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millet) as complementary crops for food and nutrition security; mainly because of their drought
tolerance. Adoption of traditional grains as a climate change adaptation strategy is, however,
limited by lack of appropriate field mechanisation technologies, inter alia. The specific objective
of this review was to examine the field mechanisation technologies being used in different
farming systems across the globe for their appropriateness in smallholder traditional grain pro-
duction systems in developing countries, using Zimbabwe as an example, and focusing on the
prevailing technical, socio-economic and environmental factors which influence sustainable
adoption. The review was conducted by searching ScienceDirect, Researchgate, JSTOR, Springer,
AGORA and Google Scholar databases for mechanisation strategies, policies, machinery and
equipment used in cereal production systems across the globe. The review revealed that the
mechanisation of traditional grain production operations is lagging behind that of other cereals
and that there is need to work on developing appropriate mechanisation systems for smallholder
farmers in developing countries. Various farm power options were analysed and the use of two-
wheel tractors under service-provision was identified as the most suitable option. Conservation
agriculture-based direct seeders and use of mowers or bio-pesticides are the best-suited tech-
nologies for crop establishment and weed control, respectively. In terms of harvesting, no
available equipment can be recommended for smallholder use as yet. Further research is required
to optimize the practical application of mowers and bio-pesticides as well as develop scale-based
direct seeders and harvesting equipment. Policy issues were identified and recommendations for
improvement made. The findings of the current study can be adapted by other sub-Sahara Africa
countries where farming systems, priorities and challenges are similar to that of Zimbabwe.
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1. Introduction

Agriculture is a critical sector of the Zimbabwean economy, contributing about 60 % of inputs into manufacturing, 40 % of export
earnings and consuming much of the outputs from industry [1]. About 33 % of Zimbabwe’s formal labour is found in agriculture and at
least 70 % of the population derive their livelihood from this sector [2]. The social, economic and political lives of most Zimbabweans
relies on agriculture [3]. Maize (Zea mays L.) is the staple food in Zimbabwe and most sub-Sahara African countries, and is the most
cultivated field crop in terms of area under production. About 80 % of the population of Zimbabwe cultivates maize either for domestic
consumption or for sale of the surplus [3].

Maize productivity in Zimbabwe is low with a national 20-year average yield of 0.75 t/ha (Fig. 1) [4] against a yield potential of at
least 10 t/ha for most varieties suitable for production by smallholder farmers [5,6]. This can be attributed to the socio-economic
challenges being faced by the nation [3], which cause insufficient input supply. Continuous use of retained maize seed which is
characterised by low yield potential, by the majority of smallholder farmers due to unaffordable hybrid seed prices, high fertiliser
requirements for hybrid seed as well as resistance to shift to new technologies is contributing to the low maize yields being realised [5].
It costs about USD 1140 to produce 1 ha of a maize crop [7]. However, smallholder maize farmers in Zimbabwe are resource-poor and
cannot afford the highly priced hybrid seed [8], as well as the large quantities of fertiliser in excess of 400 kg/ha basal and 450 kg/ha
top-dressing required [7]. On one hand, these smallholder farmers are resource-poor, with no stable income. On the other hand, the
farmers lack access to agricultural credit facilities as they cannot meet the collateral conditions while at the same time they cannot
raise enough finance required to purchase the inputs [9]. Consequently, smallholder farmers end-up using retained seed that has low
yield potential while also applying insufficient inorganic fertiliser to the crop, leading to poor crop yield. Other factors contributing to
low crop yields are: poor soil conservation management, poor water management, poor soil nutrition management and poor pests and
diseases management. Although the afore-mentioned factors contribute to the low maize yields obtained in Zimbabwe, the largest
contributor is actually climate change and variability [10,11]. Smallholder farmers practising rain-fed agriculture are exposed to risks
such as erratic rainfall and prolonged dry spells, which is affecting crop productivity [12].

There is consensus among experts in different fields of study that climate change is a reality [13] and is negatively affecting crop
productivity, especially maize [14]. There is, therefore, need to develop adaptation strategies to the changing climate and reduce its
effects on agriculture. Specifically, there is need to reduce dependence on maize and increase use of traditional grains which are more
climate-resilient crops [15]. These traditional grains are: sorghum, Sorghum bicolor (L.) Moench; pearl millet, Pennisetum glaucum (L.)
R. Brown; and finger millet, Eleucine coracana (L.) Gaertn. Sorghum is laborious in terms of production and processing and requires
attention as compared to maize [16]. Lack of knowledge, resources and markets; and inadequate availability of certified seeds to
smallholder farmers also contribute to low levels of production [16]. High labour demand is also a major constraint to sorghum
production since many people in rural areas are of old age [16] as the young and virile have migrated to urban areas in search of better
paying jobs. Mechanisation can be a strategy to address labour challenges and to enhance the precise utilisation of the scarce inputs
such as fertiliser and seed. Mechanisation can also help attract the young and virile people back into agriculture because of the reduced
drudgery and the increased productivity.

As there is a strong justification in favour of shifting towards traditional grain production, the current paper critically reviews the
different mechanisation technologies used in the production phase of these grains and identifies those that are appropriate for uptake
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Fig. 1. Zimbabwe 22-year average national maize yield Source [4].
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by small-scale producers in developing countries such as Zimbabwe. The technologies were analysed, taking into consideration the
technical, social, economic and environmental factors prevailing in Zimbabwe. The paper starts by analyzing the different power
sources available for adoption by Zimbabwean smallholder farmers in traditional grain production operations. Next is an analysis of
the different equipment and implements that can be adopted for traditional grain production. In conclusion, the paper summarises the
key findings of the review and proposes a policy framework and research and development agenda based on the findings.

2. Methods

During the reviewing process, various scholarly databases and search engines were used to access the relevant information. These
included AGORA, ScienceDirect, Web of Science, Google Scholar, and JOSTR for accessing of credible and reliable information. Grey
literature sources, for example, published conference proceedings and reports prepared by organisations involved in agricultural
research and development were reviewed. These included but not limited to publications by the Consultative Group for International
Agricultural Research (CGIAR), and United Nations (UN) agencies. Scientific articles from both the developing and the developed
countries were used. Information about: (i) the challenges in sorghum, pearl millet and finger millet production, (ii) the characteristics,
advantages and limitations of manual power, draught animal power (DAP) and motorised power as power options in smallholder
farmer production systems, and (iii) the different strategies for mechanising the production operations from planting to harvesting of
sorghum, millets and related crops such as rice and wheat; was used. Terms searched for included, but not limited to, combinations of
the following: “traditional grains”, “small grains”, “sorghum”, “pearl millet”, “finger millet”, “millets”, “climate change”, “mecha-
nisation”, “conservation agriculture”, “direct seeding”, “transplanting”, “plant population”, “production”, “weed control”, “harvest-
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ing”, “labour”, “machinery”, “equipment”, “draught animal power”, “tractor power”, “2-wheel tractor”; inter alia. Various
combinations of search terms were used including: “climate change + maize + small grains 4+ Zimbabwe”, “small grains + harvesting
+ machinery” and “Farm power + smallholder farmers +2 wheel tractor +4 wheel tractor + animal power”. The review covered
papers published in English from 2000 to 2024. Publications emanating from the sub-Saharan Africa as the focus area as well as
publications produced from regions with vast traditional grain production such as Asia and America were used. Articles on primary and
secondary processing were excluded since the review’s focus was on the mechanisation of the field operations during traditional grain
production. The thematic analysis approach was used to categorise and synthesise the gathered information. The themes were
developed around; the history, status quo and future prospects of traditional grains as a climate change adaptation strategy, mech-
anisation of traditional grain production operations with focus on power and equipment options used in specific operations as well as
the policy considerations for successful mechanisation of traditional grain production operations.

3. Importance of traditional grains
3.1. Climate resilience

Researchers have reported that traditional grains, are better performers under the adverse conditions of climate change compared
to other grain crops for example maize [17-19]. Sorghum and millets are adaptive to regions with erratic rainfall and poor soils and
have lower risk of failure compared to other cereal crops [20]. Adoption of traditional grains is a reliable adaptation strategy to climate
change as they provide relief through improved food availability and accessibility in affected areas of Zimbabwe [15]. Research
conducted in Binga, Gutu and Mangwe districts in Zimbabwe showed that traditional grains are adaptable to conditions of high
temperatures, low rainfall and soils of poor fertility [15,17,21] and are a source of relief food in cases of drought when maize pro-
duction fails [18,22].

3.2. Food and nutrition security

Traditional grains can contribute towards the provision of food and nutrition security to the Zimbabwean population. The resil-
ience of traditional grains to harsh conditions of low moisture and high temperatures [17], means that they can survive the envisaged
drought conditions to produce substantial grain for farmers to harvest where maize cannot perform. During drought periods, tradi-
tional grains can reduce food shortages and enhance food accessibility [17].

Traditional grains are also nutritionally rich, for example, sorghum is gluten-free and contains almost all classes of phenolic
compounds [23]. Phenolic compounds possess a wide range of biological activities such as antioxidant, anti-inflammatory, and
antimicrobial properties [24]. Long-term consumption of diets containing phenolic compounds protects against cancer, cardiovascular
disease, diabetes, osteoporosis, and neurological diseases [24,25]. Finger millet grain is rich in fibre, iron and calcium. It contains 10
times higher calcium content than that found in its biggest counterpart maize and three times higher than that of milk [26]. Only 100 g
of finger millet grain is sufficient to provide for daily calcium requirement for humans [27]. Because of its nutrition, finger millet is
suitable for use in baby weaning foods, food for lactating mothers and food for people with underlying health problems and those
suffering from malnutrition. Besides being gluten-free, pearl millet grain contains essential micronutrients such as zinc and iron [28].
Pearl millet contains at-least 4 mg/100g and 3 mg/100g of iron and zinc respectively whilst maize contain at-least 1.22 mg/100g and
1.75 mg/100g of iron and zinc respectively [29,30]. At-least twice the quantity of maize is required to provide as much iron and zinc as
provided by pearl millet. Given the high concentration of essential micronutrients and other health-enhancing properties within the
grains, consumption of traditional grain-based foods can enhance the health of the consumers. Porridge from traditional grains is often
recommended to sick people in most rural areas, whereby traditional medicine can also be added especially as powders (Personal
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observation).

The production of traditional grains also have some economic benefits such as generation of income and employment creation
through selling of grain and involvement in grain processing and marketing activities, respectively. Traditional grain farmers sell their
produce to the Grain Marketing Board of Zimbabwe, contractors or some informal markets. However, in most cases, the selling price is
low and does not justify traditional grain production as an income-generating activity; hence most smallholder traditional grain
production is done for subsistence [31]. Several processing players including millers, beer brewing companies and stock feed
manufacturing companies who also happen to be the traditional grain contractors, exist in Zimbabwe [31]. These enterprises create
employment for the Zimbabwean population. Traditional grains also have some socio-cultural significance. These include: use in
brewing beer for the rain-making ceremonies, the production of local beverages served during important events such as weddings and
memorial services, and use in ancient times for payment of bride price [21]. However, the quantities required for these socio-cultural
purposes tend to be small at any given event.

4. Factors limiting adoption of traditional grains

Despite the advantages of traditional grain production in the face of climate change, and food and nutrition insecurity, it is evident
that their adoption for production and consumption in Zimbabwe is limited [19]. This is because traditional grain production is
associated with poor yields, high labour demands, high production costs and little or no profits [17,19]. Low yields in traditional grain
production can be attributed to the negative effects of pests, diseases and poor inputs [18,32]. The common pests that are detrimental
to traditional grains include quelea birds, shoot fly and armoured crickets [16]. The average yield levels for traditional grains in
Zimbabwe are: sorghum (0.32 t/ha), pearl millet (0.3 t/ha), finger millet (0.24 t/ha), against the expected yield levels of 2-4 t/ha [19].
Even-though traditional grains are said to be better performers than maize, their yield levels are still way below that of maize which is
on average 0.75 t/ha (Fig. 1). It is for this reason that farmers still opt for maize production over traditional grains [16,19]. Improving
the yield levels of traditional grains through improved genotypes, nutrition, farming systems and crop management strategies is a must
if widespread production of traditional grains is to happen.

The high labour demands involved in traditional grain production [18]. Traditional grains require more labour to produce than
maize [19]. Establishing 1 ha of sorghum requires about 220 man-hours (Table 1) compared to about 76 man-hours for maize [33],
with the thinning operation in sorghum production requiring the most labour. The excessive labour requirement in sorghum is a
deterrent factor to the younger generation and the elderly; a situation exacerbated by rural-urban migration of the youths.

Lack of formal markets that offer competitive and viable producer prices, inadequate government support as well as consumer
preferences that favour maize and its products are additional factors that are contributing to non-adoption of traditional grains by
Zimbabwean farmers [19]. Delta Corporation Limited and the Grain Marketing Board of Zimbabwe are the two forms of formal
markets for traditional grains in Zimbabwe, offering a producer price of about USD 250 per MT of grain, with Delta Corporation
targeting mainly red sorghum [35]. Given the low yield levels and the current producer price, the total income per ha is, therefore,
unable to meet the break-even cost per ha of about USD 1000; hence farmers are operating at a loss. Lack of diverse and more-friendly
processing technologies for the value addition of traditional grains is also hindering widespread adoption of traditional grains [19].

Adoption of traditional grains for production by farmers will only be successful if the production systems are profitable and if
enough grain is produced to ensure food security and for marketing. Crop yields, production costs and grain quality issues need to be
addressed for effective traditional grains adoption to occur. One strategy to boost economic production of traditional grains is the use
of mechanisation.

5. The role of mechanisation in traditional grain production
Mechanising the field crop production operations is an important tool in improving crop yields, reducing production costs and
Table 1

Comparison of labour and labour cost requirements to establish 1 ha of sorghum (assuming a 3-men team for DAP + manual power option and 1-man
+ 2-row conservation agriculture-based planter for the 2-wheel-tractor option) Source: [34].

Field operation Labour requirement per operation (man-hours) according to power-source
DAP + manual 2WT + CA planter
Ploughing 49 0
Harrowing 8 0
Row marking 13 0
Planting/drilling 15 7
Basal application 15 0
Covering 8 0
Thinning 112 0
Spraying herbicide (pre-emergence) 0 1
Total (man-hours) 220 8
Man-days 27.5 1
Labour cost/Ha (at 3 USD/day) 82.5 3

DAP = Draught Animal Power; 2WT = 2-Wheel Tractor; CA = Conservation Agriculture
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improving grain quality and can transform the current state of traditional grains production in Zimbabwe. Agricultural mechanisation
is the scientific and systematic provision and use of tools, equipment and machinery in undertaking agricultural operations [36]. It is
also a process whereby labour along the entire agricultural value chain is replaced by other sources of energy such as animal power,
fossil energy or renewable energy [37].

The production of traditional grains under CA includes operations like seeding when the seed is planted, pest control to control
weeds, pests and diseases and harvesting. During the seeding operation, direct seeders with capacity to effectively plant the small-sized
seed at the correct depth, inter-row spacing and in-row spacing are required. These seeders must also have capacity to handle surface
mulch and unploughed land. In terms of pest control, equipment that effectively control the pests without disturbing the soil are
required. Harvesting equipment with ability to handle the produce without excessive grain damage as well as minimised contami-
nation with extraneous material for example soil is a requirement.

Improved timeliness of operations, precision in seed and fertiliser placement, efficient application of pesticides and reduction in
losses at different production stages are all yield-enhancing factors of mechanisation [38]. Studies have shown that agricultural
mechanisation reduces labour requirements, reduces production cost and increases farmers’ income [38]. It also reduces the time spent
on traditional grain production as well as making it more efficient [39]. The ultimate goal of mechanisation is to optimize production
and productivity at the least possible cost [40]. A study in Mali showed that mechanising sorghum production operations reduced
labour requirements by 74 % [41], whilst Nourou et al. [42] reported a 71 % reduction in the time required to complete sowing and
weeding in pearl millet production systems in Niger. Nourou et al. [42] also reported that the gross margin in mechanised pearl millet
production systems was 80.2 % higher than that of manual production systems.

Previous efforts to promote agricultural mechanisation in Africa have, however, failed due to use of wrong implementation
strategies and delivery of inappropriate technologies [36]. For example, the government-led mechanisation programmes that focused
on tractor-hire schemes lacked proper management in terms of training and support [43]. In addition, the large machinery that was
being promoted in these schemes were not appropriate for the prevailing farming set-up that is characterised by small and fragmented
plots. Hence, the technologies were not fit for purpose. The government-led schemes also failed due to a number of other factors. These
include; poor management, poor infrastructure, lack of financial support, inefficient utilisation of tractors, and lack of incentives for
tractor operators to work extended hours [44]. As a result, smallholder traditional grain producers in Zimbabwe use manual pro-
duction methods due to lack of appropriate mechanisation technologies meeting their needs [18].

Promotion and implementation of agricultural mechanisation needs a properly crafted strategy, or else it will fail as evident in the
failed efforts to mechanise agricultural production by African governments between 1960 and 1970 due to capacity constraints [37].
Implementation of mechanisation is an evolutionary process influenced by a set of factors. Specific agro-climatic factors, social
conditions, economic factors and government policy are some of the important factors to consider for successful implementation of
agricultural mechanisation [45].

Due to their poor resource endowment, mechanisation solutions could be out-of-reach for most smallholder farmers under the
traditional approach of individual ownership. In sub-Saharan Africa, most farmers cannot afford to individually own and operate
equipment. Financial support through subsidies or finance schemes are limited with lines of credit being scarce because of lack of
eligible collateral [46]. To curb these challenges, provision of mechanisation through service-providers or farmer groups rather than
individual farmers was promoted [46]. Tufa et al. [44] and Ngoma et al. [47] concluded that in general smallholder famers are willing
to pay to access mechanisation services showing that the mechanisation service provision model is bearing fruit.

6. Farm power options
6.1. Overview

Power is needed on the farm for operating different tools, implements, equipment and during various farm operations [48]. The
power can be derived from different sources depending on the nature of the operation to be undertaken, scale and affordability. There
are two classes of farm power namely: tractive or mobile power and stationery power. Tractive power is used for operations like land
preparation, harvesting and transport whilst stationary power is used for operations like threshing, grinding, and winnowing [37,38].
The power for use in agricultural operations can be derived from different sources which are human power, draught animal power
(DAP) and mechanical power [48]. Each of these power sources has its own advantages and disadvantages depending on the appli-
cation environment. Farm power options can be utilized solely or in combination and the choice of which options to use depends on the
type of operation to be undertaken, available time, available alternatives and the associated relative costs [40]. There exists a close
connection between availability of farm power and crop productivity [49,50]. The amount of farm power available determines the
extent of mechanisation that can be put in place. It is recommended that a power-area ratio of 0.5 hp/ha be maintained or exceeded to
effectively increase crop production [51]. Availability of adequate farm power is crucial for timely operations in increasing production
and productivity, and improving crop handling to reduce losses [49]. Following, is a detailed discussion of the different power sources
available to smallholder farmers for crop production and harvesting in Zimbabwe.

6.2. Human power
Human beings are the main source of power for operating small tools and implements in undertaking agricultural production

operations globally [52]. Human powered tools are the most important tools for smallholder farmers in sub-Saharan Africa as they are
widely used in crop production [53]. Manual labour lack timeliness of operations and is limited in terms of the amount of land that can
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be worked. The poor timeliness results in delayed operations, which negatively affects yields whilst small area coverage negatively
affects the level of production. The average amount of power that can be derived from humans, classified as men, women and children
is 0.06 kW, 0.048 kW and 0.03 kW respectively [48]. Human power is highly versatile and is suitable for all operations at any stage of
agricultural production. Human labour is, however, more suited for control-intensive operations that require human judgement such
as weeding than power-intensive operations like land preparation and threshing [54]. The availability of human power on agricultural
farms is often influenced by the demand for labour from other sectors of the economy [54]. As the labour-force shift towards the
secondary and tertiary industries in a developing economy, the primary industry, for example agriculture, suffers labour-deficits. In a
developing country like Zimbabwe, it is clear that growth of the secondary and tertiary industries will attract labour from agricultural
farms leaving them vulnerable.

Areas facing labour shortages due to rural-urban migration can make use of farm machines to enhance crop productivity and
production [55]. It can be seen from the Japan scenario that shortages in farm labour can be met by introduction of farm mechanisation
systems. In Japan, cultivators became more relevant during the late 1950s due to shifting of labour from farms to industries in response
to rapid post war industrialization. Further shifts of labour influenced the development of rice transplanters and harvest combines in
the late 1970s in Japan [54]. The majority of Zimbabwean smallholder farmers depend on rain-fed agriculture and timeliness of
operations is critical in optimizing the use of rain water but there is generally a shortage of labour on these farms. This is because more
than 85 % of farm-workers were displaced during the period of the land reform programme [56].The new farmer-owners cannot afford
to pay the desired wage which is on average USD 3 [56] to the remaining farm workers. The underpaid farm-workers eventually leave
the farms in search of other ventures with better income levels [57]. Rural-urban migration has created labour deficit in African farms
leading to a rise in labour wages and consequently production costs [37]. In response to raising wages, farmers have resorted to use of
family labour but with a compromise on area under production to small manageable areas [37].

Despite the shortfalls of human labour as a source of power, it still dominates crop production operations. In Zimbabwe it is used
during all production stages from land preparation to harvesting. Most hand tools that make use of human power, for example, hoes are
affordable and can easily be accessed by most farmers. In India, one of the world’s largest mechanisation equipment and machinery
manufacturer, advanced products are abundantly available on the markets but human labour still dominate production systems of
some Crops.

6.3. Draught animal power

Draught animal power (DAP) is a reliable and popular source of farm power in most developing countries [58] and it has been a
successful mechanisation innovation in sub-Saharan Africa [36]. Smallholder farmers in Zimbabwe rely heavily on animal power for
primary tillage and crop establishment operations [59]. In Zimbabwe, DAP is commonly derived from oxen and donkeys. The amount
of power produced by the animals is a proportion of their body weight [48]. For oxen, 10-14 % of the body weight is the equivalent
draught force produced whilst for donkeys it is 32-36 % of the body weight [48].

DAP is generally available to most smallholder farmers and can result in a relative increase in the efficiency and productivity than
manual based systems [55]. The use of animal power offers better work rates, expansion of area under production and higher crops
yields at large scale compared to manual power systems [60]. A DAP-based crop establishment kit could cost USD 1750, the same
amount it costs to acquire a 2WT-based kit [33]. However, due to the low capacity of the DAP-based system, the 2WT-based kit is more
cost-effective under the same operating conditions.

The farming systems in the smallholder farming sector of Zimbabwe are mainly based on integrated crop and livestock production
[61]. There is a synergistic relationship between livestock production and crop production. Livestock provide draught power to
facilitate tillage, planting and weeding operations while supplying organic manure to enhance soil nutrition at low cost whilst crops
provide feed to livestock in the dry season [61]. These synergistic benefits of the existence of livestock on farms are often rarely fully
realised by smallholder farmers in Zimbabwe. This is mainly because the manure produced is of low quality and is insufficient to
provide the required soil nutrients to meet the crop nutritional requirements, while the harvested crop stover is insufficient to provide
feed for the livestock with draught animal power being limited to the provision of power in agricultural operations [61].

DAP is not a common resource for all farmers in Zimbabwe. Farmers with limited access to resources cannot afford DAP and resort
to manual labour for farm operations even for power-intensive operations like primary tillage [62]. Some farmers without access to
DAP are forced to venture into conservation agriculture practices like basin planting using manual labour [62].

On the other hand, compared with motorised systems, animal power systems are characterized by low work rates, high levels of
drudgery and high labour requirements but their performance is better than that of human powered systems. To ensure timeliness of
operations, allocating one pair of draught animals to an area between 1.5 and 2.5 ha is reasonable on net area basis [58]. Most
smallholder farmers in Zimbabwe cultivate land that is within the recommended command area and this could be the reason why the
DAP technology has been successful. The cost of acquiring and maintaining DAP-based equipment is relatively low and most farmers
that afford to keep the animals can afford to acquire and maintain the equipment. However, the cost of animal power include the cost
of raising, training and maintaining the animals [39,51]. The amount expended towards meeting these costs is more than the amount
generated or saved through the use of animal power in farm operations which makes this option cost-ineffective. Sustainable use of
DAP is influenced by tsetsefly infestation which is endemic in some parts of Zimbabwe and capacity to control ticks that spread diseases
[63].

Although draught animals have been playing an essential role in agricultural production worldwide, in recent decades there has
been a trend towards replacing draft animals with farm machines [55]. With increases in food demand, production is expected to
increase which could mean an increase in cultivated area, number of animal pairs and labour required. Intensification of agricultural
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production also requires that operations are done precisely and animal draught technologies cannot meet that demand.
6.4. Motorised power

Motorised power is derived from diesel and petrol engines, tractors and self-propelled machines [58]. Tractors and self-propelled
machines provide tractive power whilst electric motors and diesel engines provide stationary power for operations like milling and
threshing. Proper use of motorised power in agricultural production increases productivity, improve the quality of produce and in-
crease the total area under production [64]. Mechanisation of the farming activities has been introduced in the rainfed sector as a
strategy to improve productivity. For instance, mechanisation of farm operations is found to be the main source for increasing the
efficiency of rice cultivation among smallholder farmers in Kenya [65]. Use of motorised power reduces the demand for DAP. A 1 %
increase in use of motorised mechanisation in China reduced the demand for DAP by 2.8 % in the long run, but no effect was noted in
the short run [55]. Traditionally, draught animals have played an essential role in agricultural production in many countries but the
introduction of motorised mechanisation resulted in a decrease in demand for animal draught power for example in India and China
[55].

There is generally a shortage of motorised power for field operations in Zimbabwe. Only 2 %-15 % of the total land cultivated in
Zimbabwe is prepared using tractors with DAP dominating land preparation being responsible of preparing 70 %-90 % of the land
[40]. The main reason for this is that the majority of Zimbabwean farmers cannot access the available motorised power options like
four wheel tractors (4WTs) and their respective attachments. In addition, large combine harvesters are beyond the reach of smallholder
farmers because they are expensive and do not match well with their production systems and small and fragmented arable land [66].

The majority of owners of combine harvesters in Zimbabwe are largescale farmers who then hire out services to medium-scale and
small-scale farmers who can afford the services [66]. This model has worked well in India [67] but its success in most African countries
with smallholder farmer dominated agricultural sectors is yet to be systematically reviewed. This is because the smallholder farms are
small, separated and dispersed which increase the operational costs [52,58]. Because of their lower cost (procurement and opera-
tional) compared to large tractors and their ability to be fully utilized on small farm [67], two-wheel tractors (2WT) can be a better
motorised power option for smallholder farming systems in Zimbabwe.

Bangladesh’s success in farm mechanisation was fueled by a model that promoted use of small machines for example 2WTs by
smallholder farmers [68]. The 2WTs are a cheap and reliable source of motorised power, cheaper than draught power and almost every
famer has access to its services in Bangladesh [68]. A model whereby farmers hire small mechanisation services from service-providers
and do not have to own their own equipment have allowed even the poorest farmer in Bangladesh to access mechanisation [68]. Since
both Bangladesh and Zimbabwe have similar agricultural setups i.e. smallholder farmer dominated, the service-provider-based
mechanisation strategy could also work for Zimbabwe. Smallholder farmers in Zimbabwe can be classified as communal areas, Al
farms and old resettlement farms [66]. Service-provision, however, needs to be adopted with caution as it may not be profitable for all
operations posing the risk to send negative impressions. The model could work for harvesting operations but not for ploughing [67]. A
pair of conservation agriculture-based planters coupled to a 2WT have capacity to establish at least 80 ha of sorghum crop per year
assuming a 30-day window period for planting from rain onset. Given that the maximum arable land area under the smallholder farmer
setting is 10 ha, the kit can be used to plant by at least 8 farmers. Two-wheel tractors are, however, limited to less power intensive
operations like conservation tillage and does not support deep tillage operations where four wheel tractors prevail.

With an initial investment of about USD 1750, a service provider or any other potential owner can acquire a 2WT-powered CA-
based direct seeding kit [33]. This amount is reasonable for private players that may want to offer planting services to farmers. At
20 % profit margin, the service-provider can then offer mechanised planting services to farmers at about USD 45 per ha. The service
price will not only allow farmers to pay less compared to using animal-drawn plough and manual power to establish the crop, but to
also enjoy the improved yields that come with mechanised planting and the peace of mind of not worrying about machinery
ownership, operation, repair and maintenance.

6.5. Environmental impact

The utilisation of these power options to conduct agricultural operations releases some greenhouse gasses (GHGs) such as carbon
dioxide (CO3), methane (CHy), and nitrous oxide (N2O) into the atmosphere, resulting in global warming and climate change which
negatively affect agricultural production [69,70]. The GHG emission sources for DAP include N2O and CH4 from manure management,
N0 from excreta deposited in grassland and cropland, CH4 from rumination processes, as well as GHG emissions from feed production
and animal breeding operations [71]. For motorised power, the sources of emissions include machinery manufacture and maintenance,
fuel combustion, and fuel production and transportation emissions [71]. The emission levels for DAP are lower than those of motorised
power when using 4WTs [72]. However, DAP emissions are higher than those of motorised power when using 2WTs [72]. Most GHG
emissions from motorised power come from the combustion of fuels [71], hence migrating from bigger 4WTs to smaller 2WTs with
lesser fuel consumption rates is expected to significantly reduce the GHG emissions from motorised power. Further, adoption of CA,
which eliminates primary and secondary tillage operations require less energy which makes it possible to integrate renewable energy
sources such as solar energy to the machinery. The applicability of electric tractors [73,74] in CA-based traditional grain production
systems is still a virgin area, especially in developing countries and therefore require further investigation.
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7. Field production operations

This section discusses the field operations that are undertaken during traditional grain production from land preparation to
harvesting.

7.1. Tillage and crop establishment

Conventional tillage in Zimbabwe entails cutting and turning the soil burying the weeds and crop residues to ensure that crops
germinate in a relatively weed free environment [59]. Conventional traditional grain production requires that land is ploughed to a
depth of 30 cm using hand hoes, animal-drawn mouldboard ploughs or tractor-mounted reversible mouldboard or disc ploughs [75].
Smallholder farmers in semi-arid Zimbabwe rely heavily on DAP and ox-drawn mouldboard ploughs for primary tillage and crop
establishment [59]. Conventional tillage has been criticised for failure to reduce the effects of dry spells on crops and to combat soil loss
being caused by water erosion [59]. Direct seeding under conservation agriculture has emerged as an alternative to the
labour-intensive, water-intensive and energy-intensive transplanting method in rice production systems in South Asia [76].

Seed drills are better than broadcasting when establishing a traditional grain crop. This is because they ensure good seed to soil
contact, promote rapid germination and results in more uniform and optimum crop stands [77]. Drills are compatible with conven-
tional, reduced and no-till tillage systems. They allow crops to be planted in rows at the desired inter-row spacing but for plants that
require a specific in row spacing like traditional grains, thinning to recommend in-row spacing is required. Commercial producers of
traditional grains who are well resourced use seed drills for crop establishment but the technology is not accessible to smallholder
farmers who rely mostly on the mouldboard plough for tillage and ploughing.

Seedling transplanting from nurseries is usually used in rice cultivation and in the production of vegetable crops [78] but it has been
adopted by smallholder farmers in Zimbabwe to establish sorghum and millet crops [79] and is commonly done manually [63,64].
Even though transplanting is characterised by high crop yields and less weed infestation, it is labour-intensive when performed
manually [80] which makes it inapplicable on large areas. Compared to mechanical transplanting methods which have labour re-
quirements of 3 man-days per hectare, manual transplanting methods have labour requirements of about 33 man-days per hectare and
timeliness rates of 0.04 ha/day [80]. Generally, establishing crops by transplanting is labour intensive and time consuming. Labour
and time is also required before field transplanting to monitor the nurseries [79]. For rain-fed systems, manual transplanting is only
suitable for small production areas because of its high labour demand and poor timeliness nature [78].

7.2. Weed control

Weeds are a major problem in field crop production and can reduce yields by at least 20 % [81]. It is necessary to keep weed
population below its threshold so that crop yields will not be affected [82]. Sorghum producers in Zimbabwe use manual, mechanical
and chemical methods to control weeds, with manual weeding using hoes considered the dominant method used [81]. Hand weeding
using hoes is slow, arduous and labour intensive. During the weeding period, farmers spend 75 % of their time battling with weeds in
their sorghum fields [81]. The widespread hand-weeding in Zimbabwean field crop production systems is one of the major setbacks to
the adoption of conservation agriculture in the field crop productions systems [83].

Conventionally, animal-drawn ploughs and cultivators are used to perform inter-row weed control [59]. Ox-drawn mouldboard
ploughs and ridgers control weeds by removing weeds between the rows and burying weeds along the row [84]. Tractor-powered soil
engaging equipment that can be used for weed control include the duck foot field cultivator, one way disk, spring-tooth cultivator, and
arotary hoe [85]. These manual, animal drawn and tractor-powered options for weed control are time-saving and less labour-intensive
but are characterized by extensive soil disturbance which contradict with the principles of conservation agriculture which are being
advocated for towards achieving sustainable crop production.

Use of herbicides has been found to be effective in reducing the time and labour required in weed control [65,86]. For herbicides to
be effective, their application must be done uniformly, using the correct technique and recommended application rates [87]. Her-
bicides can be applied in a variety of forms; for example liquids, granules and fumigation and a variety of equipment have been
developed over time to apply these forms [88]. Application methods can be grouped as: (i) broadcast methods, where application is
done to the entire area under treatment and (ii) direct application methods where application targets the unwanted crops [87].
Knapsack sprayers, boom sprayers and spray guns can be used under broadcast application whilst wick applicators, single nozzle
knapsack sprayers and gun sprayers with narrow orifice disks are used for direct application. Direct methods of herbicide application
avoids herbicide drift and minimizes the risk of environmental contamination and damage of non-target organisms [88]. There are,
however, some drawbacks in the use of herbicides which include herbicide resistance and environmental contamination.

Grass mowers can be used to control weeds in row crops. Rotary mowers, flail mowers, reciprocating sickle bar mowers and real
mowers can be used to mechanically control weeds in row and tall growing crops [89]. This equipment defoliate the weeds and affect
their growth. The efficacy of mowing as a weed control option depends on the frequency of mowing and the type of weed typically
classified as either broadleaf or grass weeds [90].

Thermal weed control is one of the most promising methods to control weeds in organic conservation agriculture production
systems. Steam, flame, hot water and infrared heaters are some of the methods already exposed to research in the development of
equipment for implementation [91]. Thermal weeding equipment is, however, slow, expensive and produces large amounts of carbon
dioxide which contributes to global warming [92] and this method is more effective on broad leafed weeds than grasses. The
mentioned row weeding systems are limited in terms of their efficiency in weed control since they do not control in-row weeds except



T. Madzivanzira et al. Heliyon 10 (2024) 36695

for the mouldboard plough and the duck foot ridger. This means that they need to be combined with other weed control methods like
hoe weeding, hand weeding or direct herbicide spraying. There is need to combine weed control methods to achieve satisfactory results
[84].

7.3. Harvesting

Harvesting of most varieties of millets and sorghum is predominantly done manually using sickles, hand knives, finger knives or
scissors [76-78]. Manual harvesting using sickles results in high grain losses, high labour requirements, high levels of drudgery, are
slow and contribute to poor grain quality [77,79]. Nikam et al. [93] found a labour requirement of 150 man-hours for manual har-
vesting compared to 6.8 man-hours for the mechanised system. In some places, complete sorghum harvesting requires that the crop is
cut twice, the first cut involves removing the pannicle or the head and while the second one removes the stalk [93]. In some places, the
whole crop is cut once at the base [94]. A tractor mechanism with two separate mechanisms for nipping the panicles and cutting the
stalk at the bottom can be used for the harvesting method that require two cuttings to keep both fodder and grain [93].

There is evidence of significant research in the development of traditional grain harvesting equipment to suit smallholder farmers
in Asia. A tractor front-mounted sorghum harvester that cut and convey the panicles to a collection box as well as cutting and
windrowing the stalks was developed in India [93]. To address the challenge of manual harvesting of finger millet [95], walk-behind
and ride-on paddy rice harvesters were tested for harvesting finger millet and an efficiency of 95 % was achieved [94]. Commercially
available reapers were screened and the Shrachi Taro reaper (Fig. 2) was field-tested. Use of paddy rice harvesters, wheat harvesters
and reapers made it possible to mechanise finger millet harvesting in small cultivated areas, reduced labour costs and labour re-
quirements, and facilitated timeous harvesting [94]. However, significant labour is required for gathering and stacking the cut crop
awaiting threshing. Dropping stalks on the ground leads to soil contamination of grain.

Generic combine harvesters can also be used for sorghum and millet harvesting [81,82]. Modifications are necessary for this to
happen [97], for example, adjusting the rotational speed of the threshing cylinder to speeds between 750 rpm and 1300 rpm [98] and
reducing the size of perforations of the screen in the threshing section [99]. Commercial traditional grain farmers in Zimbabwe use
combine harvesters but smallholder farmers who constitute the majority, rely heavily on manual harvesting methods which are slow,
drudgerous and labour-intensive. Combine harvesters are better in performing grain harvesting operations but are expensive to
smallholder farmers [100]. However, there is no evidence of smallholder farmer suitable equipment for harvesting traditional grains
on the Zimbabwean market and in most cases farmers are not even aware of their existence.

8. Policy issues

As part of the solutions to addressing the barriers to traditional grain production, mechanisation technologies should be made
available [39]. However, to-date, only threshers have improved significantly in terms of numbers available on the local market. Whilst

Fig. 2. The Shrachi Taro reaper: Source [96].



T. Madzivangira et al. Heliyon 10 (2024) e36695

planting and harvesting equipment are important in reducing labour demands and improving crop yields and quality of grain, this
equipment is not easily available on the Zimbabwean market. There is therefore need for Government of Zimbabwe and stakeholders to
develop strategies to make the missing critical technologies available to farmers which can be done through technology imports or
local manufacturing. The development of mechanisation for local manufacturing, however, depends on the demand of the technologies
by farmers [39]. As such, there is limited demand for mechanisation in Africa and there is much reliance on imported mechanisation
technologies which are not designed for local conditions [67]. Importing and promoting mechanisation technologies to stimulate
demand whilst reverse engineering imported technologies and developing new designs for local production could be a noble strategy to
solving these problems.

The Zimbabwean policy has been focusing on importing large 4WTs and accompanying attachments through various programs to
improve the levels of mechanisation [101]. This model of mechanisation has not shown widespread success to date and it could be
because the technology is not appropriate for the majority of farmers i.e. small-holder farmers. The small, separated and dispersed
farms are not best suited for large machinery [86]. In the past century, mechanisation has been focusing certain groups of farmers and
leaving other farmer groups behind [66]. A holistic approach is needed to promote mechanisation and leave no farmer behind. Limited
land area in communal areas make the use of tractors difficult [66]. There is need to develop strategies to promote mechanisation at all
farmer level with large tractors targeting medium-scale to large-scale farmers whilst small tractors target smallholder farmers. In
addition, scale-appropriate equipment will need to be developed and promoted together with the suitable support services (e.g. repair
and maintenance, fuel and spare parts), and the related infrastructure. Farmer associations representing smallholder farmers plus other
stakeholders need to be consulted to gather perceptions on which mechanisation technologies to prioritise, for which crops as well as
the specifications of the machinery.

The mechanisation model in Zimbabwe is based on individual ownership with some resourceful famers hiring out mechanisation
services [66]. The cost of acquiring or hiring mechanisation is, however, high because large 4WTs and their attachments form the basis
of these models hence most small-scale farmers do not have access. Smallholder farmers can, however, access mechanisation through
hiring from service-providers and avoid the burden to purchase, own and maintain equipment and machinery [86]. However, the
model of service-provision is still limited in the country.

The Government of Zimbabwe has been on the fore-front with regards supply of mechanisation technologies [57,83]. It is, however,
recommended that private sector-driven technology supply models be promoted [67] with government support through creation of a
business enabling environment. The responsibility to acquire, repair and maintain as well as operate mechanisation must be fully met
by private companies. If this model is to work, Government must encourage free competition amongst private sector and avoid en-
vironments that promote creation of monopolies. In addition, entry requirements; for example, operating license fees, must not be
deterrent. Incentives, for example, priority in the access of foreign currency and fuel and duty waivers on imported machinery and
spare parts, can also be availed to participating companies to oil up operations.

There is a need for various parties to collaborate for sustainable agricultural mechanisation to occur and flourish [45]. Private
sector should lead the provision of mechanisation services [45], whilst research and academic institutions lead the research and
development of machinery and equipment. Farmer associations could assist by guiding the research and development processes
through provision of information on farmer needs to ensure development of adoptable machinery and equipment. International
research and development organisations could assist by mobilizing funding resources to the tooling within the equipment
manufacturing industry to meet international standards. Activities like research and development as well as technology promotion and
awareness as led by research institutions and farmer associations respectively, to stimulate demand for mechanisation, can also be
funded by international organisations.

Some of the stakeholders have already been participating in these activities in Zimbabwe but doing so in isolation. There is lack of a
coordination mechanism or framework to combine the outputs of the individual efforts in a synergistic manner. The key driver for
widespread adoption of traditional grain production is the economic viability of the value chain. Promoting use of mechanisation in
isolation without considering market linkages, access to credit and other inputs like fertiliser and seed will not bring forth economic
viability. There is a need to setup a forum comprising of all stakeholders involved in the traditional grain value chain to work on how
the value chain can be made profitable for all players.

9. Conclusions

In conclusion, the 2WT is a better power source option for smallholder traditional grain producers whilst the large 4WT can be
suitable for large-scale traditional grain farmers considering issues of resource-endowment and land area under production. Both small
and large-scale producers are encouraged to practice direct-seeding under conservation agriculture in their production systems. There
is therefore need to develop mechanisation equipment such as no-till direct seeders that support the initiative. The no-till direct seeders
will allow minimum soil disturbance and permanent soil cover to be achieved.

It has been established that chemical weed control is the most efficient method to control weeds. However, considering that they
are a human and environmental hazard, there is need to further develop other control methods like mowing and bio-pesticides and
develop equipment and machinery that support easy and cost-effective implementation of such technologies. These methods have a
potential to effectively support production of traditional grains under conservation agriculture as they support minimum soil
disturbance, permanent soil cover and enhanced biodiversity. However, the efficacy and sustainability of these weed control methods
is seldom known which warrants the need for further research in terms of weeding frequency as well as optimum concentration and
mode of application in the case of bio-pesticides. In terms of harvesting, mini combines should be developed for smallholder farmers
whilst existing combines can be utilized by large-scale farmers subject to performing the necessary adjustments to accommodate
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traditional grains.

10. Recommendations

Based on the review, the following recommendations are proposed.

10.1. Farmer support

Encourage private companies to establish equipment leasing services targeted at smallholder farmers to reduce the financial burden
of ownership.

Consult farmers and farmer associations on which operations to prioritise, machinery and equipment preferences as well as
mechanisation training programs to implement.

Encourage non-governmental organisations, development partners and private sector to fund incentive packages for traditional
grain farmers willing to use mechanisation in their farming operations. These can be in the form of free or subsidised selected
inputs.

10.2. Infrastructure and skills development

Improve the existing and avail new support infrastructure; for example, roads, fuel stations and hardware shops for spare parts.
Train local artisans and local mechanics to provide repair and maintenance services.

Train and capacitate extension staff to raise awareness on the advantages of mechanisation in agricultural production within the
farming community to promote adoption.

10.3. Monitoring and evaluation

Establish and fund a monitoring and evaluation framework to track progress and make adjustments as needed.

10.4. Research and development

Research institutions should focus on developing low-cost, durable mechanisation solutions as well as cost-effective and sustainable
weed management strategies tailored to the specific needs of Zimbabwean farmers.

Encourage the issuance of grants by Government and development partners to research and academic institutions as well as
postgraduate students at local institutions. The grants can be used to equip workshops and laboratories at academic and national
research institutions to enhance the research environment and improve the quality of research output. Private sector can then pilot
or commercialise the research utilising funding provided by local banks and other financial institutions.

Reverse-engineer imported mechanisation equipment for customisation and to accelerate the development and manufacturing
processes.

Facilitate participatory testing of mechanisation equipment under different farm operating conditions to ensure equipment is fit-
for-purpose and to enhance adoption or further modification.

10.5. Policy and regulation

Setup a taskforce comprising of experts in the key traditional grain value chain areas to work on mechanisms to make the value
chain viable. Government can take a lead role by coordinating and funding some of the activities of this taskforce. A budget from
treasury can be set aside for funding purposes and periodic progress review meetings must be held to assess progress and challenges
that might arise.

Develop comprehensive value chain programs that include mechanisation, market access, credit facilities, and input supplies to
ensure the economic sustainability of traditional grain production.

Implement policies that require performance tests and quality certification of both imported and locally-produced equipment to be
conducted before entering the market space to ensure only quality products enter the market. Selling poor quality products could
tarnish the image of the mechanisation discipline and can cause non-adoption.

Implement policies that reduce import duties on small-scale farming equipment and provide subsidies for local manufacturing.
Develop an Intellectual Property policy that ensures fair rewards for all parties involved in research and development of mecha-
nisation technologies, based on contribution. This encourages researchers to engage in meaningful development of relevant
mechanisation technologies.

Put in place legislation that govern the operation of 2WTs in Zimbabwe. This entails recognition of 2WTs as a type of vehicle and
issuance of driver’s licences to its operators. The protocol for issuance could follow the one for class 5 driver’s licences issued to
4WT drivers. Legislation should make it mandatory for 2WT operators to wear a helmet and knee and elbow pads, with failure of
compliance resolved as guided by class 3 (motorcycle driver’s license) guidelines. All 2WT found on Zimbabwean roads must have
head and tail lamps.

11
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