.4.1   Overall objective  

To assess the impacts of current variability and future changes in climate on 

productivity of rainfed sorghum in central Tanzania.  

 

1.4.2   Specific objectives  

i) To parameterize and evaluate APSIM to simulate growth, development 

and yield of sorghum varieties.  

ii) To simulate and compare yields of sorghum and maize under baseline 

and future climatic conditions and evaluate uncertainty of impacts and 

adaptation options. 

iii) To determine the extent of evolution of the dynamics and trends in 

sorghum production systems. 
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Figure 1.1:  Conceptual framework 
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CHAPTER TWO 

 

2.0   PERFORMANCE OF SORGHUM VARIETIES UNDER VARIABLE 

RAINFALL IN CENTRAL TANZANIA 

 

ABSTRACT 

Performance of improved sorghum varieties under the realm of rainfall variability 

across central Tanzania was investigated. The study has enabled the determination of 

crop parameters of dominant sorghum cultivars and parameterization of Agricultural 

Production Systems sIMulator (APSIM) for subsequent simulations to understand 

the response of sorghum to variable rainfall under semi-arid conditions. Three 

adapted sorghum varieties were planted in randomized complete blocks replicated 

three times. The calibrated and validated APSIM was used to simulate long term 

production trends of grain yield based on the weather conditions in central Tanzania. 

Analyses of historical (1961-2010) rainfall indicate a mix of non-significant and 

significant trends in the onset, cessation and length of the growing season across 

stations in central Tanzania. A 30 year simulated sorghum yield series analysed 

based on seasonal rainfall distribution indicate the concurrence of lower grain yields 

with the 10-day dry spells in the first or second decade of March during the growing 

season the stage coinciding with the period from flag leaf stage to start of grain 

filling. Moreover, temporal correlations between simulated grain yields at different 

locations and seasonal total rainfall show that approximately 30% of variability in 

yields is explained by rainfall. This spatial and temporal variability in simulated 

sorghum grain yields implies that small-holder farmers must take into consideration 

the challenges imposed by moisture stress during the cropping season assuming the 
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soil fertility factor is kept constant. The results signify the impacts of rainfall 

variability on cropping system of semi-arid conditions, thus the need for designing 

appropriate agronomic and water management strategies to offset the negative 

influence in the study area and elsewhere.  

 

Keywords: sorghum, phenological parameters, semi-arid, rainfall variability, crop 

simulation modelling  
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2.1   INTRODUCTION 

Sorghum (Sorghum bicolor L. Moench) is an important and widely adapted small-

grain cereal grown in the tropics and subtropics and a staple food grain in food-

insecure regions of Asia, Africa and Central America (Craufurd et al., 1999; Murty 

et al., 2007). Sorghum ranks fifth globally in terms of production and acreage, 

estimated at 56.59 million metric tons produced on about 45 million hectares 

(FAOSTAT, 2012). Sorghum ranks second in importance after maize in Africa with 

a mean yield of 0.8 t/ha from a cultivated area of about 24 million hectares (Maredia 

et al., 2000). According to a recent review by Keya and Rubaihayo (2013) sorghum 

ranks fifth after maize, cassava, rice and wheat as staple in Tanzania. Nonetheless, 

sorghum plays a significant role in fighting hunger and food insecurity in the central 

high plateau comprising Singida and Dodoma regions of Tanzania owing to its 

drought-tolerance.  

 

The initiatives to promote sorghum production are mostly a government strategy to 

enable the country meet household food security needs (Monyo et al., 2004) but also 

increase rural income especially now that new markets are emerging (Makindara et 

al., 2013). The area under sorghum production has been increasing from 736 200 ha 

in 2000 to 811 164 ha in 2011 but the national average yield per hectare has only 

slightly increased from 0.8 tons per hectare in 2000 to 1.0 tons per hectare in 2011 

(FAOSTAT, 2012). Despite the great potential shown for growth and expansion of 

the crop, promotion efforts are rundown by higher gaps and variability in production 

from the expected potential yields and the actual yields. The expected potential yield 

for the Macia sorghum variety, for instance, is 4 t ha
-1

 but farmers have only realized 
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production ranging from 0.8 up to 1.2 t ha
-1

 so far (MAFC, 2009) at the current 

average of 0.94 t ha
-1

 (FAOSTAT, 2012). 

 

Understanding variability of crop production in agricultural systems due to dynamics 

in soil, nutrient, crop, management and weather processes and their interactions 

requires long term field experiments (Richter et al., 2007). However, few long-term 

field experiments exist with sufficient detail in space and time to test the best land 

management practices suitable for sustainable sorghum production. Previous studies 

on performance of sorghum varieties in Tanzania have been based on short-term 

field experiments both on-farm and on-station mainly testing isolated objectives. 

 

Short-term field experiments though provide data with high degree of accuracy 

(Mugwe et al., 2009) suffer from the failure to capture the inter-annual variability 

due to environmental conditions. For instance, Hatibu et al. (1993) noted highest 

sorghum grain yield of 2.65 t ha
-1

 for var. Tegemeo under investigated treatments in 

the central zone of Tanzania, while Bucheyeki et al. (2010) observed that var. 

Tegemeo could give 2.58 t ha
-1

 and out-yielded Macia, Pato and Wilu varieties under 

fertilizer application rate of 46 kg N ha
-1

and 18.4 kg P ha
-
1. In contrast, however, 

results from on-station trials pooled across 14 locations in Tanzania during two 

consecutive growing seasons showed grain yields in the order of 

Macia>Pato>Tegemeo (Saadan et al., 2000). This is similar to on-farm trials at Same 

district, in northern Tanzania, conducted across three seasons, which showed that 

Pato and Macia were superior to Tegemeo (Saadan et al., 2000). Results from the 

afore-mentioned studies show that yields of improved varieties of sorghum vary 

among themselves and across locations and seasons. However, since the experiments 
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are short lived, it is not possible to derive robust conclusions about the yield 

performance and adaptation of sorghum varieties over a long-term period.  

 

Weather influences crop growth and development, causing large yield variability, 

mainly due to rainfall variability across seasons. Stone and Schlegel (2006) show 

that rainfall variability across years is an apparent determinant of the performance 

and adaptation of sorghum varieties, thus necessitating studies combining long-term 

period and multiple locations (spatial-temporal analysis) under variable rainfall and 

soils to elucidate their performance. Alongside such studies analyses of rainfall 

trends are deemed necessary to understand the vulnerability of semi-arid regions to 

historical and projected future conditions. Findings from a number of studies have 

shown decreasing trends (e.g. Silva, 2004; Batisani and Yarnal, 2010) associated 

with decreases in the number of rainy days, while others have revealed neither 

abrupt changes nor trends (Lazaro, et al., 2001). These contrasting results suggest 

the need for undertaking location specific analyses of rainfall trends to ascertain 

contentious assertions on the same. A combination of field experiments and 

computer simulation models could be an appropriate option to comprehend the 

biophysical (climatic and soil conditions) factors and their interactions affecting crop 

yield and productivity (Mathews et al., 2002; Challinor et al., 2009).  

 

The Agricultural Production System sIMulator (APSIM) (Keating et al., 2003) is 

able to simulate growth and yield under different management practices for semi-

arid environments (Mupangwa et al., 2011; Mkoga et al., 2010; Ncube et al., 2009). 

This study therefore used the APSIM model to simulate sorghum growth and yield 
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patterns over the current (baseline) climate under existing soil conditions and local 

management practices across selected locations in semi-arid central Tanzania. 

Specifically, the study aimed to analyse trends of selected rainfall parameters, 

evaluate performance of sorghum varieties with respect to grain yield and to 

establish crop parameters for APSIM crop simulation model and to investigate the 

yield response of sorghum varieties across central Tanzania based on long-term 

weather records using simulation model. 

 

2.2   Materials and methods 

2.2.1   Study area  

The central zone comprising Dodoma and Singida regions is located between 

latitudes 6
0
 and 06

0
08‟ S and longitudes 34

0
30‟ and 35

0
 45‟E. The experimental site 

was located at Hombolo Agricultural Research Institute (ARI) in Dodoma region 

about 58 km North-East of Dodoma municipality at latitude 05
0
45‟S and longitude 

35
0
57‟E. The mean annual rainfall is 589 mm but the distribution is highly variable 

(Ngana, 1991). The average annual temperature is 22.7
0
C. Soils at the experimental 

site are mainly sandy and loamy of low fertility. They are classified as ferralic 

Cambisols in the FAO classification (Guzha et al., 2004). 
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Figure 2.1   Map of Tanzania showing the location of Central zone and the field 

experimental site 

 

2.2.2   Experimental design and data collection 

Field experiments were conducted during 2012/13 and 2013/14 seasons. Three 

sorghum varieties namely, vars. Tegemeo, Macia and Pato (most widely grown 

varieties in the central zone) were used as treatments in a Randomized Complete 

Block Design (RCBD) with three replications. The three varieties were chosen due 
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to their being stable and widely used in the central regions and the country at large. 

The recommended agronomic practices are similar for the three varieties. Planting in 

2012/13 season was done on 4
th

 January and during 2013/14 it was on 2
nd

 January. 

Sowing was conditioned upon the previous day having received significant rainfall 

so as to wet the soil. Sorghum was sown at a spacing of 0.75 m between rows and 

0.30 m within the row resulting in a plant density of 12 plants m
−2

. About 20 mm 

and 15 mm of supplemental irrigation water were applied using watering cans on the 

10 m x 5 m plots during the growing season whenever there was no rain for three 

consecutive days for 2012/13 and 2013/14 seasons, respectively (Table 2.1). 

Weeding was done manually three times on each plot using a hand hoe.  

 

Table 2.1:  Chronology of supplementary irrigation during the two growing 

seasons 

2012/13  2013/14 

   

Date Applied 

water (mm) 

              Date Applied 

water (mm) 

10-Feb-2013 2  9-Feb-2014 2 

13-Feb-2013 2  16-Feb-2014 2 

16-Feb-2013 2  22-Feb-2014 2 

19-Feb-2013 2  25-Feb-2014 2 

22-Feb-2013 2  1-Mar-2014 2 

25-Feb-2013 2  6-Apr-2014 2 

1-Mar-2013 2  7-Apr-2014 2 

7-Mar-2013 2  10-Apr-2014 1 

17-Mar-2013 1    

24-Mar-2013 1    

30-Mar-2013 1    

17-Apr-2013 1    

 

In order to provide near-optimum conditions, Diammonium phosphate (DAP) 

fertilizer was applied during planting to supply 25 kg P/ha and 40 kg N/ha, placed at 

approximately seven centimetres below the soil surface and covered and compacted 
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with a soil layer, above which four to five seeds were placed to make a seeding depth 

of about 5 cm. Another round of N fertilization was done by applying 40 kg N/ha as 

Urea seven weeks after planting. Smallholder farmers rarely apply fertilizer on 

sorghum fields and according to Soil Fertility Report No. 6 (1993) no recommended 

fertilizer rates of N for sorghum in central Tanzania exist. The 80 kg N/ha was 

chosen for the sake of minimizing nutrient stress for the crop during the growing 

season from a blanket recommendation. The phenological data for the three sorghum 

varieties including date of flowering and date of physiological maturity were 

collected. These were noted when 50% of plant population in each plot had attained 

that respective stage. 

 

Grain maturity was regarded to have been reached when dark spots at the point of 

attachment of the grain to the panicle started to show which was towards the end of 

April for both seasons. At final harvest, total above-ground biomass and grain yield 

were determined. Grain yield was determined by harvesting panicles from a 9 m
2 

area. Sub-samples with known weight were dried at 70 
0
C to a constant weight. 

Dried weight of the sub-samples was used to determine the dry weight from the 

harvested area which was then expressed as t/ha. Above-ground biomass at maturity 

was harvested by cutting plants just above the surface of the ground and fresh weight 

noted. Sub-samples with known fresh weight were taken for each replicate and dried 

to a constant weight at 70 
0
C. Above-ground biomass per ha was then determined as 

in the case of grain yield. Harvest index was estimated as the ratio of grain yield to 

the total biological yield which is the yield obtained before any losses occur during 
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and after harvest. Five plants from each plot were randomly selected for height 

measurement at maturity 

 

2.2.3   Historical climatic trends 

Daily weather data during both seasons were obtained from observations at an agro-

met station, located about 500 m from the experimental plots. Past climate data 

(1961-2010) for selected weather stations, except Hombolo (1974-2010) in the 

central zone Tanzania, were analysed for trends. INSTAT plus (v3.36) software 

(Stern et al., 2006) was used to summarize the daily data into annual, monthly and 

seasonal totals and to determine the onset taken as the first occasion after the earliest 

possible date on which a running total of at least 20 mm of rain was reached in four 

consecutive days with at least two days being wet, and that no dry spell of 10 days or 

more occurred in the next 30 days (Kihupi et al., 2007). Cessation of the rainy 

season was obtained through a water balance method and verified by visual daily 

display in INSTAT and length of growing period (LGP) was taken as the duration 

between the onset and cessation dates. 

 

The Mann-Kendall test was used to test for significance of time series trends in total 

annual rainfall, seasonal rainfall, onset date, cessation date and LGP. The Mann-

Kendall test is less sensitive to outliers and has the capability to detect both linear 

and non-linear trends, and has been used in related studies in sub-Saharan Africa 

(Mazvimavi, 2010; Hadgu et al., 2013). The median measure was used to show onset 

and cessation dates and days of LGP as it is relatively unaffected by extreme values 

compared to the mean. 



 

 

 

35 
 

The Mann-Kendall test statistic is given as: 

 

   (1) 

Where S is the Mann-Kendall test statistic; xi and xj are the sequential data values of 

the time series in the years i and j (j > i) and N is the length of the time series. A 

positive S value indicates an increasing trend and a negative value indicates a 

decreasing trend in the data series. The sign function is given as: 

 

   (2) 

For N larger than 10, ZMK approximates the standard normal distribution (Yenigun et 

al., 2008) and is computed as follows: 

 

    (3) 

 

 

The presence of a statistically significant trend is evaluated using the ZMK value. In a 

two-sided test for trend, the null hypothesis Ho should be accepted if | ZMK | < Z1-α/2 

at a given level of significance. Z1-α/2 is the critical value of ZMK from the standard 

normal table (e.g. for 5% significance level, the value of Z1-α/2 is 1.96). 

 

2.2.4   Model description, calibration and evaluation 

The theory and parameterization of the APSIM (version 7.4) (Keating et al., 2003) 

model used in this study have been described in Ncube et al. (2009). APSIM has 
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been tested in a diverse range of systems and environments, as well as model 

performance in long-term cropping systems in semi-arid and sub-humid 

environments in sub-Saharan Africa (Whitbread et al., 2010), including eastern 

Africa (Mkoga et al., 2010; Probert et al., 2004). The sorghum module used in the 

present study simulates the growth of a sorghum crop on a daily time step (on an 

area basis and not a single plant). Sorghum growth in this module responds to 

climate (temperature, rainfall and radiation from the met module), soil water supply 

(from the SoilWat module) and soil nitrogen (from the soiln module). Crop 

development is controlled by temperature (thermal degree days) and photoperiod. 

Thermal time accumulations were derived using an algorithm described in Jones and 

Kiniry (1986) using observed phenology and weather data, a base temperature of 8 

0
C and an optimal temperature of 30 

0
C. Genetic coefficients used by APSIM for 

sorghum are expressed in thermal degrees and photoperiod. The factor controlling 

the effect of photoperiod was set to a minimum value of 0.01 to eliminate the effect 

of photoperiod from the varieties as “modern” varieties are photoperiod insensitive 

(Kouressy et al., 2008). In the present study, the APSIM model was evaluated for 

simulation of days after sowing to flowering and maturity, dry matter accumulation 

(biological yield) and grain yield. 

 

Soil water dynamics between soil layers were defined by the cascading water 

balance method (Ritchie, 1998). Its characteristics in the model are specified by the 

drained upper limit (DUL), lower limit of plant extractable water (LL15) and 

saturated water content (SAT). Soil characteristics of a soil profile opened up at the 

site including soil texture (clay, silt and sand contents), pH of soil, organic carbon 

http://www.aginternetwork.net/whalecomwww.sciencedirect.com/whalecom0/science/article/pii/S0378429009000975#ref_bib25
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content and cation exchange capacity are shown in Table 2.2. Characteristics for the 

additional soil profiles used in simulations at different locations across the study area 

were obtained from the available soil databases. The profile descriptions are 

considered as representative of soil conditions in the selected locations. One soil 

profile was created for each location and a summary of the key characteristics of the 

profiles is presented in Table 2.3. Each APSIM module demands a number of 

parameters. For the SOILWAT module, which simulates the dynamics of soil water, 

the inputs included soil bulk density, LL15 and DUL, and two parameters, U and 

CONA, which determine first and second stage soil evaporation. LL15 and DUL and 

SAT were estimated according to Saxton et al. (1986). The parameters, U and CONA 

were set at 6.0 mm day-1 and 3 mm day-1, respectively, values acceptable for 

tropical conditions (Chikowo, 2011). A value of 0.7 was used for SWCON, a 

coefficient that specifies the proportion of the water in excess of field capacity that 

drains to the next layer in one day (Chikowo, 2011). The bare soil runoff curve 

number (cn2_bare) was set to 50 to account for the low runoff because of the flat 

topography and high infiltration rates due to the sandy soil nature of the 

experimental site (Hussein, 1987 cited by Rurinda et al., 2014). Parameters 

influencing soil fertility are mainly represented in APSIM-SoilN2 module. For the 

soil N model the organic carbon content for each soil layer was measured at the 

experimental site. The initial soil N was set at 25 kg/ ha (20 kg NO3-N/ ha and 5 kg 

NH4+-N/ ha) for the top two layers based on published data around central Tanzania 

(Pierce et al., 2003), and P was assumed non-limiting. 
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Table 2.2:  Soil physical and chemical properties used for the calibration of 

APSIM 

Soil parameters Layers 

150mm
a
 150mm

a
 150mm

a
 250mm

a
 350mm

a
 300mm

a
 

BD (g cm
−3

) 1.38 1.47 1.44 1.38 1.51 1.51 

SAT (cm cm
−1

) 0.37 0.35 0.34 0.33 0.33 0.33 

LL (cm cm
−1

) 0.084 0.084 0.134 0.134 0.134 0.14 

DUL (cm cm
−1

) 0.248 0.299 0.334 0.278 0.270 0.270 

Clay (%) 19 20 23 25 34 30 

Silt (%) 5 4 4 5 2 4 

CEC (cmol/kg) 6.0 8.2 9.2 10.2 10.0 6.0 

Soil C parameters 

Organic C (g 100 g
−1

) 0.41 0.31 0.23 0.14 0.14 0.06 

Finert
b
 0.4 0.6 0.8 0.8 0.9 0.9 

Fbiom
c
 0.025 0.02 0.015 0.01 0.01 0.01 

BD: bulk density; SAT: volumetric water content at saturation. LL is wilting point (volumetric water content at -

15 bar pressure potential) and DUL is drained upper limit.  
a Layer thickness (mm)  
b Proportion of soil carbon assumed not to decompose  
c Proportion of decomposable soil carbon in the more labile soil organic matter pool. 
 

 
 

Table 2.3:  Soil properties of the profiles used in simulations across stations 

Properties Dodoma Hombolo Mpwapwa Manyoni Singida 

Soil layers/depth (cm) 6/135 6/135 4/110 4/115 4/110 

Sand, silt, clay (% in 0-

15cm) 

79,5,16 79,5,16 81,6,13 66,10,14 55,21,24 

Textural class Sandy 

loam 

Sandy 

loam 

Sandy 

loam 

Sandy loam Sandy clay 

loam 

Plant available water 119.2 119.2 112.8 164.1 162.1 

Organic carbon (top 

three layers) 

0.32,0.21, 

0.11 

0.32,0.21, 

0.11 

0.45,0.30, 

0.15 

0.56, 0.32, 

0.12 

0.52, 0.38, 

0.20 

 

The calibrated model was evaluated by comparing observed values for grain yield 

and total above-ground biomass with those from model simulations. Model 

performance was assessed through root mean square error (RMSE) (Wallach, 2006), 

                                                                               (4) 

and index of agreement or d-statistic (Willmott, 1985), 

 

                                                                          (5) 
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Where Ŷ, Y and Ῡ are respectively, the simulated, observed and mean of the observed 

values and n is the number of observations. For good agreement between model 

simulations and observations, d-statistic should approach unity. 

 

2.2.5   Statistical analysis 

Analysis of variance (ANOVA) was used to analyse yield and total biomass data 

from the different treatments. Test of significance between the 2012/2013 and 

2013/2014 experiments was done using a t-test for pair-wise comparison of means. 

Analysis of variance was performed using GENSTAT (v. 14) software (VSN 

international Ltd., Hempstead, England) whereas paired t-test was performed using 

Microsoft Excels‟ add-in Analyse-it (Analyse-it Software Ltd., The Tannery, 91 

Kirkstall Road Leeds, LS31HS, United Kingdom). 

 

2.3   Results and discussion 

2.3.1   Trend analyses of annual and seasonal rainfall 

The Mann–Kendall‟s test results show tendencies of decreasing trends in some 

stations and increasing trends in others in annual and seasonal rainfall, but the trends 

are not statistically (p = 0.05) significant (Table 2.4). All stations show an increasing 

trend for annual rainfall. For seasonal rainfall (i.e. amount accumulated during the 

period from onset to cessation), all stations except Manyoni show non-statistically 

significant increasing trends. Lema and Majule (2009) gave graphical presentations 

of rainfall trends (1922 - 2007) for Manyoni and Singida revealing decreasing trends 

of annual and seasonal rainfall without a clear indication of the significance of the 

results. Kassile (2013) observed non-statistically significant decreasing trends in the 
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amount of rainfall in Dodoma region over the last 30 years (1980 - 2010) using both 

parametric and non-parametric analytical methods. However, results of analyses in 

current study over 49 years (1961 - 2010) indicate a general non-statistically 

significant increasing trend in both annual and seasonal rainfall across all stations, 

except Manyoni which show a decreasing trend. 

 

2.3.2   Trends in onset and cessation dates and length of growing period 

The median for onset of rainfall begins on the last week of November to first week 

of December (Table 2.5). Standard deviation varied between 11-15 days. The results 

indicated that the onset dates in the last 50 years have changed with all stations 

depicting early trends. However, the trends are not statistically significant except for 

Hombolo station. According to the analysed data, cessation of rainfall start from the 

first week of April (at Hombolo) to last week of April (at Singida) (Table 2.5). 

Munishi (2009) also reported similar findings in central Tanzania with slightly 

earlier onset and cessation dates. The median date for rainfall cessation was 

characterized by high standard deviation (>10 days) at all stations implying high 

variability in the pattern of end of the rainy season. However, these results are 

contrary to other studies which have shown less variable cessation dates than onset 

dates (e. g. in Camberlin and Okoola, 2003 (1961-2001) and Kihupi et al., 2007 

(1961-2001). 

 

Median LGP in the central Tanzania varied from 122-145 days depending on the 

location of the station (Table 2.5). All stations had higher coefficients of variation 

(>13%) in LGP which indicate high year to year variability of LGP except for 
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Dodoma (12%). Higher coefficients of variation (>13%) in LGP, gives less 

confidence in crop selection based on maturity period. From the analyses, a mix of 

increasing and decreasing trends in LGP was obtained. Singida and Hombolo 

stations show statistically significant increasing trends in LGP (Table 2.5) different 

from Dodoma, Mpwapwa and Manyoni stations which all show decreasing trends in 

LGP although the trends are not statistically significant.  

 

Table 2.4:  Trends of annual and seasonal rainfall totals in central Tanzania for 

the period 1961 -2010 

Station Annual   Seasonal  

 ZMK Slope  ZMK Slope 

Dodoma 1.271
 ns

 1.536  0.972
 ns

 1.178 

Mpwapwa 0.381
ns

 0.503  0.147
 ns

 0.452 

Hombolo 0.123
 ns

 0.655  0.749
 ns

 1.819 

Manyoni 0.750
 ns

 1.447  -0.043
 ns

 -0.075 

Singida 1.388
 ns

 2.593  0.905
 ns

 1.674 

ZMK is Mann–Kendall trend test, Slope (Sen‟s slope) is the change (days)/annum; *, is statistically 

significant at 0.05 probability level; ns is non-significant trend. 

 

 

Table 2.5:  Statistical characteristics and trends of onset date, cessation date 

and LGP at five stations over the period 1961-2010 in Central 

Tanzania 

Station  Dodoma Mpwapwa Hombolo Manyoni Singida 

 Statistics      

Onset Median Dec-13 Dec-7 Dec-7 Dec-1 Nov-26 

 ZMK -0.07
ns

 -0.030
 ns

 -1.196
 
* -0.911

 ns
 -0.680

 ns
 

 Slope 0.00 -0.091 -0.321 -0.225 -0.131 

 SD 11.311 14.252 14.870 14.361 14.582 

       

Cessation Median Apr-18 Apr-13 Apr-5 Apr-14 Apr-30 

 ZMK -0.337
 ns

 -1.188
ns

 0.970
 ns

 -0.755
 ns

 1.692
 
* 

 Slope 0.000 -0.083 0.029 -0.070 0.303 

 SD 10.252 16.041 11.054 14.281 16.711 

       

LGP (days) Median 124 122 123 141 145 

 ZMK -0.303
 ns

 -0.419
 ns

 2.092
 
* -0.480

 ns
 1.876

 
* 

 Slope 0.000 -0.067 0.434 0.000 0.692 

 CV (%) 12.510 13.711 14.281 13.511 15.982 

       

ZMK is Mann–Kendall trend test, Slope (Sen‟s slope) is the change (days)/annum; *, is statistically 

significant at 0.05 probability level; ns is non-significant trend; SD is standard deviation; CV is 

coefficient of variation. 
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The three stations agree with findings from earlier studies which show that LGP has 

been shortening with a decreasing trend of number of rainy days during the growing 

season in semi-arid areas such as parts of the Central plateau (Lema and Majule, 

2009; Munishi, 2009; Kihupi et al., 2007). 

 

2.3.3   Field experimental results 

Summary of temperature records during the growing seasons are shown in Table 2.6. 

Cumulative rainfall for the two seasons (2012/13 and 2013/14) at the experimental 

site during the growing period are shown in Fig. 2.1. More rain was accumulated 

during the early stages of the crop in 2012/13 than in 2013/14. However, during the 

later stages of the crop from 45 days after planting onwards the cumulative rain was 

higher in 2013/14. The differences in cumulative rain for the two seasons are 

attributed to total monthly rainfall for January and February. The month of January 

during the 2012/13 season had higher amount (213mm) of rainfall than during 

2013/14 season (138mm). The month of February had lower amount of rainfall 

(33.1mm) during 2012/13 cropping season as a result of a dry spell of more than 

three weeks (27
th

 Jan – 21
st
 Feb) than during the 2013/14 season where the amount 

was 87.7mm. Overall the two season‟s rainfall distribution indicates the ongoing 

rainfall variability which strongly influences growth and development of rain-fed 

cereals.  
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Table 2.6:   Mean seasonal maximum and minimum temperature at Hombolo, 

Dodoma Tanzania 

 2012/13  2013/14   

Month Maximum 

temperature (°C) 

Minimum 

temperature (°C) 

Maximum 

temperature (°C) 

Minimum 

temperature 

(°C) 

 

December 31.3 20.1 31.0 20.0  

January 30.6 20.4 30.3 19.8  

February 31.8 20.0 29.6 19.6  

March 30.6 20.0 29.7 19.0  

April 30.1 19.4 29.1 18.9  

May 29.2 17.8 29.0 16.8  

 

 

 

 

Figure 2.2 Cumulative quantities of rain over two seasons 

 

Variable grain yields obtained during the two experimental seasons could largely be 

explained by rainfall distribution in spite of applying supplemental irrigation during 

both seasons (Table 2.7). There was better distribution of rainfall in the second than 

in the first season. This occurred especially during the month of February in 
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2013/2014 which had fewer days of dry spells compared to a three week dry spell 

which occurred in 2012/2013. Similarly, Mesfine et al. (2005) and Stone and 

Schlegel (2006) reported that sorghum yields variation is dependent on rainfall 

distribution between years.  

 

Table 2.7:  Grain yield, aboveground biomass and harvest index for seasons 

2012/13 and 2013/14 

Variety 2012/13 2013/14 Combined seasons 

 Grain 

yield 

(kg/ha) 

Abovegro

und 

biomass 

(kg/ha) 

HI Grain 

yield 

(kg/ha) 

Abovegroun

d biomass 

(kg/ha) 

HI Days to 

50% 

flowerin

g 

Days to  

Harvest 

maturity 

Plant 

height 

(max) 

mm 

Macia 4064* 10517 0.39 4355 11388 0.38 65 102 1290 

Pato 3896 11411 0.34 4088 12394 0.33 76 118 1780 

Tegemeo 3798 10843 0.35 4012 11415 0.35 74 114 1650 

          

S.E.D 233.9 274.3 0.018 79.1 100.7 0.02 0.577 0.471 147.1 

* = Means over three replications. S.E.D = standard error of differences of means 

 

Harvest index (HI) which is the ratio of harvested grain to total shoot dry matter in 

grain crops can be used as a measure of reproductive efficiency. Kusalkar et al. 

(2003) indicate that the higher the HI the higher the efficiency of converting 

biological yield into economic yield. Harvest indices obtained in the present study 

are in the range of 0.38-0.39, 0.35-0.36 and 0.34-0.36 for vars. Macia, Tegemeo and 

Pato, respectively. Other studies have reported higher harvest indices of sorghum. 

For example, Hammer and Broad (2003) reported a HI between 0.47 and 0.57 for 

grain sorghum when grown under non-limiting water and N conditions. On the other 

hand, Patil (2007) reported HI ranging from 0.26 to 0.36 for sorghum varieties in 

India. There was no significant variation among varieties in the 2012/2013 season 

with respect to biomass at 50% anthesis, biomass at harvest maturity and grain yield 

(Table 2.8). However, during the season of 2013/2014, significant variation (P<0.05) 

in the three variables was observed among varieties. Further, there was inter seasonal 
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variation in plant biomass at 50% anthesis, grain yield and biomass at harvest as 

indicated by the t-statistic in Table 2.8. 

 

Table 2.8:   Intra- and inter-seasonal variation in biomass, grain yield and tops 

weight 

Variable 2012/2013 2013/2014 t-statistic 

Biomass at 50% anthesis 2.77 
ns

 5.49 
*
 3.89

**
 

Grain yield at harvest 1.41 
ns

 21.08 
*
 5.08 

*
 

Biomass at harvest maturity 3.23
ns

 50.49 
*
 8.60 

*
 

*significant at p<0.05; **significant at p<0.01 ns = not significant 

 

2.3.4   Model calibration and evaluation  

Genetic coefficients used by APSIM for sorghum after calibration are shown in 

Table 2.9. Comparison between observed and simulated grain and biomass yield 

combined for the two seasons is shown in Table 2.10. Statistical indicators show the 

simulation efficiency of APSIM model in simulating sorghum. Root mean square 

error (RMSE) which is an overall measure of model performance and compares 

simulated versus observed values shows a good agreement because the lower the 

values of RMSE the better the model in explaining most of the variations in the 

dataset. 
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Table 2.9:   Crop parameters for three sorghum cultivars used for the 

simulations in APSIM 

Parameter 

  Source Units Macia Tegemeo Pato 

Thermal time 

accumulation 

End of juvenile phase to panicle 

initiation 

C 
0
C day 230 270 275 

 Flag stage to flowering  C 
0
C day 195 170 175 

 Flowering to start of grain filling  C 
0
C day 80 80 100 

 Flowering to maturity C 
0
C day 675 760 760 

 maturity to seed ripening L 
0
C day 1 1 1 

Photoperiod Day length photoperiod to inhibit 

flowering  

D h 11.5 11.5 11.5 

 Daylength photoperiod for 

insensitivity 

D h 13.5 13.5 13.5 

 Photoperiod slope L 
0
C/h 0.01 0.01 0.01 

 Base temperature L 
0
C day 8 8 8 

 Optimum temperature D 
0
C day 30 30 30 

 Plant height (max) O mm 1290 1650 1780 

C: calibrated; D: Default; L: literature; O: observed 

 

Moreover, data indicate that the simulated grain and biomass yield values reasonably 

matched observed values, owing to the agreement index (d-statistic) ranging from 

0.6 to 0.9 across the varieties. The d-statistic values close to 1 are regarded as better 

simulations and according to these statistical indicators the model performance was 

deemed satisfactory to allow continuation of simulations for both long-term 

(temporal) and at different locations (spatial). 

 

Table 2.10:  Statistical indicators of model performance 

Parameters/ 

Cultivar 

Macia  Tegemeo  Pato  

 RMSE 

(kg/ha) 

d-Stat RMSE 

(kg/ha) 

d-Stat RMSE 

(kg/ha) 

d-Stat 

Grain yield 133 0.73 87 0.62 140 0.60 

Biomass 178 0. 93 418 0.66 236 0.83 

 

 

2.3.5   Influence of water stress on sorghum grain yield 

Simulated grain yields for the three varieties at the experimental station are shown in 

Fig. 2.3. The simulation package consisted: planting between 15 December to 15 

January, a row spacing of 0.90 m and a population of 9 plants per m
2
 without N 
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fertilizer under baseline weather (1980-2010). Results indicated that simulated yields 

varied among varieties with the range of 2.65 - 2.88 t ha
-1

 for the highest yields, and 

0.48 - 0.57 t ha
-1

 for the lowest yields.  

 
Figure 2.3:  Simulated grain yield of Macia, Pato and Tegemeo sorghum 

varieties under baseline (1980-2010) conditions at Hombolo 

 

Rainfall being one of the most important weather parameters in crop yield 

simulations deserves a closer look for a better understanding of the rainfall-yield 

interaction. Crop yield simulations at different locations (weather stations) across the 

central zone of Tanzania were temporally correlated (1980-2010) with the seasonal 

total rainfall amounts as shown in Table 2.11. Taking into account uniform farmers‟ 

management practices across the study area, the multi-location simulated crop yields 

may be explained by the response of the crop to inter and intra-rainfall variability. 

Variability of seasonal rainfall total explains crop yields by 18% and above at two 

stations namely Mpwapwa and Manyoni, and less than 18% for the other stations. 
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Hence, a good seasonal rainfall forecast can capture approximately 30% (e.g. for 

Mpwapwa) of the variability of crop yields. 

 

Table 2.11:  Temporal correlation coefficients between the simulated crop yields 

and the corresponding seasonal rainfall amounts 

Variety Hombolo Mpwapwa Manyoni Singida 

Macia -0.04 0.35 -0.29 0.02 

Tegemeo -0.01 0.28 -0.26 0.08 

Pato -0.02 0.29 -0.18 0.13 

 

Further examination of rainfall and yields in 1998 (the year producing lowest 

simulated yields) and 2008 (the year producing highest simulated yields) 

demonstrates the importance of rainfall distribution during the growing period and 

especially during critical stages. There was approximately 0.50 t ha
-1

 maize yield in 

1998 compared to 2.80 t ha
-1

 in 2008 (Fig. 3). This was probably due to water stress. 

It means that yields simulated by APSIM are highly sensitive to wet/dry-spell 

sequences during the crop growing season. Baigorria et al. (2007) observed that not 

only increasing persistence of wet/dry day occurrences is important, but also the 

timing within the growing season when these wet/dry spells occurred. Decadal 

analyses of rainfall for occurrences of 5 and 10-day dry spells shown in Table 2.12 

indicate that in 1998 the occurrence of a 10-day dry spell during the first decade in 

March caused strong water stresses which significantly reduced sorghum grain 

yields. On the contrary sorghum experienced only a brief water stress period (5-day 

dry spell during the same period) as a result much higher yields were obtained in 

2008. According to the sowing dates in the simulation package, the period represents 

the crop growth stages from flag leaf appearance to start of grain filling. 
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Premachandra et al. (1994) noted that as the most sensitive period for sorghum 

response to drought among phenological phases. 

 

 

Table 2.12:  Occurrences of dry spells during March and April and their 

relationship to simulated grain yields at Hombolo 

 YEARS WITH LOWEST YIELDS YEARS WITH HIGHEST YIELDS 

 1998 2001 1999 2008 

 MAR APR MAR APR MAR APR MAR APR 

DECADE 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

5-DAY  √      √ √ √  √   √ √ √ √ √ √     

10-DAY  √      √    √      √       

Yield 

(t/ha) 

0.48 -0.57 0.54 – 0.58 2.65 – 2.88 2.82 -2.84 

Rain 

(mm) 

38.8 98.9 66.4 63.2 211.6 117 182.1 42.3 

Rainy 

days 

6 8 6 8 12 5 10 11 

√ indicate occurrence of a dry spell in a decade (10-day interval) within a month 

 

2.4   Conclusions 

Sorghum grain yields response was investigated both under field and simulated 

conditions. The field experimental results for the two seasons show considerable 

variations in grain yields among varieties. An early maturing variety Macia gave 

higher yields in both seasons compared to vars. Pato and Tegemeo. Model simulated 

yields reveal that, the length and timing of dry/wet spells during the growing season 

are more important than total seasonal rainfall amount even for a hardy crop like 

sorghum. Results seem to suggest that occurrence of a long dry spell (10-day or 

longer) during the period from flag leaf appearance to start of grain filling is critical 

and could significantly reduce yield. Simulation results under current (baseline) 

climatic conditions at different locations indicate that the rainfall variability could 

explain approximately 30% of inter-annual yield variability. This means that other 

non-climatic factors play a significant role in resulting grain yield determination. 

The phenological characterization of the three varieties and subsequent calibration 
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and validation of APSIM have provided a basis on which various kinds of 

simulations could be done with the aim to increase and sustain sorghum productivity.  
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CHAPTER THREE 

 

3.0 IMPACTS OF CLIMATE CHANGE ON RAINFED SORGHUM AND 

MAIZE: IMPLICATIONS FOR FOOD SECURITY POLICY IN 

TANZANIA 

ABSTRACT 

Concern about food security has increased because of a changing climate, which 

poses a great threat to food crop productivity. Climate change projections from the 

Coupled Model Inter-comparison Project phase 5 (CMIP5) and crop models were 

used to investigate the impacts of climate change on rain-fed cereal production. 

Calibrated and evaluated crop models simulated maize and sorghum yields over time 

periods and scenarios across central zone Tanzania with and without adaptation. 

Simulation outputs without adaptation showed predominant decrease and increase in 

maize and sorghum yields, respectively. The results showed that maize yields were 

predicted to decline by between 1% and 25% across periods. However, sorghum 

yields were on average predicted to increase between + 5% and + 21%. Overall, 

when adaptation is incorporated toward mid-century under RCP 8.5, yields are 

projected to increase for both crops. The yield projections variation between cereal 

crops highlights the importance of location and crop specific climate change impact 

assessments. Despite the uncertainties in predicting the impacts of climate change 

on rainfed crops, especially on cereals (maize and sorghum) which are important 

staple food crops in semi-arid Tanzania, the findings of this study enable policy 

makers to develop plans aimed at sustainable food security. In conclusion, the results 

demonstrate the opinion that sorghum productivity stands a better chance than 
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maize under prospects of negative impacts from climate change in central zone 

Tanzania 

 

Key words: Climate change, Agronomic adaptation, Cereals, Simulation modelling, 

Policy 
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3.1   INTRODUCTION 

Although several studies project the net effect of climate change on cereal yields to 

be negative in sub-Saharan Africa (SSA), the direction of yield change in any given 

area depends on the physiology of the crop concerned and the current climatic 

condition under which it is grown because different species have different base and 

optimum temperatures for development (Porter and Semenov 2005; Lobell et al., 

2008; Challinor et al., 2014). Rainfall projections from an assessment of 12 CMIP3 

(AR4) GCMs over eastern Africa suggest an increase in rainfall by the end of the 21
st
 

Century (Shongwe et al., 2011; IPCC, 2013), though confounded by extreme 

precipitation changes (droughts and heavy rainfall) during the last 30 - 60 years 

(Williams and Funk, 2011; Lyon and DeWitt, 2012). 

 

Rainfall projections for Tanzania appear consistent with those of eastern Africa, 

which indicate increase in annual rainfall with the  ensemble range spanning changes 

of ‐4 to +30% by the 2090s (McSweeney et al., 2010). However, rainfall projections 

data from CMIP5 (Taylor et al., 2012) used in the Fifth Assessment Report (AR5) 

escalate the uncertainty in that, while overall rainfall is projected to increase by 9% 

for central Tanzania as observed by Wambura et al. (2014), analyses by Taylor et al. 

(2013) of both the Fourth Assessment Report (AR4) and AR5 multi-model ensembles 

attributed the projected increases to extreme monthly rainfall rather than changes to 

mean rainfall. Previous studies had indicated a decline in the future rainfall for central 

Tanzania (Paavola, 2003; Matari et al., 2008). 

 

Because of the uncertainties in processes underpinning the changing climate 

especially on rainfall projections, more research is needed to understand the influence 
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of the projections on crop production on local conditions. Information is required to 

enable an understanding of how the projected changes in climate will impact 

smallholder dryland farmers who need to strategically respond and adapt to the ill-

effects of changing climate (Hatfield et al., 2011; Rurinda et al., 2014). It is due to 

this wide range of projections and the possible impacts on crop production at 

different scales and over different time periods that detailed studies are needed, 

because the underlying uncertainties exacerbate concerns about food security and 

impede decision making on food security policy and climate change issues (Ingram et 

al., 2008; Thornton et al., 2011; Yao et al., 2011). 

 

Overall, although rainfall projections in eastern Africa depict a glimpse of hope 

regarding possible impacts on crop productivity (Doherty, 2009), other studies 

indicate contrasting conclusions, such as enhanced crop yields or no change in crop 

yields (Kurukulasuriya and Mendelsohn, 2008) and yield decreases (Thornton et 

al., 2009). Other studies in SSA show some evidence of negative climate change 

impact on crop yield for major staple cereal food crops like maize, sorghum and 

millet (Schlenker and Lobell, 2010; Knox et al., 2012; Berg et al., 2013; 

Zinyengere et al., 2013; Waha et al., 2013). These studies give generalized and 

broad conclusions about the impact of climate change which are not manifest in 

crop production to address increased food security concerns. In Tanzania, in 

particular, several studies indicate that maize production is projected to decline in the 

future (Mwandosya et al., 1998; Arndt et al., 2011; Rowhani et al., 2011; Kilembe et 

al., 2013).  
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The projected yields of crops under a range of climate scenarios, however, suffer 

from the limitations associated with the difficulty in obtaining data on local 

conditions or crop characteristics (Ruane et al., 2013; Watson and Challinor, 2013; 

Thornton et al., 2010); uncertainties in climate data (e.g. Ramirez-Villegas et al., 

2013) and uncertainties in crop models‟ processes (Ainsworth et al., 2008). 

Currently, however, the weaknesses with regard to data availability and uncertainties 

are addressed in the methodological procedures of the Agricultural Model inter-

comparison and Improvement Project (AgMIP) through aggregation of geographic 

data regarding the spatial distribution of climate (daily weather), topography, soils, 

land-use, farm-level management, socioeconomic conditions, and reported yields 

(Rosenzweig et al., 2013a, b). Moreover, the use of statistical methods to evaluate 

and understand uncertainty in the outputs of climate change impacts has been 

recognized as it enhances drawing of robust conclusions regarding model 

applications (Falloon et al., 2014). 

 

Due to high dependence on rain-fed agriculture in Tanzania, it is clear that 

smallholder farmers are sensitive to possible adverse changes in climate and they are 

faced with the question of how to adapt to climate change. Therefore, they need 

information on the potential impact of climate change for the next few decades. 

Recent studies have established that an undertaking of climate change impact 

assessments at local scales is essential as it allows exploration of local agronomic 

management practices and their incorporation into adaptation strategies formulation 

(Zinyengere et al., 2014). In Tanzania, there is paucity of information on impacts of 

climate change on sorghum and maize though studies elsewhere seem to suggest that 
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impacts on sorghum are predicted to be insignificant compared to maize. For 

example, according to Lobell et al. (2008) maize yield in Southern Africa is 

projected to decline by about 30% compared with a decrease of only 2% for 

sorghum by 2030. Other studies show that sorghum will increase by a range of 19 to 

72% across eastern and southern Africa (Zinyengere et al., 2014; Turner and Rao, 

2013). Detailed crop simulation studies at various scales are required due to spatial 

variability of climate especially rainfall, in order to provide relevant knowledge on 

impacts and for evaluating possible adaptation options under farm and policy levels 

(Thompson et al., 2010; White et al., 2011). The use of multiple-models in climate 

change assessment has been shown to enhance the quantification and reduction of 

uncertainties, as different models differ in structure and parameter values (Rötter et 

al., 2011). A significant proportion of uncertainty in climate impact projections has 

been attributed to variations among crop models (Asseng et al., 2013). In this study 

the Agricultural Production Systems sIMulator (APSIM) and Decision Support 

System for Agrotechnology Transfer (DSSAT) crop models were used to quantify 

impacts of climate variability and change on rainfed sorghum and maize 

productivity across five locations having contrasting soil properties and crop 

management practices. The specific objectives were; first, to link APSIM and 

DSSAT (Jones et al., 2003) with GCMs to simulate rainfed sorghum and maize 

production under the CMIP5; second, to simulate scenarios representing some 

agronomic strategies feasible under conditions of dryland farming to provide insight 

into their potential for adaptation; and third to evaluate uncertainty in climate 

change impacts on sorghum and maize in order to provide relevant information to 

policy makers and others. 
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3.2   Materials and Methods 

3.2.1   Description of the study area 

Central Tanzania (Singida and Dodoma regions) has been identified as one of 

livelihood zones based on FAO (Fig. 3.1). The zone is designated as “sorghum-

livestock” and is most relevant to sorghum production. The central regions account 

for three-quarters of Tanzania‟s 500 000 to 800 000t annual sorghum harvests. The 

zone is one of the most sensitive to climate variability and change mainly owing to 

rainfall variability. Soils in this zone are mainly sandy and loamy of low fertility 

and seasonally waterlogged or flooded pockets of clays. Weather stations at five (5) 

locations were identified from which weather data for running crop simulation 

models were obtained (Table 3.1). Observed maize and sorghum yields across the 

zone were obtained from the Tanzania National Panel Survey (TNPS) of 2010-2011 

(NBS, 2012) for the 2009/10 season. 

 

Table 3.1:   Geographical locations and rainfall characteristics of five weather 

stations in study area 

Station Latitude Longitude Altitude 

(m.a.s.l) 

Annual 

rainfall 

(mm) 

JFM (mm) OND (mm) 

Mpwapwa -6.2 36.30 1007 584 330 183 

Dodoma -6.167 35.67 1118 567 366 107 

Hombolo -5.75 35.95 1062 627 379 180 

Singida -4.48 34.45 1377 797 419 228 

Manyoni -5.44 34.50 1245 695 385 222 

m.a.s.l = metres above sea level; JFM = January February March; OND = October November 

December. 
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Figure 3.1:  Map showing locations of fields with reported sorghum and maize 

yields used in model evaluation 

 

 

3.2.2   Model description, calibration and evaluation 

Calibration and evaluation of APSIM (Keating et al., 2003) model used in this 

study was done based on experimental data for two growing seasons. APSIM model 

was evaluated for simulation of days after sowing to flowering and maturity, dry 

matter accumulation (biological yield) and grain yield. Genetic coefficients used by 

APSIM and DSSAT for sorghum are shown in Tables 3.2 and 3.3, respectively. 

Data for calibrating and evaluating both models for maize (Situka variety) were 

obtained from literature (Mourice et al., 2014). 
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Table 3.2:  Crop parameters in APSIM for three sorghum varieties   

Parameter 

  Source Units Macia Tegemeo Pato 

Thermal time 

accumulation 

end of juvenile phase to panicle 

initiation 

C oC day 230 270 275 

  flag stage to flowering  C oC day 195 170 175 

  flowering to start of grain filling  C oC day 80 80 100 

  flowering to maturity C oC day 675 760 760 

 maturity to seed ripening L oC day 1 1 1 

Photoperiod Day length photoperiod to inhibit 

flowering  

D H 11.5 11.5 11.5 

 Daylength photoperiod for 

insensitivity 

D H 13.5 13.5 13.5 

 Photoperiod slope L oC/h 0.01 0.01 0.01 

 Base temperature L oC day 8 8 8 

 Optimum temperature D oC day 30 30 30 

 Plant height (max) O mm 1290 1650 1780 

C: calibrated; D: Default; L: literature; O: observed 

 

 

 

Table 3.3:  Genetic coefficients in DSSAT for three sorghum varieties  

Coefficient Definition Macia Tegemeo Pato 

TBASE Base temperature below which no development occurs, 

°C 

8.0 8.0 8.0 

TOPT Temperature at which maximum development rate occurs 

during vegetative stages °C 

34.0 34.0 34.0 

ROPT Temperature at which maximum development rate occurs 

for reproductive stages °C 

34.0 34.0 34.0 

P1 Thermal time from seedling emergence to the end of the 

juvenile phase (expressed in degree days above a base 

temperature of 8°C) during which the plant is not 

responsive to changes in photoperiod. 

300 440 460 

P2O Critical photoperiod or the longest day length (in hours) 

at which development occurs at a maximum rate. At 

values higher than P20, the rate of development is 

reduced. 

12.5 

 

12.5 12.5 

P2R Extent to which phasic development leading to panicle 

initiation (expressed in degree days) is delayed for each 

hour increase in photoperiod above P20. 

1 

 

1 1 

P5 Thermal time (degree days above a base temperature of 

8°C) from beginning of grain filling (3-4 days after 

flowering) to physiological maturity. 

520.0 

 

650.0 650.0 

G1 Scaler for relative leaf size.  15 15 15 

G2 Scaler for partitioning of assimilates to the panicle 

(head).  

6.5 6.0 6.0 

PHINT Phylochron interval; the interval in thermal time (degree 

days) between successive leaf tip appearances. 

49.0 49.0 49.0 
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3.2.3   Crop management and soil input data 

Macia sorghum variety was chosen for subsequent analyses because it is high-

yielding with early maturity, and currently highly preferred by smallholder farmers. 

Similarly, Situka maize variety was chosen based on its early maturity and tolerance 

to low nitrogen typical of the study area farm characteristics. Crop management 

information including planting dates, plant population, varieties used, organic and 

inorganic fertilizer use, intercropping and measured yields, were obtained through 

key informants structured interview and augmented by the information from TNPS. 

This information was used in the construction of a farm survey template as per 

AgMIP protocols (Rosenzweig et al., 2013b). For the current analysis, a sample of 

63 fields planted with maize and 48 fields planted with sorghum were extracted 

from the database (based on available reported yields), to construct farm survey 

template in central Tanzania. A Quick and Dirty [File Translation] User Interface 

(QUADUI) tool (www.agmip.org/tools) was used to translate the templates into 

ready model run files for the simulations.  

 

Soil profile data used to parameterize soil modules within APSIM and DSSAT were 

mainly extracted from available databases e.g. Africa Soil Information Service 

(AfSIS) (Leenaars, 2012) and Batjes (2008), but also data from freshly dug soil 

profiles were used. A total of 5 soil profiles were identified to represent variable 

soils available within central Tanzania. Considering the variability of soils across 

farms, the soil profiles were deliberately subdivided to capture the soil quality 

based on increasing or decreasing the amount of organic carbon and amount of 

available water by 20% as described in the AgMIP Handbook (Rosenzweig et al., 

http://www.agmip.org/tools
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2013b). The subdivisions resulted in a total of 15 soil profiles with classes of poor, 

average and good quality soils. A range of analytical data for soil profiles used in 

the models is presented in Table 3.4. 

 

Table 3.4:  Range of soil analytical data for soil profiles used in simulations 

Depth Clay Silt Organic pH in Cation Lower Drained upper Saturation 

of % % carbon water Exchange Limit limit (SAT) 

bottom (cm)   %  Capacity 

(cmol/kg) 

(LL) 

cm3/cm3 

(DUL)cm3/cm3 cm3/cm3 

15-25 13-55 6-20 0.35-1.26 5.4-5.9 12.8-24.2 0.077-0.355 0.128-0.441 0.349-0.499 

30-45 9-59 4-16 0.24-0.76 5.1-4.8 9.0-22.1 0.057-0.375 0.108-0.454 0.358-0.517 

46-80 12-59 2-18 0.1-0.6 4.5-4.8 7.5-21.8 0.102-0.386 0.216-0.456 0.324-0.508 

102-115 9-55 3-6 0.04-0.49 4.0-4.8 6.8-23.0 0.150-0.305 0.362-0.441 0.376-0.529 

 

3.2.4   Climate and data scenarios 

Climate change scenarios for near-term (2010 - 2039), mid-century (2040-2069) 

and end-century (2071-2099) periods were generated using 20 GCMs from CMIP5 

for two Representative Concentration Pathways (RCPs): RCP 4.5 and RCP 8.5 bias-

corrected using the method of Hempel et al. (2013). The simulations were 

performed for the three climate change scenarios using data from all 20 GCMs. The 

climate data of five GCMs namely: CCSM4, GFDL- ESM2M, HadGEM2-ES, 

MIROC5, and MPI-ESM-MR, were separately analysed for mean changes in 

projected climate compared with baseline (1980 -2010). These GCMs subset were 

selected due to their long history of development and evaluation, a preference for 

higher resolution, and established performance in monsoon regions (Rosenzweig et 

al, 2013b). 

 

RCPs usually refer to the portion of the concentration pathway extending up to 

2100, for which Integrated Assessment Models have produced corresponding 
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emission scenarios (IPCC, 2013). The RCP8.5 is a high emissions scenario, 

corresponding to projections of high human population (12 billion by 2100), high 

rates of urbanization and limited rates of technological change, all resulting in 

emissions approaching 30 Gt of carbon by 2100 compared with 8Gt in 2000 (Riahi 

et al., 2007). The RCP4.5 scenario is an intermediate mitigation scenario 

characterized by continuously increasing human population but at a rate lower than 

in the RCP8.5 scenario, intermediate levels of economic development and less rapid 

and more diverse technological change (Moss et al., 2010). 

 

3.2.5   Evaluation of adaptation options 

According to NAPA (URT, 2007) potential adaptation measures include 

adjustments in management practices such as planting density, fertilizer application 

and planting date. Planting densities above those currently practised by smallholder 

dryland farmers were adopted assuming improvement in extension services and 

farmers‟ reception and adoption of the technologies. Planting density and fertilizer 

application were combined with two planting dates as agronomic management 

scenarios for each crop (Table 3.5). The selected agronomic management scenarios 

were based on local expert recommendations under conditions of central Tanzania 

and affordability by the local farmers. These were obtained from agricultural 

reports in respective districts. Fertilizer amounts are those recommended by experts 

for the low-input systems predominant in semi-arid areas of Tanzania. An early 

planting date (EP) corresponds to onset of rains, which have shown early trends and 

a late planting date (LP) serves to test the possibility of shifts of rainfall pattern in 

the future. 
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Table 3.5:  Agronomic management scenarios for maize and sorghum 

Crop Management 

 Planting density 

(Plants/ha) 

Fertilizer  

Application (kg 

N/ha) 

Planting dates 

Maize 33,000  40 or 60 Early: Early-mid December 

Late: Early-mid January 

Sorghum 90,000 20 or 40 Early: Early-mid December 

Late: Early-mid January 

 

3.2.6   Uncertainty and confidence assessment 

Uncertainty in the projected impact of climate change on crops was assessed 

through two measures namely, sign of mean yield change and comparison of 

interannual yield variability using coefficients of variation (CV), similar to methods 

used by Ruiz-Ramos and Minguez (2010) and Zinyengere et al. (2014). The sign of 

mean yield change was determined for each crop, crop model, GCM and RCP. 

Coincidence of GCMs and crop models with the same sign of change across RCP 

was used to ascertain the degree of confidence in the direction of yield change. 

Mean CVs were compared for GCMs and RCPs, thereby identifying the sources of 

large uncertainty through high interannual variability. 

 

3.3   Results and discussion 

3.3.1   Climate change projections 

Climate models consistently projected increased temperatures for selected weather 

stations in the Central zone of Tanzania. Projected temperature changes showed a 

mean increase in the range of 1.4–2.8 
o
C (Table 3.6). Dodoma station showed both 

the highest projected mean increase in temperature, recorded under the HADGEM2-

ES (2.8 
o
C) and the lowest mean temperature increase with GFDL-ESM2M (1.4 

o
C). In contrast, the projected change in rainfall varied from one location to the 
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other but consistently showing decline across all GCMs, except MIROC5, which 

showed an increase +4.5 – 7.3 % (Table 3.6). Projected mean rainfall changes were 

small, within a -1.7% average, although varying considerably across GCMs. While 

projected rainfall changes were variable and uncertain, the projected temperature 

changes showed strong consistency with an upward trend. 

 

Table 3.6:   Mean change in projected climate between baseline (1980-2010) and 

future (2040-2069) periods for RCP 8.5 

Station GCM Temperature ( 
o
C) Rainfall  

    (%) 

Average Minimum Maximum  

Dodoma CCSM4 1.9 1.9 2.0 -2.5 

 GFDL-ESM2M 1.4 1.7 1.2 -8.5 

 HADGEM2-ES 2.8 2.9 2.8 -1.4 

 MIROC5 2.2 2.1 2.4 7.3 

 MPI-ESM-MR 2.4 2.4 2.5 -0.4 

Manyoni CCSM4 1.9 1.8 2.0 -8.9 

 GFDL-ESM2M 1.8 1.8 1.7 -3.0 

 HADGEM2-ES 2.7 2.6 2.8 -5.2 

 MIROC5 2.3 2.1 2.4 7.0 

 MPI-ESM-MR 2.3 2.1 2.4 -0.2 

Singida CCSM4 1.9 1.8 1.9 -10.3 

 GFDL-ESM2M 1.8 1.8 1.7 -1.9 

 HADGEM2-ES 2.7 2.6 2.8 -2.7 

 MIROC5 2.3 2.1 2.4 4.5 

 MPI-ESM-MR 2.6 2.7 2.4 -0.3 

 

3.3.2   Projected crop yields 

In order to use the models (APSIM and DSSAT) in projecting yields into the future 

they had to be calibrated using observed (survey data) yields for the 2009/2010 

season as shown in Fig. 3.2. The models APSIM and DSSAT appear appropriate 

owing to the high R
2
 values of 0.75 and 0.69 for maize and 0.82 and 0.61 for 

sorghum, respectively (Fig. 3.2). The calibrated models were used to simulate 

maize and sorghum grain yields under the three scenarios (near-term, mid-century 

and end-century).
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Figure 3.2:  Relationship between simulated yields of maize (a and b) and 

sorghum (c and d) and reported yields for the season 2009-2010 

(dashed line is 1:1). 

 

 

Projected mean yield change showed a consistent decline for maize yields (Table 

3.7). Average yield decline across all GCMs varied between 1% and 2.4% in the 

near term, between 3.7% and 7.1% towards mid-century and between 4.6% and 

25.3% towards end of the century. In contrast, the projected sorghum yields show 

an increase varying between 5.4% and 6.9% in the near term, between 7.5% and 

14.5% towards mid-century and between 5.7% and 20.7% towards end of the 

century (Table 3.8). The magnitude of yield change is higher in DSSAT than in 
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APSIM. This is consistent to results by Rosenzweig et al. (2014) who reported 

model agreement on direction of yield change but varying in magnitude. Sultan et 

al. (2014) observed high consistence across climate and crop models in climate and 

impacts projections on sorghum between the Western and Eastern parts of the Sahel. 

In East Africa, a study by Thornton et al. (2009) similarly showed yield decreases for 

maize over the region ranging  between 1% and 15% across emissions scenarios 

and climate models, largely as a result of temperature increase. 

 

Increase in sorghum yields shown by almost all GCMs under both RCPs, may be 

attributed to increase in temperatures and the slight changes in projected rainfall 

which appear to create conducive conditions for sorghum growth, being more 

tolerant to heat and water stress. The results are in agreement with the 

observations by Turner and Rao (2013) and Gwimbi et al. (2013), which show 

sorghum gaining in terms of grain yields from higher temperatures in specific 

regions with lower baseline temperatures (below 20
o
C). However, Tingem et al. 

(2009) reported that for the future, little or no change or even decreases in maize and 

sorghum yields are projected in eight agricultural regions of Cameroon. 

 

Projections of increased crop yields as a result of climate change have not been 

explored in Tanzania in particular. Recently, Kilembe et al. (2013) simulated 

yields for the climates of 2010 (baseline) and 2050 using DSSAT and showed a  

decrease in sorghum yields ranging from 5 % to more than 25 % of the baseline. 

These results suggest an overall decline in sorghum yields towards mid-century, 

contrary to results from the present study. This could be attributed to lack of 
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consideration of local environments in terms of weather, soils, varieties and planting 

dates in the study by Kilembe et al. (2013). On the other hand, the International 

Model for Policy Analysis of Agricultural Commodities and Trade (IMPACT) 

showed significant increase in sorghum yields with climate change in Tanzania 

taking into account technological advancement by 2050. While results from the 

current study agree and/or disagree with some large scale studies, their strength 

emanate from the consideration of local crop specific varieties and management 

practices and the consideration of relevant weather information. In the central zone, 

the study showed that the magnitude of maize yield decline at least to mid-century is 

not likely to exceed 25%, results which are in agreement with Moore et al. (2012). In 

contrast, Mwandosya et al. (1998) projected a decline in maize yields of between 80 

and 90% towards the end of the century in the same area.  

 

Considering uncertainties introduced by the crop models‟ processes, i t  has been 

apparent that DSSAT being able to exhibit the effects of [CO2] showed a relatively 

higher magnitude level of impacts compared with APSIM at highest projected [CO2] 

i . e. 801ppm for end century RCP 8.5 (Tables 3.7 and 3.6). However, some studies 

have suggested that C4 plants (e.g., maize and sorghum) do not respond much to 

elevated levels of CO2 (Sultan et al., 2013). Other studies have further shown that 

variable responses of the crop models to input parameters, is another source of 

uncertainty. For example Sadras et al. (2001) indicate that CERES model is more 

sensitive to soil water deficit whereas APSIM is relatively sensitive to physical and 

chemical characteristics of the soil (Wang et al., 2009). 
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Table 3.7:   Percentage mean maize yield changes between baseline and three 

future periods for twenty Global Circulation Models (GCMs) and 

two Representative Concentration Pathways (RCPs): 4.5 and 8.5. 

(Shaded figures represent yield change for the five selected GCMs) 

 
 
GCMs 

 DSSAT   APSIM  
NEAR-TERM MIDCENTURY ENDCENTRUY NEAR-TERM MIDCENTURY ENDCENTRUY 
RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 

ACCESS10 -2.9 -2.7 -11.5 -12.8 -13.7 -42.7 -3.0 -4.0 -9.0 -5.8 -4.7 -20.8 

BCC-CSM11 0.0 -1.1 -1.8 -6.0 -3.2 -16.0 -0.8 -1.5 -1.4 -1.4 -2.5 -8.7 

BNU-ESM -0.8 -0.8 -1.8 -4.0 -4.0 -14.6 -5.5 -4.6 -5.4 -7.0 -7.3 -12.5 

CANES -0.6 -1.7 -3.3 -5.5 -4.1 -18.0 -1.2 -1.7 -3.7 -3.7 -5.6 -12.3 

CCSM4 2.0 -1.4 1.0 -2.9 -0.5 -11.9 -0.5 -1.6 -3.7 -4.0 -3.3 -10.3 

CESMI 0.0 -1.6 -1.1 -3.6 -2.4 -11.9 -2.8 -3.1 -4.4 -4.3 -4.9 -8.2 

CSIRO -3.7 -2.9 -10.9 -13.7 -17.3 -36.7 -4.0 -2.8 -5.2 -5.8 -7.3 -19.3 

GFDL-ESM2G -1.7 -3.3 -10.9 0.1 0.1 -10.1 -4.6 -3.6 -3.6 -2.7 1.4 -6.5 

GFDL-ESM2M -4.5 3.7 -0.1 0.3 3.6 -0.5 -0.9 3.6 0.7 0.5 3.0 -0.1 

HADGEM2-CC -1.3 -1.1 -11.1 -21.7 -10.2 -61.9 -1.9 -1.5 -2.7 -5.2 -1.3 -21.5 

HADGEM2-ES 0.0 -3.3 -7.7 -15.9 -21.1 -58.1 -0.6 -2.7 -1.7 -10.4 -8.2 -21.8 

INMCM4 0.6 0.6 0.1 0.0 -1.1 -6.4 -2.2 -1.8 -3.3 -3.6 -4.2 -6.2 

IPSL-LR -1.6 -2.6 -4.5 -11.8 -10.4 -46.5 -1.7 -3.9 -0.9 -2.7 -4.1 -17.8 

IPSL-MR -1.9 -1.2 -3.6 -9.9 -11.7 -45.1 -3.1 -3.2 -1.3 -6.9 -9.6 -34.4 

MIROC5 -0.1 -1.3 -3.2 -5.2 -8.5 -16.0 0.2 -2.3 -1.7 -4.1 -5.9 -6.0 

MIROC-ESM 1.7 3.4 0.3 -2.3 -2.2 -19.1 -3.3 -3.4 -6.5 -8.2 -8.6 -17.1 

MPI-LR -0.3 -0.9 -2.4 -8.4 -2.6 -31.1 -2.9 -2.6 -3.9 -3.7 -2.0 -15.7 

MPI-MR 0.2 -3.2 -4.1 -11.7 -4.8 -33.8 -4.4 -3.1 -5.1 -5.8 -5.1 -16.8 

MRI -5.8 -2.4 -7.5 -6.4 -5.3 -15.1 -3.6 -1.7 -9.6 -5.2 -7.4 -11.8 

NORESMI 1.5 0.3 0.1 -1.1 -0.9 -9.5 -0.4 -3.2 -2.2 -2.9 -4.4 -11.1 

Mean -1.0 -1.2 -4.2 -7.1 -6.0 -25.3 -2.4 -2.4 -3.7 -4.6 -4.6 -13.9 

 

Table 3.8:   Percentage mean sorghum yield changes between baseline and three 

future periods for twenty Global Circulation Models (GCMs) and 

two Representative Concentration Pathways (RCPs): 4.5 and 8.5. 

(Shaded figures represent yield change for the five selected GCMs) 

    DSSAT     APSIM    
 NEAR-TERM MIDCENTURY ENDCENTURY NEAR-TERM MIDCENTURY ENDCENTURY 
 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 

ACCESS10 -6.2 -6.0 -2.7 6.1 4.7 13.0 7.3 7.6 9.1 10.3 11.1 10.7 
BCC-CSM11 6.9 8.0 12.9 15.9 12.7 10.2 7.8 7.4 9.0 9.8 7.8 8.2 

BNU-ESM 3.3 3.7 7.1 12.6 10.9 19.7 4.3 4.2 4.4 5.4 4.7 6.2 

CANES 4.5 6.5 9.4 13.1 10.1 20.8 4.0 5.8 4.6 3.9 2.4 5.3 

CCSM4 7.3 7.1 12.8 14.6 14.3 21.4 5.7 8.3 4.6 7.6 7.9 7.9 

CESMI 6.0 6.7 11.6 15.4 13.8 22.1 6.5 7.5 6.7 9.0 8.0 8.7 
CSIRO 6.2 8.1 13.0 16.1 16.2 22.9 9.2 9.2 10.8 10.8 11.0 10.0 

GFDL-ESM2G 4.7 7.1 11.8 14.9 15.0 20.0 6.7 9.2 8.4 6.8 10.8 7.2 

GFDL-ESM2M 3.6 7.6 9.4 13.1 8.9 15.1 8.0 5.7 8.6 7.3 3.6 3.2 

HADGEM2-CC 7.1 8.8 14.4 16.0 17.9 25.2 7.1 7.4 9.4 8.7 9.8 11.4 
HADGEM2-ES 10.2 7.8 14.9 18.4 16.9 24.8 7.8 7.3 9.6 10.3 9.5 5.6 

INMCM4 4.9 5.1 9.3 12.8 2.9 18.6 6.9 6.3 7.2 6.6 7.8 7.3 
IPSL-LR 7.8 9.0 14.9 18.1 17.1 25.8 6.3 6.7 8.8 9.7 8.7 11.7 

IPSL-MR 8.1 8.0 13.1 18.1 15.3 22.7 7.2 7.0 8.5 7.4 5.5 4.4 

MIROC5 8.9 8.8 13.0 15.7 13.4 23.4 8.6 7.8 10.4 9.6 9.7 11.2 

MIROC-ESM 4.5 4.5 9.1 9.9 9.5 22.4 3.8 1.5 1.6 1.2 -6.7 7.6 
MPI-ESM-LR 7.0 5.6 10.4 15.3 14.1 21.8 6.7 6.5 6.7 8.2 0.6 7.6 

MPI-ESM-MR 4.7 7.4 10.7 15.1 14.7 23.0 5.3 8.5 6.1 9.3 0.8 9.5 

MRI 2.5 5.1 7.9 12.7 10.5 19.4 8.6 8.1 6.8 7.3 -0.5 6.9 

NORESMI 6.6 6.0 11.1 15.2 13.4 20.7 7.4 5.9 7.7 8.4 0.8 7.2 

Mean 5.4 6.2 10.7 14.5 12.6 20.7 6.8 6.9 7.5 7.9 5.7 7.9 
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3.3.3   Effect of adaptation options 

To identify adaptation strategies for rainfed sorghum and maize in the study area, 

four options were evaluated under present and future climate using a subset of five 

GCMs. Adaptation options combine sowing dates, plant density and inorganic 

fertilizer applications (Table 3.5). Mean grain yields of both sorghum and maize from 

the two crop models under the evaluated adaptation options are shown in Fig. 3.3 and 

3.4. The influence of the improved agro-systems on crop sensitivity to climate change 

is still a matter of debate (Turner and Rao, 2013; Sultan et al., 2014). While on the 

one hand, Turner and Rao (2013) show minimum stress from warming temperatures 

under the current low-input production systems (no-N fertilizer added) compared to 

improved systems (with adequate N fertilization), Sultan et al. (2014) show that 

increasing fertilizer inputs in the Sahel agricultural system could make it more 

responsive to climatic stresses and produce more negative impacts (in a relative 

sense, %) in crop yields under climate change. Results from both studies suggest that 

sorghum yields under current smallholders‟ low-input systems would be resilient or 

even increase under increasing temperatures. Moreover, the results seem to suggest 

that micro-dosing with Nitrogen could significantly increase yields even in the hottest 

and driest locations. 

 

Fig. 3.3 shows that sorghum yields from which 20 kg N ha
-1

 of inorganic fertiliser is 

applied, are approximately twice as high as the yields obtained without using 

fertilizer and are three times higher when 40 kg N ha
-1

 of fertilizer is used. 

Considering variability among GCMs, GFDL-ESM and HADGEM2-ES though 

having contrasting characteristics (Table 3.6), produced highest mean sorghum 

yields. At the higher level of fertilizer application (40 kg N ha
-1

) yield increases 
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projected for sorghum were consistently higher under early planting than with late 

planting across all GCMs. Simulated sorghum yields, however, indicate that even 

when planting is delayed by up to one month there is no significant reduction in 

yields. Traore et al. (2014) similarly reported that a one month delay in planting 

sorghum and maize did not significantly affect the final yields. 

 

Results of simulated maize yields under evaluated adaptation options are shown in 

Fig. 3.4. Even though rain-fed maize production is determined by the adequacy, 

reliability and timeliness of rainfall, simulated grain yields were increased with 

inorganic fertilizer application amount. However, farmers are averse to taking risks 

and therefore, not ready to invest in inputs and improvements if they are not sure of 

securing good yields in a particular season, as a result low levels of productivity 

persist (Bezabih and Di Falco, 2012). Application of fertilizers will become more 

critical if farmers are to reduce their vulnerability to the impacts of climate change. 

Besides application of fertilizers, adjustments in planting densities and sowing dates 

will also be of major importance.  

 

Unlike sorghum, there is an appreciable difference in maize yields among the GCMs 

with GFDL-ESM giving the highest and HADGEM2-ES giving the lowest yield. 

This could be due to the effect of projected increase in temperature between the two 

GCMs (Table 3.6) where GFDL-ESM projects the lowest increase in average 

temperature by mid-century whereas the converse is true for HADGEM2-ES. Studies 

have shown that increased temperatures and change in rainfall patterns will affect 

major staple cereal food crops such as maize, sorghum and millets because of 
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possible yield decline in future (Zinyengere      et al., 2013; Lobell et al., 2011). For 

example, analyses by Lobell et al. (2011) show that each degree day spent above 

30°C reduces maize grain yield by 1% under optimal rain-fed conditions, and by 

1.7% under drought conditions in Africa. 

 

 

 
Figure 3.3: Mean simulated sorghum grain yields under different adaptation 

options for present (baseline) and mid-century (RCP8.5) using 

GCMs with APSIM (A) and DSSAT (B). EP = Early planting; LP = 

Late planting 

 

(A) 

(B) 
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Figure 3.4: Mean of simulated maize grain yields under different adaptation 

options for present (baseline) and mid-century (RCP8.5) using 

GCMs with APSIM (A) and DSSAT (B). EP = Early planting; LP = 

Late planting 
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3.3.4   Uncertainty on climate change impact and adaptation options 

According to the simulation results from the five GCMs, a clear trend that is 

consistent across crop models and RCPs has been established in as far as yield 

change is concerned (Tables 3.7 and 3.8). Interannual variability of yield under both 

crop models ranged from a mean CV of 37% to 55% for sorghum and 56% to 70% 

for maize (Fig. 3.5). Mean CVs were higher for APSIM than for DSSAT and also 

higher for maize than for sorghum. The results confirm the uncertainty brought 

about by the crop models due to differences in parameters (Asseng et al., 2013). 

The higher range of predictions for maize across GCMs, reflects the uncertainty of 

climate prediction impacts using GCMs. Similar results were obtained by Moore et 

al. (2012) who reported between 20% and 30% decrease in maize yields toward 

mid-century in Morogoro. They attributed the uncertainty to combined effects of 

greenhouse gas emissions and land cover land use change (LCLUC). Similar results 

were obtained in Zimbabwe where a GCM and CERES-maize showed that maize 

yields would decrease by approximately 11 – 17%, under irrigated and non-irrigated 

conditions (Stige et al., 2006). 

 

The coefficient of variation (CV) from simulations incorporating agronomic 

adaptation options is illustrated in Fig. 3.6. While uncertainty remains a factor, a clear 

trend was established in that yield variability was least influenced by GCMs as shown 

by the limited differences in CVs, except for HADGEM-ES under DSSAT and early 

planting scenario which showed increased variability over and above other GCMs 

(Fig. 3.6d). To a large extent, yield variation appears to have been driven by 

agronomic adaptation options (Fig. 3.6). Agronomic adaptation strategies influenced 

uncertainty considerably (low CVs of less than 18%) as shown in Fig. 3.6d) 
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compared with high CVs of up to 59% when simulations were run under current 

agronomic management practices i.e. mainly without fertilizer application. The 

results are in agreement with Walker and Schulze (2008) who reported reduced 

variability for treatments using inorganic fertiliser under all the future climate 

scenarios modelled compared with the CV of maize yields under previous climate 

conditions. 

 

 

 
 

Figure 3.5:  Mean percentage values of coefficient of variation for Sorghum (A) 

and maize (B) clustered by GCMs 
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Figure 3.6:  Mean percentage values of coefficient of variation for Sorghum (A 

and B) and maize (C and D) yields with respect to adaptation options 

clustered by GCMs 
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3.2   Conclusions 

Results from this study demonstrate how crop simulation models coupled with 

GCMs could play a role in policy decisions with respect to climate change 

considerations. It has been shown that sorghum yields will consistently increase 

over different time periods with up to 25% increase towards the end of the century. 

On the other hand, overall maize yields, by contrast, have been projected to decline. 

Basic agronomic adaptation options such as fertilizer applications, appropriate 

planting density and planting dates appear to be ideal for future climate uncertainties. 

This has a bearing on agricultural plans and policies which may need to be reoriented 

for enhanced crop productivity.  

 

Despite the uncertainty in crop models and GCMs, the results enhance people‟s 

understanding of current climate variability as well as the anticipated climate change 

which is appropriate for informed agricultural management decisions. 

Furthermore, the results accentuate the uncertainty that comes from using different 

models in climate change assessments. All in all the study has contributed to a better 

understanding of large-area modelling because existing large-area crop models do 

not currently simulate the non-climatic (e.g. local cultivars and crop management 

practices) determinants of crop yield; factors which also need considerations if 

useful insights are to be provided for future decision making in a rapidly changing 

climate. 
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CHAPTER FOUR 

 

4.0   DETERMINANTS OF FARM LEVEL DECISIONS REGARDING 

CEREAL CROPS AND VARIETIES IN SEMI-ARID CENTRAL TANZANIA 

 

ABSTRACT 

A study was conducted to assess the potential and constraints of increased sorghum 

production to enhance food security and livelihoods in central Tanzania. Sorghum 

and pearl millet are well adapted dryland cereals and show a high potential to 

contribute to local food security, but adoption is limited. The study employed a 

structured questionnaire survey as the main data collection method. Data analysis 

involved the use of Multinomial logit model (MNL) in combination with other 

descriptive statistics to determine the socio-economic and agro ecological variables 

influencing crop and variety choices and preferences. Empirical results revealed that 

age of the household head, farming experience, soil types and access to weather 

information significantly influence choices of cereal crops among sorghum, pearl 

millet and maize. On the same token, age, farming experience, farmer-extension 

contact and access to weather information were important factors on the choice of 

sorghum varieties viz. local landraces versus improved. Farmers‟ perception results 

show that harvest and post-harvest processes, consumer tastes and preferences, and 

market access and prices strongly influence farmers‟ decisions to grow sorghum. In 

conclusion the results show that although sorghum and pearl millet contribute to the 

food supply, perceptions, agro-ecological variables and socio-economic factors 
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collectively constrain the realization of their potential in minimizing household food 

insecurity.  

Key words: Drought tolerant cereals, agro-ecological, perception, multinomial logit, 

food security, livelihoods  
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4.1   INTRODUCTION 

It is estimated that in sub-Saharan Africa, sorghum and pearl millets account for 8% 

of the cultivable land area which support about 9% of the population mainly in the 

agro-pastoral millet/sorghum farming system (Dixon et al., 2001). There is perpetual 

food-insecurity among the people living in central regions of Tanzania due to 

existence of unfavourable agricultural conditions. In these regions, promotion of 

adoption of drought tolerant crops like cassava, millet or sorghum, despite their low 

market value, increase the potential to ensure households food sufficiency especially 

when crops like maize fail (Monyo et al., 2002). With the help from donors, 

Tanzania government through the Agricultural Sector Development Strategy (ASDS) 

(URT, 2001) and the recent initiative Kilimo Kwanza (of 2010), is promoting the use 

of small grain cereals to fight food insecurity in semi-arid areas of Tanzania. As a 

result of concerted efforts of government and donors, several new improved varieties 

of sorghum and millets have been released and are being disseminated to farmers 

(SADC/ICRISAT SMIP, 1998). Despite these efforts, adoption of these improved 

crop varieties by rural farmers, which would lead to increased crop production, is 

still limited.  

 

Previous studies conducted to identify factors determining adoption of cereal crops 

in Tanzania, mainly maize (Kaliba et al., 2000) and sorghum (Mafuru et al., 2007; 

Bucheyeki et al., 2010) focused more on socio-economic variables than on agro-

ecological and farmers‟ perceptions. Since the studies were conducted on a limited 

area it is not possible to apply them to other regions because they did not consider 

the role of all important indicators for agricultural water management. Although 

applied at continental scales, Valipour (2014a, b, 2015a) underscores the importance 
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of inclusion of socio-economic indices in water management aspects for food 

security. Moreover, Kafle (2010) suggests the consideration of all factors as they are 

equally important in the understanding of the determinants of adoption of 

agricultural innovations. Though it is strongly argued that farmers in semi-arid areas 

where sorghum and pearl millet are produced are reluctant to invest in new crop 

management practices such as improved varieties and manure application, reasons 

for the hesitancies remain unclear. Natural resource management practices that 

improve soil fertility do exist, but farmer adoption of the practices on sorghum and 

pearl millet is continually declining (Ley et al., 2001). Some studies cite high 

production risks, limited incentives to increase productivity and limited access to 

markets for these small grains as the most important factors which deter smallholder 

farmers to adopt promising agricultural innovations (Rohrbach and Kiriwaggulu, 

2007). Moreover, an over-reliance on a cultivar-alone strategy, such as the 

introduction of improved sorghum or millet varieties, seems to give limited gains 

(Ahmed et al., 2000), indicating that other driving factors may have a contributing 

role in determining productivity of cereals.  

 

Recent analyses have recommended some agricultural innovations to improve 

productivity of cereals, for example, promotion of adoption of conservation 

agriculture technologies without considering whether they give immediate economic 

returns (Kahimba et al., 2014). Studies at the continental scale indicate that Africa 

needs governments‟ policy to provide an enabling environment for smallholder 

farmers to use irrigation systems and raise cropping intensity in the irrigated area in 

the future (Valipour, 2014c).  Moreover, analyses by Valipour (2015b, c) and 

Valipour et al. (2015) using information from Food and Agriculture Organization 
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(FAO) database show that appropriate policies are required which ensure accurate 

scheduling of water resources and designing of suitable cropping patterns for the 

irrigation systems to attain sustainable agriculture in future. Westengen and Brysting 

(2014) recommends maintenance of cereal crop and variety diversity through 

growing local landraces alongside improved varieties of maize and sorghum as a 

livelihood response strategy of crop adaptation to not only climatic stresses but also 

other abiotic stresses (e.g. pests and diseases) in central Tanzania. Though some 

empirical studies have attempted to analyse the impact of climate and other factors 

influencing the choice of crop and cropping systems (Below et al., 2011; Waha et 

al., 2013), there is paucity in knowledge of determinants of farmers‟ choice of cereal 

crops and crop varieties encompassing agro-ecological and farmers‟ perception in 

the central semi-arid areas of Tanzania. A deeper analysis of the agro-ecological, 

farmers‟ perceptions and socio-economic factors determining production in the 

sorghum and pearl millet-based farming system is thus needed to elucidate their 

influence on the adaptive capacity of smallholder farmers to multifaceted challenges 

predominant in the system.  

 

We analyse factors that determine cereal crops and crop varieties choices among 

farming households, with the goal of understanding farmers‟ perceptions, and the 

socio-economic and agro-ecological factors influencing of the decision to produce 

sorghum or another cereal in a given cropping season and the choice between local 

landraces and improved varieties. Policy makers would be provided with additional 

insight into the relationship between sorghum production and the changing driving 

factors. We describe current yields, patterns and trends of sorghum production in 
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relation to maize and pearl millet and we identify the determinant factors that impel 

patterns and trends in sorghum production, in relation to maize and millet 

production.  

 

4.2   Methodology 

4.2.1   Study area 

The central zone (Dodoma and Singida) is located between latitudes 6
0
 and 06

0
08‟ S 

and longitudes 34
0
30‟ and 35

0
 45‟E. The study was conducted in two villages of 

Bahi District, namely Makanda and Lamaiti, and two villages of Chamwino District, 

namely Mlowa Bwawani and Wiliko, Dodoma Region. Additionally, two villages of 

Iramba District, namely Kisiriri and Kisana and two villages of Singida rural District 

that is Ikhanoda and Ngamu, Singida region were involved. Both Regions are 

situated in the semi-arid zone of central Tanzania and have a dry savannah type of 

climate, which is characterized by long dry season, unimodal and erratic rainfall that 

falls between November/December and April. Dodoma Region has an annual 

average rainfall of about 500 to 700 mm and annual average temperature of about 

22.6
0
C. Singida region has an annual average rainfall of about 500 to 800 mm and 

annual average temperature of about 20.4
0
C. The zone is one of the most sensitive to 

climate variability and change, but it accounts for three-quarters of Tanzania‟s 500 

000 to 800 000 tonnes of annual sorghum harvest. Soils in this zone are mainly 

sandy and loamy of low fertility and seasonally waterlogged or flooded pockets of 

clays. The big proportion of central Tanzania is covered by three major soils 

namely Cambisols, Luvisols and Vertisols (Fig. 4.3).  
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Figure 4.1 Map showing dominant soils in central regions of Tanzania 
 

4.2.2   Research design and methods of data collection 

In the study both primary and secondary data were used. The study sample was 

obtained by using simple random sampling technique from a sampling frame of 

farming households who were dealing with cereal crops production and livestock 

keeping. A structured questionnaire was used to gather both qualitative and 

quantitative information covering aspects about patterns and trends, influence of 

biophysical (soil) and socio-economic factors on cereal crops production, discrete 

choices of cereals and ultimately the choices of sorghum varieties grown by farming 



 

 

 

108 
 

households. The questionnaire was administered to a sample of 240 respondents. 

Secondary data were gathered from various reports relevant to the study and the web. 

 

4.2.3   Data analysis 

Likert type plot (diverging stacked bar chart) on socio-economic constraints on 

sorghum was generated from R using HH package (Heiberger and Robbins, 2014). 

The Multinomial Logit (MNL) model was used to analyse the factors influencing 

choice of growing one cereal crop among smallholder farmers in the two regions viz. 

Dodoma and Singida. The MNL parameter estimates are obtained using maximum 

likelihood estimation method given in MLOGIT routine for STATA version 11. 

Explanatory variables used to describe the choices of crop and crop varieties are 

shown in Table 4.1. The size of the plots (acreage) allocated for each cereal by the 

farmers during the season of 2011/12 was used as a proxy for the preference of that 

particular farmer to choose a given cereal i.e. the higher the acreage the higher the 

preference. The 2011/12 season was chosen between the two previous seasons due to 

its relatively good rains in the study area compared to 2012/13 season. The MNL 

model was preferred because it permits the analysis of decisions across more than 

two categories in the dependent variable; hence it becomes possible to determine 

choice probabilities for the different cereals. 
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Table 4.1:  Variables used in the MNL model and their expected signs 

Variable 

name 

Variable description and measurement  Variable type Expected 

sign 

CRPTYPE                Choice of a crop relative to other crops     

EDUC Years of school completed by household head 

(number) 

 continuous  +/- 

AGE Age of household head (years)    continuous  +/- 

FEXPERIENCE Farming experience of household head (years)  continuous  +/- 

HSIZE Household size (numbers)  discrete  +/- 

PLOTSIZE Size of cultivated land in hectares  continuous  +/- 

SLTYPE1 Sandy reddish fine soils (Isang’ha)  continuous  +/- 

SLTYPE2 Red deep heavy soils (Ng’uluhwi)  continuous  +/- 

SLTYPE3 Whitish/Reddish soils (Tifutifu)  continuous  +/- 

SLTYPE4 Red sandy soils (Sanghamanya)  continuous  +/- 

SLTYPE5 Sandy soils along the sandy rivers 

(Msawawa) 

 continuous  +/- 

SLTYPE6 Black or grey alluvial cracking soils 

(Mbuga) 

 continuous  +/- 

DISMRKT Distance to the nearest market (km)  continuous   

EXTNCNT Farmer received extension contact in 2011/12 

(numbers) 
 discrete  +/- 

SUPPORT Farmer obtained support (seed or fertilizer) in 

2011/12 (dummy) 
 continuous  +/- 

CLIMINFO Household head has access to weather 

information (dummy) 

 dummy  +/- 

TRAINING Household head participate in training 

(dummy) 

 dummy  +/- 

 

To describe the MNL model, let y denote a random variable taking on the values 

{1,2….j} for choices j, a positive integer, and let x denote a set of conditioning 

variables. In the first case, y represents the cereal crop chosen by any farming 

household in the study area. We assume that each farmer faces a set of discrete, 

mutually exclusive choices of cereal crops (that means that a person chooses exactly 

one of the options, not more and not less) and these measures are assumed to depend 

on factors of x. Therefore, x represents a number of attributes, demographical, socio-

economic characteristics of households and agro-ecological variables. The question 

is how, ceteris paribus, changes in the elements of x affect the response probabilities 

p(y=j/x), j = 1, 2…. J. Since the probabilities must sum to unity, p (y=j/x) is 

determined once we know the probabilities for j = 1, 2…j. Let x be a 1x K vector 

with first element unity. The MNL model has response probabilities: 
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                                                            (1) 

 

Where βj is K × 1 vector, j = 1, 2……., J. 

Unbiased and consistent parameter estimates of the MNL model in equation-1 

require the assumption of Independence of Irrelevant Alternatives (IIA) to hold 

(Deressa et al., 2008). More specifically, the IIA assumption requires that the 

probability of growing a certain cereal crop by a given household needs to be 

independent from the probability of choosing another cereal crop (that is, Pj/Pk is 

independent of the remaining probabilities). The parameter estimates of the MNL 

model provide only the direction of the effect of the independent variables on the 

dependent variable, but estimates do not represent either the actual magnitude of 

change nor probabilities (Greene, 2012). In the second case, MNL was used to 

regress on the sorghum variety choices, where y represents the sorghum variety 

chosen by any farming household in the study area. In order to understand the 

influence of the independent variables, marginal effects which measure the expected 

change in the probability of a particular choice were calculated in both cases as 

follows: 

                                                                                 

(2) 

 

 

4.3   Results and discussion 

4.3.1   Household and farm characteristics 

Results in Table 4.2 show that the 83.3% of respondents attained primary school 

level of education, while the remaining had either secondary, adult education or non-
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formal education. None of the respondents had post-secondary education level. Age 

wise, 88% of respondents were in the range of 21 – 60 years. The lowest percentage 

of respondents was in the range of 15 - 20 years.  The number of years of 

engagement in crop production was above six which was reported by 82.9% of the 

respondents while for the case of livestock keeping above six years was reported by 

72.8%. It is further shown in Table 4.2 that the family size of respondents was 8.4 

members. This family size is large and above the rural average household size of 5.0 

(URT, 2013). Importance of large families in crop production activities is stressed 

especially when all of the household members take part in production and/or service 

provision to contribute to the economy of the household. 

 

Table 4.2:  Distribution of respondents by education level, age, years in crop 

and livestock production 

Variable N=240 % Variable N=240 % 

Education level   Years in crop production   

Primary school level 200 83.3 < 3 years 15 6.2 

Secondary school level 15 6.2 3– 6 years 26 10.8 

Post-secondary level 0 0 Above 6 years 199 82.9 

Adult education 3 1.7    

Non-formal education 22 8.8 Years in livestock keeping   

Respondent age (years)   < 3 years 35 16.1 

15-20  7 3.1 3– 6 years 24 11.1 

21-40 95 42.2 Above 6 years 158 72.8 

41-60 103 45.8 Household size 
++

 8.4 

(3.39) 

- 

Above 60  20 8.9 Plot size (hectares)
++

 5.1 

(9.53) 

- 

Source: survey data 2013. Note: ++ denotes values are means and standard deviation in parentheses 

 

4.3.2   Cereal production patterns and trend 

Table 4.3 shows production patterns and trends in the two growing seasons in the 

study districts. Of the three cereal crops, the average area of maize fields is highest 

(3.32 – 3.71 ha) followed by sorghum fields (3.27 – 3.66 ha) and lastly pearl millet 
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 (2.09 -2.72 ha). Table 4.4 shows long term trends of cereal production for the two 

regions. In comparison with the current production trends,  long term trends show a 

gradual increase in grain yields from 0.7 to 1.1 t/ha and 0.6 to 1.0 t/ha for sorghum 

and pearl millets, respectively. Similar results were reported by a previous study 

which estimated an increase in sorghum productivity to 0.9 t/ha in 2005 (Mbwaga et 

al., 2006). Long-term trends over ten year periods (i. e. 1991-2001 and 2001-2010) 

in cropped area show an increase by one third by both maize and sorghum and a 

decrease by two thirds for millets in Dodoma region. A striking feature, however, is 

observed for long-term trends for all three cereals in Singida region where the 

cultivated area has remained steady during both periods. 

 

Table 4.3:   Current production patterns and trend in cereal production and 

yield in Dodoma and Singida regions 

Growing 

season 

Crop 

grown 

Number of 

cultivating 

households 

Mean 

area 

(ha) 

Std.dev Mean 

production 

(tons) 

Std. 

dev 

Mean 

yield 

(t/ha) 

 All 240      

2011/12 Sorghum 180 3.27 1.83 1.99 0.79 0.61 

 Maize 201 3.32 1.61 2.18 1.12 0.66 

 Pearl 

millet 

54 2.09 1.06 1.33 0.50 0.64 

2012/13 Sorghum 153 3.66 2.05 1.89 0.80 0.52 

 Maize 180 3.71 1.75 2.34 1.41 0.63 

 Pearl 

millet 

45 2.72 1.56 1.16 0.57 0.43 

Source: survey data 2013 NB: Multiple responses 
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Table 4.4: Trends in cropped area and yield (1991-2010)  

Region  1991-2001 2001-2010 

Dodoma Cropped area (ha)   

  Sorghum 134 770 161 251 

  Maize 93 956 132 416 

  Millets 61 911 22 577 

 Grain yield (tons/ha)   

  Sorghum 1.0 1.1 

  Maize 0.8 0.7 

  Millets 1.0 1.0 

Singida Cropped area (ha)   

  sorghum 72 436 78 229 

  maize 63 469 71 125 

  Millets 37 207 32 199 

 Grain yield (tons/ha)   

  Sorghum 1.0 1.1 

  Maize 0.8 0.7 

  Millets 1.0 1.0 

Source: MAFC 2009 

 

4.3.3   Determinant factors influence on trends in cereals production 

4.3.3.1   Soil type diversity 

Responses of smallholder farmers on preferences of soil types where they would 

grow a given cereal are presented in Table 4.5. Frequencies (%) of plots reported by 

farmers where a given cereal was cultivated in the 2011/12 season, indicated that for 

maize and sorghum, soil type preferences would follow the order: Black or grey 

alluvial cracking soils<Red deep heavy soils <Whitish/Reddish soils<Sandy reddish 

fine soils<Red sandy soils<Sandy soils along the sandy rivers. Whereas pearl millet 

would follow: Sandy reddish fine soils<Red sandy soils< Red deep heavy soils < 

Whitish/Reddish soils <Sandy soils along the sandy rivers< Black or grey alluvial 

cracking soils. On the other hand, when farmers were asked on the soil type where 

sorghum was actually grown in the 2011/12 season, the frequencies (%) of plots 

reveal a slight different trend:  Sandy reddish fine soils=Red deep heavy soils < 
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Black or grey alluvial cracking soils < Whitish/Reddish soils <Red sandy 

soils<Sandy soils along the sandy rivers. Black or grey alluvial cracking soils are 

mainly located in lowland areas and positive relationship between adoption of 

improved maize varieties and location of fields in the low land areas was reported by 

Kaliba et al. (2000). Other studies from the area have similarly found that soil 

diversity is an important factor in the strive to increase production and productivity 

of cereals as it allows smallholder farmers to explore a wide range of soils and soils 

management to ensure some  crop is harvested during or beyond the main growing 

season of a crop (Liwenga, 2003; 2008). Elsewhere, Alumira and Rusike (2005) 

reported farmers‟ preference in Zimbabwe to grow hybrid maize seeds on clay soil 

type over sandy loams due to the perception that clay soil has high inherent soil 

fertility. 

 

4.3.3.2   Local versus improved sorghum varieties 

A total of seven improved and 16 landrace sorghum varieties were reported across 

the surveyed households in the two regions of central Tanzania (Table 4.6). 

However, there were only few dominant varieties both for improved and landrace 

sorghum varieties. For example, Macia, Pato and Tegemeo were the most dominant 

improved sorghum varieties which were grown by 47.90%, 20.36% and 17.96% of 

the farmers, respectively. In general, only five of the improved sorghum varieties 

were grown by more than 4% of the respondents. Similarly, among the most 

dominant landrace sorghum varieties grown by the households only three landrace 

varieties (Lugugu, Langalanga and Gangisi) were reported to be grown by more than 

15% of the respondents. In general, landrace sorghum varieties were grown by a 
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large proportion of the households. Similar results were reported by Westengen and 

Brysting (2014). 

 

Table 4.5:  Farmers crop preferences on soil types 

Soil description (Local name) Predominant crops grown Sorghum as main crop 

  count % of plots 

Sandy reddish fine soils 

(Isang’ha)                       

Sorghum (42.1), pearl millet(41.7), maize(21.2) 108 23.4 

Red deep heavy soils (Ng’uluhwi)                         Maize (53.8), sorghum(47.9), pearl millet(26.2) 105 22.7 

Whitish/Reddish soils (Tifutifu) Maize (50.0), sorghum(45.8), pearl millet(25.8) 79 17.1 

Red sandy soils (Sanghamanya)                           Pearl millet (28.8),sorghum(25.0), maize(21.7) 49 10.6 

Sandy soils along the sandy rivers 

(Msawawa)    

Pearl millet (16.7),sorghum(11.7), maize(9.6) 26 5.6 

Black or grey alluvial soils 

(Mbuga) 

Maize (69.6), sorghum(50.8), pearl millet(14.6) 95 20.6 

Total  462 100 

NB: Multiple responses; bold numbers in brackets next to crop name show a highest soil type 

preference reported. Source: survey data 2013. 

 

 

Table   4.6:  Name and frequency of distribution of improved and local sorghum 

varieties in 2011/2012 and 2012/2013  

Improved Local 

Name of variety % of growers Name of variety % of growers 

Macia 47.90 Lugugu 30.88 

Pato 20.36 Langalanga 24.88 

Tegemeo 17.96 Gangisi 15.67 

Serena 4.79 Bangala 7.37 

Wahi 4.79 Mkombituna 5.53 

KARI-Mtama 2.40 Sandala 4.15 

Hakika 1.80 Nkolongo 2.76 

  Wela 2.76 

Source: survey data 2013 

 

There are three sorghum variety choices for the sorghum producers: improved 

sorghum variety only (adoption), local landrace sorghum variety only (non-adoption) 

and both improved and local landrace sorghum varieties (partial adoption) (Table. 

4.7). The largest proportion (68%) of sample households was observed to grow both 
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improved and local landrace sorghum varieties. About 24% of the sample 

households were observed to grow landrace sorghum varieties only (no adoption of 

improved sorghum varieties). On the other hand, the percentage of sample 

households growing improved sorghum varieties only was about 8%. Among all 

districts, the highest percentage of farmers growing improved sorghum varieties only 

was observed for Chamwino district, Dodoma. Overall, more than 92% of the sample 

households were found to grow landrace sorghum varieties, either singularly (24%) 

or in combination with improved sorghum varieties (68%). Mafuru et al. (2007) 

observed that increased adoption of improved sorghum varieties by smallholder 

farmers depend not only on the production characteristics, but also the ultimate 

consumer preferences, thus signifying the existence of a combination of factors 

important in determining the constraints to adoption of improved varieties. 

 

Table 4.7:  Household sorghum variety adoption patterns by district 

District Sorghum variety choice (% of respondents) 

 Improved variety 

only 

Local landraces 

only 

Both improved and 

landrace variety 

Whole sample 

Bahi 6.68 13.32 80.0 25.0 

Chamwino 15.00 0.00 85.0 25.0 

Iramba 8.32 50.00 41.68 25.0 

Singida rural 0.00 33.32 66.68 25.0 

Whole sample 7.50 24.16 68.34 100.0 

Source: survey data 2013 

 

4.3.3.3   Socio-economic factors constraining sorghum production 

Perceptions of farmers on the constraints of increasing sorghum production relative 

to other cereals reveal diverse opinions (Fig. 4.1). The highest proportion of 

respondents, about 60%, strongly agree that birds scaring require extra labour, and 

that if care is not taken, crop damage becomes heavy thus leading to high crop losses 

at harvest. Threshing and winnowing drudgery as well as lack of machines or 
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equipment to thresh sorghum were perceived by an almost equal number of 

respondents (~40%) as important constraints to increased sorghum production. 

Previous studies report lack of better threshing methods on the farm as one of the 

hindrances for sorghum to secure markets in the breweries even though farmers were 

advised to use mechanical threshers, which were mostly unavailable and difficult to 

manage (Rohrbach and Kiriwaggulu, 2007). But alternatively, farmers could thresh 

their grain on tarpaulins or on cement floors.  

 

Moreover, from the market access and prices perspective, a big proportion of 

respondents (>30%) indicate that lack of established markets for sorghum is an 

important constraint to increased sorghum production. This was followed by price 

fluctuations alternating between good and bad harvest years, low farm gate prices 

compared to maize and lastly long distances to the markets (e.g. “minada
1
” and 

“strategic grain reserves”). On the other hand respondents seem to have equal 

opinions on the perception that maize is gradually replacing traditional staples viz. 

sorghum and millets and those with the perception that new (improved) sorghum 

varieties are not palatable in comparison with local landraces/cultivars. This shows 

that a good number of people in the study area still consume sorghum, and the 

declining percentage is probably due to lack of various processed products from 

sorghum flour such as bread or biscuits instead they rely only on stiff porridge 

“Ugali”.  

 

                                                 
1
 These are weekly market gatherings rotating in selected villages where an assortment of 

commodities are traded and are considered as ready markets for cereal grains 
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Figure 4.2:  Socio-economic constraints on sorghum production 

 

Similar findings were reported by Kebakile et al. (2003) in Botswana where they 

observed increased desire for modern products derived from sorghum flour and that 

the ensuing acceptability of the products depends on whether they are nutritious, 

healthy, and affordable and could maintain traditional flavours. However, when 

respondents were asked on their perception on whether sorghum is considered as 

food for the poor, most (80%) disagreed with the assertion. 

 

4.3.3.4   Empirical results on factors influencing cereal crop choice  

Table 4.8 presents results of the multinomial logit model which indicated that 7 out 

of 16 explanatory variables used in the model were statistically significant at 10% 

level. The chi-square value of 173.113 shows that likelihood ratio statistics are 

highly significant (p<0.0001) suggesting the model has high explanatory power. The 

pseudo R was 0.2885 indicating that the explanatory variable explained about 
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28.85% of the variation in choice of cereal crop. The results showed that age of the 

household head significantly influenced the likelihood of the choice of all cereals at 

5% level in that for pearl millet the influence was positive, while for both sorghum 

and maize it was negative. They indicate that though by a small magnitude, the age 

of the household head increases the probability of choosing pearl millet and 

decreases the probability of choosing maize and sorghum. For instance a unit 

increase in age results in a 0.5% increase in probability of growing pearl millet, 

while a unit increase in age results in 0.1% and 0.4% decrease in probability of 

growing maize and sorghum, respectively. 

 

Table 4.8:  Marginal effects from the multinomial logit on the choice of cereal 

crop 

Explanatory variable pearl millet Maize sorghum 
AGE 0.0050**   (2.73)   -0.0011**    (-0.39)  -0.0039**   (-1.39)  

EDUC  0.0054      (0.67)      0.0210         (1.54) -0.0263        (-1.91)      

PLOTSIZE  0.0025      (1.05) -0.0088        (-2.27)    0.0063          (1.56)    

HSIZE  -0.0082     (-1.34)     0.0127         (1.31)   -0.0046       (-0.45)   

DISMRKT      -0.0033     (-0.56) -0.0182       (-1.81)  0.0216        (2.05) 

FEXPERIENCE -0.1481      (-1.06) 0.2781*       (1.85)    -0.1301        (-0.72)   

SLTYPE1 0.1175**   (2.78)   -0.2176***  (-3.06)   0.10005**   (1.33) 

SLTYPE2 -0.0348      (-0.91) -0.1678       (-2.44)  0.1960          (2.86)   

SLTYPE3 0.1428***  (3.04) 0.0246**     (0.39)  -0.1674***   (-2.46)  

SLTYPE4 0.1371***  (2.72)   -0.0044**     (-0.07)   -0.1328***   (-1.88)   

SLTYPE5 -0.0105      (-0.19) -0.1493       (-1.01)    0.1465          (1.04) 

SLTYPE6 -0.3616***  (-7.20)   0.2153***    (3.03)    0.1457***     (1.93)    

EXTNCNT -0.0394       (-0.98) 0.0471       (0.66)    -0.0031        (-0.05)   

SUPPORT -0.0641      (-1.46) 0.0825      (1.00)    -0.0212        (-0.24)    

CLIMINFO -0.0587*     (-1.61)   -0.0354     (-0.42)   0.0869*        (1.23)  

TRAINING -0.0302    (-0.61) 0.0167     (0.16)       0.0164          (0.18)  

 Note: * denotes significance at 10%, ** denotes significance at 5%, *** denotes significance at 1%, 

Log likelihood = -154.41945; Prob (chi2) =0.0000; LR chi2 (46) = 177.81; Pseudo R square = 

0.2885; T-statistics in parentheses 

 

Farming experience is an important factor influencing decision to grow maize. 

Results show that households with farming experience of more than six years 

significantly (10% level) influenced the choice of growing maize in that a unit 

increases in the household with > 6 years farming experience results in a 27.81% 

increase in probability of growing maize. Four soil types out of the six existing in the 
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area significantly influenced the choice of cereals though with different magnitudes. 

For example, a unit increase in households whose fields occupy sandy reddish fine 

soils (Isang’ha) (soil type1), results in a 12% and 10% increase in probability of 

growing pearl millet and sorghum, respectively. Contrastingly, soil type1 results in a 

22% decrease in probability of growing maize. Whitish/Reddish soils (Tifutifu) (soil 

type3) resulted in a 14% and 2% increase in  probability of growing pearl millet and 

maize, respectively; while it resulted in a 17% decrease in probability of growing 

sorghum. Red sandy soils (Sanghamanya) (soil type4) resulted in a 14% increase in 

probability of growing pearl millet. On the contrary, it resulted in a 0.4% and 13% 

decrease in probability of growing maize and sorghum, respectively. Households 

owning fields with black or grey alluvial cracking soils (Mbuga) (soil type6) 

indicated a 36% decrease in probability of growing pearl millet, while they indicated 

a 22% and 15% increase in probability of growing maize and sorghum, respectively. 

Thus, for example, when we want to promote sorghum and/or maize cultivation in 

the expediency of soil diversity, targeting farmers with large land holdings with clay 

soil type may be desirable. On the other hand when promoting the cultivation of 

pearl millet, the promoters should target farmers whose fields are dominated with 

sandy and sandy loams. 

 

The effect of access to weather forecasts/information prior to sowing was significant 

for pearl millet and sorghum in opposite directions. An increase in households with 

access to forecasted weather information resulted in decreased probability of 

growing pearl millet by 6% and increased the probability of growing sorghum by 

9%. 
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4.3.3.5   Empirical results on factors influencing sorghum variety choice 

Table 4.9 presents results of the multinomial logit model on sorghum variety choice. 

Age of household head significantly (10% level) influences the choice of sorghum 

varieties by farming households. It tends to decrease the probability of growing 

landraces and improved sorghum varieties separately but increases the probability of 

growing both improved and landrace sorghum varieties. For instance, a unit increase 

in age results in 0.4% and 0.2% decrease in probability of growing landraces and 

improved varieties separately, respectively, while a unit increase in age causes a 

0.6% increase in probability of growing both landrace and improved sorghum 

varieties.  

 

Table 4.9:   Marginal effects from the multinomial logit on the choice of 

sorghum variety 

Explanatory variable Landraces only Improved variety only Both improved and 

landrace 

AGE -0.0038*    (-1.59) -0.0023      (-1.36) 0.0061*     (2.31) 

EDUC 0.0200       (1.34) -0.0053      (-0.80) -0.0148      (-0.99) 

PLOTSIZE 0.0023       (0.62) 0.0017       (0.81) -0.0041      (-1.04) 

HSIZE -0.0099      (-1.17) -0.0042     (-0.81) 0.0141       (1.55) 
FEXPERIENCE 0.3184**   (3.30) 0.0448      (1.84) 0.3632**  (3.80) 
EXTNCNT -0.0670      (-1.16) 0.0578*     (1.61) 0.1248       (1.97) 
SUPPORT 0.0264       (0.32) -0.0544     (-1.73) 0.0279       (0.33) 
CLIMINFO -0.1435**  (-2.72) -0.0347     (-1.06) 0.1782**   (3.05) 

TRAINING 0.0216        (0.28) 0.0870        (1.16) -0.1087      (-1.25) 

Note: * denotes significance at 10%; ** denotes significance at 5%; *** denotes significance at 1%, 

Log likelihood = -147.42077; Prob (chi2) =0.0000; LR chi2 (32) = 83.56; T-statistics in parentheses 

 

Farming experience significantly influences the decision to grow landraces only and 

both landraces and improved variety. Results show that households with farming 

experience of more than six years significantly (5% level) influenced the choice of 

growing landraces in that a unit increase in the household with > 6 years farming 

experience results in a 32% and 36% increase in probability of growing landraces 

only and both improved and landrace sorghum varieties, respectively. This could be 
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attributed to the fact that in drought prone areas such as central semi-arid Tanzania, 

growing improved varieties only may prove too risky, thus variety combination may 

be the best option. Elsewhere, similar findings show that sorghum landraces are 

more likely to produce under severe drought than improved early maturing sorghum 

variety (Cavatassi et al., 2011). Moreover, planting of different crop varieties is 

identified as an important means of combating crop losses from pests and diseases 

hence increasing productivity (Di Falco et al., 2007). 

 

Farmers‟ reception of agricultural extension services in the previous two seasons 

significantly (10% level) influenced the probability of growing improved varieties 

only. For instance a unit increase in number of households receiving extension 

services results in an increase of 6% probability of growing improved varieties. 

Similar observations were made by Abdulai and Huffman (2005) who found that the 

number of contacts with extension officers which is a proxy measure for access to 

agricultural information positively contributes to awareness and the subsequent 

adoption of new technologies. Access to weather forecasts/information prior to 

sowing was significant in that an increase in households with access to forecasted 

weather information resulted in decreased probability of growing landraces only by 

14% and increased the probability of growing both improved varieties and landrace 

by 18%.   

 

 

4.4   Conclusions  

The Multinomial logit model results indicated that farmers‟ choice or not of growing 

a particular cereal or sorghum variety during a growing season are dependent on 

different socio-economic factors and agro-ecological characteristics, of which the 
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major ones were included for this study.  Farmers‟ ownership of land with particular 

soil types, age, farming experience and access to weather forecast information 

significantly influences the choice of a crop. On the other hand, age, farming 

experience, extension contact and access to weather forecast information influences 

sorghum variety choices. In both scenarios of choices, other factors namely 

household size, education of household head, agricultural support, plot size and 

farmers‟ attaining training in the past two seasons had no significant influence on the 

crop and/or variety choices. 

  

Results show that harvest and post-harvest processing losses, perceptions on food 

tastes and preferences, and problems with market access and prices variably and 

strongly influence farmers‟ decisions to grow sorghum. Moreover, agro-ecological 

alongside socio-economic factors and preferences have a significant influence on 

choices of growing drought tolerant cereals such as sorghum and pearl millet rather 

than maize. Findings indicate that crop variety combination is likely the best option 

in cushioning the production risks. Policies in support of promoting the cultivation of 

improved varieties alone need to be revisited as they do not seem to guarantee 

increased production and productivity of the three cereals in central semi-arid 

Tanzania.  

 

Based on the analyses of farmers‟ perceptions and empirical results, different policy 

options could be suggested. These include, devising simple methods to ease bird 

scaring drudgery, promoting fortification of sorghum and pearl millet meals to 

enhance palatability and tastes, facilitating the availability of ready markets and 
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means of cushioning prices to reduce prices fluctuations. Additionally, awareness 

creation is required on the use of threshing machines to ease the labour burden, 

improved neatness of the grain for emerging markets such as breweries and 

increased research on the potential of growing local landraces alongside improved 

crop varieties rather than relying only on improved varieties. 
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CHAPTER FIVE 

 

5.0   GENERAL DISCUSSION AND CONCLUSIONS 

5.1   GENERAL DISCUSSION 

5.1.1   Rainfed cereal production and its vulnerability to changing climate  

Although soil moisture stress is ranked as the highest constraint in crop production, 

more than 75% of Tanzanian smallholders depend on rainfed production systems, 

producing more than 98% of cereals (URT, 2013). Dryland areas are particularly 

vulnerable to water stress and its occurrence is a major constraint on local cereal 

cropping systems in Tanzania (Kangalawe and Lyimo, 2013). Rainfall throughout 

semi-arid areas of Tanzania is unimodal, mostly falling within the December to 

April period. Analyses of historical rainfall across central regions of Tanzania 

indicate little or no change in the amount (mean annual rainfall) but they have 

witnessed increase in the occurrence of extreme events in both rainfall (wet/dry 

years) and temperature (Kassile, 2013; Lema and Majule, 2009) which are mostly 

likely to be more robust than changes in mean rainfall and pose serious 

ramifications on crop production. Major impacts of climate change and variability 

on agriculture in Tanzania are a manifestation of recurrent droughts, floods, 

increasing crop pests and diseases and seasonal shifts (URT, 2007). Evidence 

established in semi-arid areas of Tabora and Dodoma is that increasing temperature 

and decreasing rainfall is estimated to reduce maize production by 80 and 90% and 

therefore threaten the main source of food for millions of Tanzanians (Mwandosya 

et al., 1998). 
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Sorghum being the main staple crop for the food insecure people mostly in semi-

arid areas and as the second major crop (after maize) across all ecologies in Africa 

has received considerable attention by the researchers both from national and 

international collaborations (Gierend et al., 2014). Research efforts geared for the 

development of drought and heat tolerant varieties culminated into release of 

improved sorghum varieties with a set of recommendations in Tanzania (Monyo et 

al., 2004). The results of this study clearly show that while maize is vulnerable to 

climate change and its future yields are predicted to decline, overall sorghum 

yields are projected to be slightly higher probably due to higher tolerance to higher 

temperatures and drought stress. These attributes have been reported to favour the 

future growth performance of sorghum in semi-arid areas with lower baseline 

temperatures at present (Zinyengere et al., 2014; Gwimbi et al., 2013; Thornton et 

al., 2009). 

 

Importance of adapting smallholder agriculture to variable and changing climate 

cannot be over emphasized. Evidence points to the fact that, in the semi-arid regions 

of Africa where agricultural systems rely on rainfall as a sole source of moisture for 

crop production, seasonal rainfall variability leads to highly variable production 

levels and risks (Cooper et al., 2008). Irrespective of whether agricultural 

technology is able to increase yields over the coming decades, drought and heat 

stress are likely to be increasingly important in determining cereal crop productivity 

in many regions (IPCC, 2007; Parry et al., 2004). Actions are required immediately 

that entail actions aiming at improving the resilience of the sector and reduce its 

vulnerability to changing climate (Bockel, 2009). Detailed studies such as the 
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current study involving simulations of crop yields temporally and spatially are vital 

to inform the farming community as well as policy and decision makers. Assertions 

indicating the relevance and urgency of adaptation to climate variability for food 

security enhancement among smallholder farming communities are apparent. In 

that regard climate prediction and longer-term climate-change-impact assessments 

constitute the basis for adaptation measures, thus investigating the impacts of 

climate variability and change on cereal crops is warranted to assess the level of 

crop yield under current variability and different scenarios of climate change.  

 

Studies on climate change impacts on agriculture in Tanzania, aggregated over the 

entire country or region give generalised and broad conclusions about the impact of 

climate change on crop production, which may not be reflective of impacts at farm 

or community level (e.g. Mwandosya et al., 1998; Moore et al., 2012; Kilembe   et 

al., 2013). While these studies might be useful for national and regional planning, 

they run the risk of missing out on local peculiarities, owing to the diverse climatic 

and agro-ecological conditions across the country. 

 

5.1.2   Impacts, adaptation and uncertainties in a changing climate 

Results from previous studies linking climate, statistical or crop models and socio-

economic analyses show that though surrounded with uncertainties, yields of maize 

are expected to decline with impacts of projected climate change, but biophysical 

impacts on sorghum and millets are yet to be studied adequately. Despite the 

uncertainties, however, the results from those studies have been useful in guiding 

public authorities and development agencies interested in food security issues on 
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selecting and applying appropriate adaptation options. This study combined GCMs, 

local-scale climate variability, emissions scenarios, and crop simulation models to 

explore the possible range of climate change impacts on rainfed sorghum yield in 

central Tanzania.   

 

While the farming community is worried about the future ramifications of climate, 

studies have indicated that a better understanding of the current climate creates a 

strong basis for a proper prognosis of future impacts on crop yields. According to 

Stewart (1991), the onset is a key variable to which all other seasonal rainfall 

attributes are related and that the onset relations determine how the season‟s rainfall 

is expected to behave. Therefore, it was deemed necessary through this study to 

determine the possible ranges and trends, across central Tanzania, of rainfall onset, 

cessation and length of growing season, as these rainfall features provide deep 

insight into translation of the „rainfall variability‟ into the field level management 

options through proactive responses similar to studies by Nyakudya and 

Stroosnijder (2011) and Mugalavai et al. (2008). 

 

Quantifying impacts and adaptation through crop simulation modelling allows 

understanding of how temperature and rainfall changes over time affect crop 

productivity and provide the impetus to push for the adaptation strategies that will 

alleviate further food insecurity. Evaluation was made of various adaptation 

strategies relative to climate change and food security such as adjustments in sowing 

dates, intensification of agricultural production (through fertilizer application and 

increase in plant densities) and adoption of improved varieties. Results reveal a 
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good potential in undertaking farm level adaptation strategies to minimize the 

negative impacts of climate variability and change. They show that in order to 

address the information need of policy makers it is important to move from 

agronomic field research alone to integrated approaches combining field and 

simulation experiments. Simulating the effects of climate change with and without 

adaptation is required to continue discussions and to inform adaptation and policy 

initiatives at sub-continent, region, country as well as local scales in line with 

several studies elsewhere (Zinyengere et al., 2014; Berg et al., 2013; Knox et al., 

2012; Thornton et al., 2009; Jones and Thornton, 2003). 

 

While some studies have shown that climate variability and change would intensify 

many of the challenges facing dryland agriculture in many developing countries in 

Africa (Brown and Hansen, 2008), others indicate the potential positive impacts 

such as those resulting from increased rainfall (Doherty et al., 2009). In both 

scenarios, however, the expected outcomes are least known due, not only to the 

underlying uncertainty in the predictions of the future climate, but also because 

they have a limited capacity to adapt to changing circumstances (Slingo et al., 

2005; Thomas and Twyman, 2005). Moreover, it is now evident that irrespective of 

the measures and policies aimed at mitigating the impacts of climate change there is 

an urgent need to build adaptive capacity to reduce vulnerability to climate 

variability and change. 
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5.1.3   Driving factors for farm-level decisions regarding cereals and varieties 

under a changing climate 

The majority of farmers in the study area perceive land ownership of a particular soil 

type contribute to their decisions on cereal crop or variety choices during the 

growing season. The probability of growing pearl millet and sorghum, respectively, 

increased by 12% and 10% for households whose fields occupy sandy reddish fine 

soils perceived the least fertile soil. These households had the probability of growing 

maize decreased by 22%. On the other hand, farmers who perceive to have more 

fertile soil on their farms (with black or grey alluvial cracking soils (Mbuga), had a 

36% decreased probability for growing pearl millet, whereas the probability of 

growing maize and sorghum increased by 22% and 15%, respectively. Similar 

studies observed the influence of soil diversity in cereal crop and varietal choices 

(Liwenga, 2008, 2003; Ley et al., 2001; Bellon and Taylor, 1993).  

 

Farmers who have access to extension services, weather forecasts/information prior 

to sowing or having more farming experience are more likely to make wise trade-

offs in cereal crop and variety choices with regard to prevailing stresses mainly 

varying rainfall patterns. Influence of socio-economic factors on farmers‟ decisions 

on whether to adopt agriculture related technologies have similarly been described 

by Below et al. (2011), Cavatassi et al. (2011) and Abdulai and Huffman, (2005). 

The major barriers to increased adoption of improved sorghum varieties are bird 

damage menace, fluctuating crop prices, inadequate formal market, lack of threshing 

machines/equipment and threshing and winnowing drudgery.  
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5.2   Conclusions and Recommendations 

5.2.1   Conclusions 

Based on the results, the following conclusions are drawn: 

1. The APSIM-Sorghum model was successfully parameterized and evaluated 

for semi-arid central Tanzania. The parameters (genetic coefficients) 

determined for the sorghum cultivars are the first for the sorghum varieties 

dominant in Tanzania. The evaluation of the APSIM-Sorghum model in this 

study affirms that the model is ready to be used as a research tool in a 

variable agro-environment in Tanzania and elsewhere.  The model 

successfully captured the effects of inorganic N fertilizer applications and 

rainfall variability on grain and biomass yield of sorghum in the area. All 

three cultivars can be adequately modelled with parameters that have been 

developed. The results suggest that APSIM can be used to predict alternate 

ways of improving sorghum production in central Tanzania and possibly in 

the whole of Tanzania.  

 

2. Grain yield was related to their photosynthetic activity and the soil 

conditions. Though plants were more responsive to N fertilizer applications, 

deficiency in soil P limited the efficient use of applied N by the plants. 

Owing to the spatial variability in soil nutrients in the area, site-specific 

recommendation of fertilizer application is suggested for efficient fertilizer 

use. Though the cultivars were different, they reacted similarly to N inorganic 

fertilizer application. The Macia sorghum cultivar however, was more 
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responsive to inorganic fertilizer by producing higher grain yield than Pato 

and Tegemeo. 

 

3. The study shows that climate change has a positive impact on sorghum in the 

semi-arid zone of central Tanzania in that its yields are projected to increase 

with projected increases in temperature and decrease in rainfall. However, 

maize productivity is projected to be negatively affected through declining 

yields and shortening of growing season. The model predicts a range of 5 and 

21 % increase in sorghum Macia grain yield and between 1 and 25% decline 

in maize Situka across periods, RCPs and GCMs. This increase in sorghum 

yield is slight and does not guarantee food sufficiency to keep pace with the 

projected population, while the projected reduction in maize yields has 

serious implications for food security if adaptation measures are not taken.  

 

5.2.2   Recommendations 

1. The APSIM-Sorghum model was able to simulate the impact of climate change 

on sorghum yield and assess some adaptation measures to take. It is therefore 

recommended that in developing an adaptation strategy to mitigate the impact 

of climate change on crops, the model be used to arrive at site and season-

specific adaptation measures. Combined with better prediction of the onset of 

the rainy season, farmers could select the right cultivar and crop in order to 

avoid significant yield losses and also capitalize on good seasons. 
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2.   Although there is a large uncertainty in climate change impact on sorghum, 

this study emphasizes the preference of government to promote its production 

under variable and changing climate. Therefore, it is critical to empower 

smallholder farmers to adjust their farming livelihood systems as climate 

changes so as to respond to a range of possible future climates including 

unanticipated climate shocks. 

 

3. Based on the analyses of farmers‟ perceptions and empirical results, different 

policy options could be suggested. These include, devising simple methods to 

ease bird scaring drudgery, promoting fortification of sorghum and pearl 

millet meals to enhance palatability and tastes and facilitating the availability 

of ready markets and means of cushioning prices to reduce prices 

fluctuations, availing and creating awareness in the use of threshing machines 

to ease the labour burden and improve quality of the grain for emerging 

markets such as breweries and increased research on the potential of growing 

local landraces alongside improved crop varieties rather than relying only on 

improved varieties. 

 

4. There is need for further studies that assess the critical role cultivar maturity 

plays within smallholder farming systems as climate continues to change. 

Thus, further experimental studies are required to gather more data on the 

production of sorghum to fill this research gap. 
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APPENDICES 

Appendix 1: Coupled Model Intercomparison Project phase 5 (CMIP5) general 

circulation models considered in this study; blue (b), green (g) and 

red (r) 

 Modelling centre Country Model Lat. Lon. Res. Colour 

i Commonwealth Scientific 

and Industrial Research 

Organisation/ Bureau of 

Meteorology (CSIRO-

BOM) 

Australia ACCESS1.0 1.87 1.25 MR g 

ii Beijing Climate Centre, 

China Meteorological 

Administration 

China BCC-

CSM1.1 

2.81 2.79 LR r 

iii College of Global Change 

and Earth System Science, 

Beijing Normal University 

China BNU-ESM 2.81 2.79 LR r 

iv Community Climate 

System Model, Climate 

and Global Dynamics 

Division/ National Centre 

for Atmospheric Research 

USA CCSM4     

v Community Earth System 

Model, Climate and Global 

Dynamics Division/ 

National Centre for 

Atmospheric Research 

USA CESM1-

BGC 

    

vi Commonwealth Scientific 

and Industrial Research 

Organisation/ Queensland 

Climate Change Centre of 

Excellence (QCCCE) 

Australia CSIRO-

Mk3.6 

1.87 1.87 MR g 

vii Canadian Centre for 

Climate Modelling and 

Analysis 

Canada CanESM2 2.81 2.79 LR r 

viii Geophysical Fluid 

Dynamics Laboratory 

US-NJ GFDL-

ESM2G 

2.5 2.0 LR r 

ix  US-NJ GFDL-

ESM2M 

2.5 2.0 LR r 

x Met Office Hadley Centre UK-

Exeter 

HadGEM2-

CC 

1.87 1.25 MR g 

xi  UK-

Exeter 

HadGEM2-

ES 

1.75 1.25 MR g 

xii Institut Pierre-Simon 

Laplace 

France IPSL-CM5A-

LR 

3.75 1.89 LR R 
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xiii   IPSL-CM5A-

MR 

2.50 1.26 LR R 

xiv Atmosphere and Ocean 

Research Institute 

(University of Tokyo), 

National Institute for 

Environmental Studies and 

Japan Agency for Marine-

Earth Science and 

Technology 

Japan MIROC-

ESM 

2.81 2.79 LR r 

xv  Japan MIROC5 1.40 1.40 HR b 

xvi Max Planck Institute for 

Meteorology (MPI-M) 

Germany MPI-ESM-

LR 

1.87 1.87 MR g 

xvii  Germany MPI-ESM-

MR 

1.87 1.87 MR g 

xviii Meteorological Research 

Institute 

Japan MRI-

CGCM3- 

1.12 1.12 HR b 

xix Norwegian Climate Centre Norway Nor-ESM1-

M 

2.50 1.89 LR r 

xx Institute for Numerical 

Mathematics 

Russia INM-CM4 2.0 1.5 MR g 

 

 

 

 

  

 


