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AB S T R AC T  

Conservation agriculture (CA) – a cropping system based on the three principles of (1) 

minimum soil disturbance, (2) permanent organic soil cover and (3) crop rotations or 

associations – has successfully spread under large-scale agriculture in the Americas and 

Australia, contributing to reduce erosion and reversing soil degradation. Since the early 

2000s CA has been widely promoted, mainly through donor funded projects, among 

Southern Africa’s smallholder farmers. It was proposed as an option to reduce soil 

fertility depletion while stabilizing or increasing productivity. Results from on-station 

and on-farm research on soil fertility and productivity improvements under CA have 

been variable and adoption has been (s)low in Southern Africa. In 2009 a controversial 

publication “Conservation agriculture and smallholder farming in Africa: The heretic's 

view” has strongly questioned this promotion of CA, highlighting a series of 

knowledge gaps. Among the concerns raised were (1) observations of decreased yields, 

especially in the first years after adoption, (2) little evidence of increases in soil carbon 

(C) stocks and (3) the question of how/if possible benefits at field level would 

translate into benefits to the farming system and livelihood of smallholders. Since 2009 

a number of publications have delivered more proof of CAs biophysical benefits at 

field level for Southern Africa, although not many have addressed soil C stocks. Fewer 

studies have investigated the adoption of CA. 

This thesis investigated field but also farm level impacts of CA in Southern Africa. 

The study area comprised 125 validation trials across 23 sites in Zimbabwe, Zambia, 

Mozambique and Malawi – set up between 2004 and 2009. The main topics 

investigated were changes in productivity (maize yields) and soil C stocks (and other 

nutrients) when moving from conventional practice (CP) to CA systems as well as the 

adoptability of CA by smallholders. 

Chapter 1 found water infiltration to be significantly greater in CA plots as 

compared to CP plots. Further it confirmed that increases in productivity are observed 

under CA as compared to CP across a wide range of Southern Africa’s agro-ecologies. 

The determinants of maize grain yield found when analysing the dataset with a linear 

regression model were latitude, altitude, soil sand content and CA practice. While 

altitude and soil sand content negatively influence maize grain yields, latitude and CA 

practice have a positive influence. In a sub-set of the study area potassium (K) 

concentration was identified as a further maize yield determining factor. Moreover a 
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trend towards greater yield gains with increased number of consecutive seasons of CA 

practice was observed. 

Chapter 2 found limited potential to substantially increase soil C stocks (0-30 cm 

depth) in the studied timeframe and under the given conditions of limited biomass 

production. Nevertheless in one of the cropping system comparisons tested –

mouldboard ploughed CP maize-legume rotation vs. animal traction direct seeded CA 

maize-legume rotation – a significant positive influence of CA on soil C stocks was 

found, indicating that the cumulative effects of reduced tillage, residue retention and 

rotations can lead to an increase in C stocks in Southern Africa as compared to CP. 

Chapter 3 focused on the adoptability of CA by smallholder farmers. It was based 

on a case study from three sites within Zimbabwe and found that CA, being a land use 

intensification strategy, is not well suited for the socio-economic context of farmers in 

these areas. Farmers were found to adapt/adopt some elements of CA, but hardly the 

whole package. Probably the most important reason for the limited interest observed 

is that maize, grown first and foremost for home consumption, dominates the 

cropping system. In a context of relatively high input prices and low output (i.e. maize 

grain) prices, intensifying maize production to increase yields is not a priority of 

smallholder farmers. It was concluded that the benefits observed at field scale were not 

translating into adoption at farm scale and that was due to the “unconducive” wider 

socio-economic context. 

Thus from a biophysical point of view CA is a sensible option to increase 

productivity in a sustainable way but its adoptability by smallholders remains 

questionable. More attention should be given to understanding how the socio-

economic context impacts farmers’ decisions and agricultural production. This might 

enable future projects to include aspects that could positively impact also the 

adoptability of the technology and not only its performance. 
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R É S UM É 

L‘agriculture de conservation (AC) – un système de culture basé sur les trois principes : 

(1) travail minimal du sol, (2) couverture permanente du sol et (3) rotations ou 

associations culturales – s’est répandue avec succès dans l’agriculture à grande échelle 

des Amériques à l’Australie, en contribuant à la réduction de l’érosion et à l’arrêt de la 

dégradation du sol. Depuis les premières années du XIXème siècle, l’AC a été 

largement promue parmi les petits agriculteurs de l’Afrique australe, surtout au sein de 

projets financés par des donateurs. L’AC a été proposé comme une option pour la 

réduction de la dégradation du sol tout en stabilisant ou même en augmentant la 

productivité. Les essais d’AC dans les centres agronomiques et dans les fermes ont 

montré des résultats variables pour la fertilité du sol et la productivité en Afrique 

australe; et l’adoption de ce système de culture a été limitée. En 2009, une publication 

controversée “Conservation agriculture and smallholder farming in Africa: The 

heretic's view” a fortement remis en question cette promotion de l’AC, en soulignant 

une série de lacunes dans les connaissances. Les préoccupations soulevées étaient entre 

autres: (1) l’observation de la diminution des rendements, surtout les premières années, 

(2) le peu de preuves de l'augmentation des stocks de carbone (C) dans le sol et (3) 

comment les avantages possibles au niveau de la parcelle pouvaient améliorer le 

système de production et la qualité de vie des petits agriculteurs. Depuis 2009, des 

publications ont démontré davantage de preuves biophysiques des apports de l’AC au 

niveau de la parcelle, mais peu se sont intéressées aux stocks de C dans le sol ou à 

l’adoption de l'AC. 

Cette thèse a recherché les impacts de l’AC au niveau de la parcelle mais aussi au 

niveau de la ferme en Afrique australe. La zone d'étude comprenait 125 essais de 

validation à travers 23 sites au Zimbabwe, la Zambie, le Mozambique et le Malawi - 

mise en place entre 2004 et 2009. Les principaux sujets étudiés étaient les changements 

de productivité (rendements de maïs) et les stocks de C (et d'autres éléments nutritifs) 

lors du passage de la pratique conventionnelle (PC) aux systèmes AC ainsi que 

l'adoptabilité de AC par les petits agriculteurs.  

Le chapitre 1 démontre que l’infiltration d'eau est significativement supérieure 

dans les parcelles AC par rapport aux parcelles PC. En outre, l'augmentation de la 

productivité sous AC par rapport à PC a pu être confirmée à travers un large éventail 

de zones agro-écologiques de l’Afrique australe. L'analyse des données avec un modèle 

de régression linéaire a montré que les déterminants de rendement en grains de maïs 
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sont la latitude, l'altitude, la teneur en sable du sol et la pratique AC. Alors que 

l'altitude et la teneur en sable du sol influencent négativement les rendements en 

grains, la latitude et la pratique AC ont une influence positive. Dans un sous-ensemble 

de la zone d'étude, la concentration en potassium (K) dans le sol a été identifiée 

comme un autre facteur déterminant du rendement du maïs. En outre, une tendance 

vers de plus grands gains de rendement avec augmentation du nombre de saisons 

consécutives de pratique AC a été observée. 

Le chapitre 2 montre un potentiel limité d'augmentation significative des stocks de 

C (entre 0 et 30 cm de profondeur) dans le délai d’étude et dans les conditions 

données de production limitée de biomasse. Néanmoins, dans l'une des comparaisons 

de systèmes de culture testées – PC labourée avec une charrue, plantée avec une 

rotation de maïs et légumineuses vs. AC semée avec un outil de semis direct à traction 

animale, plantée avec une rotation de maïs et légumineuses – démontre une influence 

positive significative de AC sur les stocks de C. Ceci indique que les effets cumulatifs 

du travail réduit du sol, de la rétention des résidus et des rotations de culture 

conduisent à une augmentation des stocks de C du sol en Afrique australe. 

Le chapitre 3 est axé sur l’adoptabilité de AC par les petits agriculteurs. Il est basé 

sur une étude de cas dans trois sites au Zimbabwe. On a constaté que AC , étant une 

stratégie d'intensification de l'utilisation des terres, n’est pas bien adaptée au contexte 

socio-économique des agriculteurs de ces zones. Les agriculteurs n’en adoptent que 

certains des éléments mais rarement l'ensemble. La raison sans doute la plus 

importante pour cet intérêt limité est que le maïs dominant le système de culture se 

cultive avant tout pour la consommation domestique. Or, dans un contexte de prix du 

maïs faible par rapport au prix des entrants relativement élevé, intensifier la production 

pour augmenter les rendements de maïs n’est pas une priorité des petits agriculteurs. 

La conclusion est que les bénéfices observés à l'échelle du champ ne se répercutent pas 

à l'échelle de la ferme, la raison étant liée au contexte socio-économique "peu propice". 

Ainsi, d'un point de vue biophysique, l’AC est une option raisonnable pour 

augmenter la productivité de façon durable mais son adoptabilité par les petits 

agriculteurs reste discutable. Plus d’attention devrait être accordée à la compréhension 

de la façon dont les décisions des agriculteurs et la production agricole sont 

influencées par le contexte socio-économique. Il est donc important que les futurs 

projets ne se concentrent pas uniquement sur la performance mais également sur 

l’adoptabilité de la technologie. 
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G E NE R AL  I N TR O D U C TI O N 

BACKGROUND OF THIS THESIS 

Agricultural production and population growth: the need to increase 

productivity 

Low levels of agricultural productivity, at least partly caused by soil fertility depletion 

(Sanchez, 2002), is a key cause of hunger in tropical Africa, where over 260 million 

people are affected by constant or recurrent food shortages (Sanchez, 2010). Besides 

the hunger challenge, future population growth and expected changes in dietary 

preferences ask for a significant increase in global food production – 70 to 110 % – 

over the next decades untill 2050 (Bruinsma, 2011; Tilman, 2011). Between 1985 and 

2005 global agricultural production increased by only 28 %, with approximately 7 % 

from increasing harvested area and approximately 20 % from yield increases (Foley et 

al., 2011). 

In Southern Africa maize is the main staple crop, accounting for more than 50 % 

of the caloric intake (Byerlee & Heisey, 1997). In Malawi, Zambia, Zimbabwe and 

Mozambique, the four southern African countries covered by this study, maize is 

grown on 70, 54, 49 and 46 % of the farming area, respectively (Kassie et al., 2012). 

Over the past 50 years average maize yields have been slowly increasing in Malawi and 

Zambia, while in Mozambique and Zimbabwe maize yields in the 2010s are back to 

about 1 t ha-1 as in the early 1960s (Figure 1). 

The release of improved maize varieties and their adoption in Sub-Saharan Africa 

is comparable to other regions, but “appropriate crop and resource management 

technologies, especially for maintaining soil fertility and increasing labour productivity, 

are often lacking” (Byerlee & Heisey, 1996). Analysing opportunities for agricultural 

intensification, Mueller et al. (2012) showed that by correcting nutrient deficiencies 

maize grain yields in Sub-Saharan Africa could reach an average of about 2.3 t ha-1. An 

increased use of mineral fertilizers is likely to give the greatest return of investment 

and can contribute to soil fertility replenishment (Mwangi, 1997), but market access as 

well as lack of capital and high prices are major constraints (Morris et al., 2007). Based 

on its success in addressing erosion and soil fertility problems elsewhere in the world, 

conservation agriculture (CA) has been proposed as an alternative approach to reverse 

To cover unvanted header 
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the declining trend of soil fertility while increasing the productivity of current farming 

systems in Africa (Kassam et al., 2009; Wall, 2007). 

 

Figure 1: Average maize yields (t ha-1) recorded between 1961 and 2013 for Malawi, 
Mozambique, Zambia and Zimbabwe as well as Africa and the World. (Data source: 
FAOSTAT, 2014). 

Conservation agriculture 

Conservation agriculture is a cropping system based on the three principles of (1) 

minimum soil disturbance, (2) permanent organic soil cover and (3) crop rotations or 

associations (FAO, 2002). No-tillage has been developed from the 1940s onwards, 

first in North America and Europe and from the mid-1970s also in South America 

(Derpsch, 2008). Erosion problems, soil fertility decline and extremely poor profit 

margins were the main triggers pushing farmers to experiment with this new crop 

management system (Bolliger et al., 2006; Derpsch et al., 1991; Kassam et al., 2009). 

Since its onset, crop residue retention on the soil surface or the use of cover crops as 

well as crop rotations or associations have been part of the no-tillage systems 

experimented with, developed and adopted in the Americas. 

To date about 125 million ha are cultivated under CA worldwide, 91 % of it are in 

the Americas and Australia, while less than 1 % (about 1 million ha) are found in 

Africa (Kassam & Brammer, 2013). Over the last decade CA systems have been 

promoted in several African countries, especially in Southern and Eastern Africa, 
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focusing on smallholder farmers (Derpsch et al., 2010) with no or limited access to 

physical (e.g. fertilizer, seed, mechanization, herbicides) or financial inputs. As 

Andersson & D’Souza (2013) summarize in their review, first experimentations with 

CA for smallholders in Southern Africa mainly aimed at soil and water conservation 

(late 1980s - early 1990s). In the late 1990s CA was reframed as a technology to 

enhance production, food security and livelihoods and its large-scale promotion 

started (Andersson & D’Souza, 2013). “International agricultural research and policy 

institutes, faith-based organisations, international donors and NGOs have been at the 

forefront in such promotional efforts” (Andersson & Giller, 2012). In general low 

productivity and soil degradation have been attributed merely to inappropriate farming 

practices – focussing at a field scale and ignoring the higher scale socio-economic 

factors adversely affecting smallholder farming – and CA proposed as the (only) 

solution (Andersson & D’Souza, 2013). This blanket recommendation of CA in Sub-

Saharan Africa has thereafter been questioned, with claims that the technology is 

promoted “as a panacea” without actually knowing how it would successfully fit into 

farming systems (Andersson & Giller, 2012; Giller et al., 2009) and without 

understanding that the proposed intensification through CA may not fit into the 

rationale of smallholder production systems (Baudron et al., 2012a). 

Effects of conservation agriculture on yields 

Among the benefits of CA, yield increases have been reported for different areas of 

the world, e.g. Brazil (Derpsch et al., 1986), Mexico (Govaerts et al., 2005; Verhulst et al., 

2011b), India (Erenstein & Laxmi, 2008), Morocco (Mrabet, 2011), Ethiopia (Arayaa et 

al., 2012), Ghana (Ekboir et al., 2002), Lesotho (Silici et al., 2011), and Madagascar 

(Djigal et al., 2012). A meta-analysis of long-term maize grain yields, from experiments 

established under rain-fed conditions in semi-arid and sub-humid environments across 

the world, showed positive effects over time in low rainfall areas when rotation and 

high input use were part of the CA practice (Rusinamhodzi et al., 2011). Similarly, 

evaluating the benefits of mulching and rotations in CA with and without use of 

mineral fertilizer in on-farm plots covering four agro-ecological zones in Zimbabwe, 

Nyamangara et al. (2013) observed that the combination of CA practices with the use 

of mineral fertilizer was crucial to achieve increased maize yields. An on-station 

experiment in Zambia showed that maize yields under CA were outperforming the 

conventional practice (CP) plots by 38 % and more (Thierfelder & Wall, 2010b). Maize 

yield advantages of CA compared to CP were increasing with time and appeared to be 

positively influenced by the practice of crop rotations (Thierfelder et al., 2012, 2013a). 
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On-farm data from Malawi showed a consistent maize yield improvement by CA 

interventions across different agro-ecologies related mainly to improved infiltration 

and soil physical properties (Thierfelder et al., 2013b). Differences in average maize 

grain yields in favour of CA were more distinct in low altitude areas with low rainfall 

and frequent seasonal dry spells (Ngwira et al., 2013a). These results are all in line with 

the most recent global meta-analysis that found benefits in yields under CA only for 

rainfed agroecosystems in dry climates (Pittelkow et al., 2015). As most of southern 

Africa’s crop production is achieved in such conditions, CA is a valuable option to try 

achieving the needed increases in productivity. 

Soil Organic Carbon 

Soil organic matter (SOM), which contains the majority of soil carbon (C), is 

important for the physical, chemical and biological soil properties and processes 

(Reicosky & Saxton, 2007). Small changes in soil C can have a huge impact on key soil 

physical properties (Powlson et al., 2011). Elwell (1986), for example, showed how 

increases in C concentration positively influenced mean weight diameter of water 

stable aggregates, reducing the erodibility of a subtropical clay soil. Similarly, Six et al. 

(2002) found that increases in soil C have a strong influence on soil structure. Janssen 

et al. (1990) established the regulatory influence of soil organic C on soil nitrogen (N), 

phosphorus (P) and sulphur (S) availability in the sub-humid tropics. Specific soil 

characteristics (e.g. cation exchange capacity, rainfall infiltration) were found to be 

positively related to soil C content (Vanlauwe & Giller, 2006). SOM is a source of 

nutrients, reduces wind and water erosion and promotes macrofauna (e.g. earthworms) 

and other beneficial organisms (Yusuf & Yusuf, 2008) enhancing crop growth and 

health. Because all these benefits are linked to soil C, one measure of agriculture 

sustainability is the maintenance and/or increase of C in the soil (Wall, 2007). If soils 

cannot maintain sufficient levels of C in the form of organic matter, essential nutrients 

for plants that are bound to organic matter will be leached and lost for crop 

production. In the long term, complete degradation of the soil resource base will be 

the consequence. Besides its vital role for soil health, C in the soil is the biggest 

terrestrial C stock, amounting to approximately 2000 Gt, more than double of the 

atmospheric C stock (approximately 820 Gt) (Amundson et al., 2015). Amundson et al. 

(2015) state that “under changed management or through land abandonment, global 

agricultural soils have the capacity to re-approach their original C storage and regain 

up to half a decade of present fossil fuel emissions (over a multidecade period)”. But 

they also point out that projected increase or decrease of soil C is highly uncertain, 
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what is shown by Todd-Brown et al. (2014)’s earth system models estimates, which 

predict soil C changes by 2100 ranging between losses of 72 Gt to gains of 253 Gt. 

Nevertheless, already a small percentage change in the global soil C stock can emit or 

sequester significant amounts of C (Stockmann et al., 2013). Thus, the potential of 

increasing C stocks in the soil is discussed as an opportunity to mitigate climate change 

(Corsi et al., 2012; Lal, 2004; Smith et al., 2008). 

Effects of conservation agriculture on soil carbon stocks 

Many publications have dealt with the question if and how no-tillage and conservation 

agriculture systems influence soil C stocks (e.g. Bernoux et al., 2006; Scopel et al., 2013). 

In an Oxisol of Passo Fundo, southern Brazil, a long term field trial (13 years) 

comparing different crop rotations under conventional and zero tillage showed that 

while soil C to 100 cm depth did not differ between the two tillage practices for a 

continuous wheat - soybean rotation, soil C was significantly greater (about 17 Mg ha-1) 

under no-tillage compared to conventional tillage in the rotations with vetch as a 

winter green-manure crop (Sisti et al., 2004). Sisti et al. (2004) concluded that the N 

input from the green-manure crop was the key to the observed soil C accumulation or 

conservation under no-tillage and that most C was derived from crop roots. In their 

review Bolliger et al. (2006) summarized that a large body of Brazilian no-tillage work 

corroborates increased soil C accumulation under no‐tillage as compared to ploughed 

land, and that farmers can influence soil C build‐up through appropriate crop 

rotations, liming and fertilization. However, they also stated that the complexity of the 

data on Brazilian soil C accumulation did not allow any firm conclusions about the 

time needed for soil C to significantly increase, as the amount and rate of soil C build‐

up are not clear (Bolliger et al., 2006). Six et al. (2002) observed a general increase in C 

levels under no-tillage compared to conventional tillage for both tropical and 

temperate soils. Govaerts et al. (2009) compiled data from case studies in which C 

stocks were measured to a depth of at least 30 cm after at least 5 years of continuous 

practice. In 40 out of 78 cases C stocks were greater in no-tillage than conventional 

tillage, in 7 cases they were lower, and in 31 of the cases there was no significant 

difference, thus showing no consistent pattern of C accumulation in the soil with no-

tillage (Govaerts et al., 2009). A study from Zimbabwe by Chivenge et al. (2007) 

showed that while C stabilization was positively influenced by reduced tillage in clayey 

soils, in sandy soils it was mostly the input of C through crop residues that could 

increase soil C. As CA entails both reduced tillage and residue retention, and because 

in southern Africa’s traditional cropping system crop residues are often exported from 
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fields, C stocks should be positively influenced by CA practice. Nevertheless data on 

soil C stocks in Sub-Saharan Africa is scarce (Govaerts et al., 2009). Recent on-station 

studies recorded C stock increases under CA as compared to CP (Thierfelder et al., 

2012a; Thierfelder & Wall, 2012) but on-farm data did not confirm these findings 

(Nyamangara et al., 2014). In southern Africa’s drought prone climate and highly 

weathered soils, biomass production levels are much lower than in temperate North 

America or tropical Brazil, high C inputs can hardly be achieved and mineralization 

rates are high. Thus the potential of CA systems to increase soil C is expected to be 

less pronounced. 

Conservation agriculture adoptability for smallholder farming in Southern 

Africa 

More than 90 % of the world’s CA cultivated land is found in large-scale mechanized 

agriculture (Kassam & Brammer, 2013). The main driver for the CA adoption in those 

systems was the need to halt soil erosion, followed by the added benefit of reduced 

production costs (e.g. Bolliger et al., 2006; Lal et al., 2007). While within Brazil’s large-

scale farming the three principles of CA were simultaneously adopted, Brazilian 

smallholder farmers’ were found to manifold adapt CA rather than fully adopt it 

(Bolliger et al. 2006). Bolliger et al. (2006) ascertained that this partial adoption was 

probably due to the discrepancy between the ideal CA, originating from 

experimentation of large-scale farmers and on-station research, and the complex socio-

economic constraints faced by smallholders (Bolliger et al., 2006). Although climatic 

conditions and soil characteristics are different in Southern Africa, the biophysical 

benefits of CA (plot level) can still be expected even if perhaps to a varying degree (e.g. 

slower C increase due to limited C inputs as mentioned above). What is more 

questionable is if plot level benefits will translate into benefits to the farming system 

and rural livelihood as a whole (Giller et al., 2009). Gowing & Palmer (2008) 

highlighted that smallholder adopters of CA in Brazil generally have good access to 

markets for inputs and outputs and are better resourced than the target group in Sub-

Saharan Africa. As previously discussed (“conservation agriculture” section), 

promotion of CA in Southern Africa has mostly been driven by the “wider socio-

economic, institutional and (donor)-political context of smallholder farming” 

(Andersson & D’Souza, 2013) and without assessing if it fits into the rationale of 

smallholder production systems (Baudron et al., 2012a). 
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OBJECTIVES, HYPOTHESES AND STRUCTURE OF THIS THESIS 

The main objective of the present thesis was to assess the suitability of conservation 

agriculture as a cropping system for smallholder farmers in Southern Africa. First, 

differences in yields, water infiltration, chemical and physical soil properties between 

conventional practice (CP) and conservation agriculture (CA) cropping systems in 

Southern Africa were analysed. The study used on-farm validation trials laid out across 

23 research locations (sites) in Malawi, Mozambique, Zambia and Zimbabwe that 

compared CP to CA systems. These validation trials (also referred to as demonstration 

trials) were established between 2004 and 2009 with the dual purpose of validating on-

station research on CA on-farm as well as introducing smallholder farmers to CA. The 

CP vs. CA comparisons tested varied across the study area reflecting differences in 

traditional practices and best fit CA options proposed. For example in Zimbabwe, 

where animal draft power is commonly used, a mouldboard ploughed system was 

compared to an animal drawn direct seeded one, while in Malawi the traditional 

manually tilled ridge and furrow system was compared to a CA system manually 

seeded with a dibble stick. Differences between CA and CP did not only concern the 

tillage method, but also residue management and crop rotation or crop association 

choices. After having determined possible biophysical advantages of CA practice, its 

adoptability by smallholders was investigated in a case study based on farmer 

interviews and agronomic data collection within three sites in Zimbabwe. Actual farm 

practices of trial hosting farmers in these three sites were compared to plot-level data 

from the demonstration trials. This comparison allowed illuminating how higher scale 

factors, relating to the agro-ecological and socio-economic farming environment, 

shape farm practices and thus influence the adoptability of CA or its components. 

The first chapter investigates the potential of CA to increase maize productivity 

and determines if and how observed productivity changes were related to soil property 

changes. The main hypothesis was that maize yield increases in CA across different 

agro-ecologies and different traditional cropping systems over time. Increased water 

infiltration under CA was expected to be a main determinant for improved yields. 

The second chapter focusses on differences in soil carbon (C) stocks between CP 

and CA and assesses the potential of CA to increase C stocks and thus sequester C. 

The main hypothesis was that C stocks will be positively influenced by CA practice, 

especially in the topsoil (0-30 cm depth). Factors expected to influence the magnitude 

of C increase were soil texture, crop rotations, residue retention and degree of tillage. 

The third chapter deals with the socio-economic aspects, aiming at understanding 

how smallholder farmers perceive CA and how, if at all, they adopt this cropping 

system. Farmers that have been exposed to CA practice by hosting the validation trials 
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and can thus be defined “knowledgeable about CA” were interviewed for this part of 

the study. The main hypotheses were: (1) Farmers do recognize and appreciate certain 

“theoretical” advantages of CA (i.e. soil improvements); nevertheless they do not adopt 

this new crop management system on all their fields. (2) Adoption of CA is partial and 

farmers take up elements of CA that give them greatest immediate benefits. (3) 

Adoption is stronger in areas where productivity increases occur faster (better soil) 

and/or where there is a readily available market for selling the surplus. 

The general discussion summarizes the finding from these three chapters, relating 

them to each other and embedding supplementary data on the soil stocks of other 

nutrients (i.e. N, P and K) (Appendix B). It ends with the main conclusions that could 

be drawn on the suitability of CA for smallholder farmers in Southern Africa. 

The novelty of the present work lies in the unique focus on sampling on-farm 

validation trials over a wide range of agro-ecologies. This thesis provides research 

evidence on the potential effects of CA on yields, soil properties and on the 

adoptability of CA by smallholders in Southern Africa. Further, as detailed analysis of 

soil data across CA fields in contrasting agro-ecological environments in Southern 

Africa is lacking, it contributes to fill this knowledge gap. 
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SUMMARY 

Current average yield increases will not be sufficient to reach food security in Southern 

Africa and climate change will further exacerbate this challenge. Improved varieties 

with increased stress tolerance combined with best management practices will help 

address the challenge. This research investigates the potential of conservation 

agriculture (CA) as a best management practice to increase agricultural productivity. 

Although CA has been widely promoted in Southern Africa, its appropriateness for 

smallholder farmers has been questioned. The present study compiles results from on-

farm research conducted across Zimbabwe and Mozambique: Maize grain yields and 

water infiltration measurements performed on conventional practice (CP) and CA 

treatments are compared. A multiple linear regression model was used to investigate 

the determinants of maize grain yield. Water infiltration has been found to be greater 

under CA than CP in 88% of the cases. The multiple linear regression model found 

that sand content negatively influences maize grain yield, with 59 kg ha-1 less yield for 

each added percent of sand in the soil. And CA was found to be positively and 

strongly influencing grain yield. The model predicts an increase of 759 kg ha-1of maize 

grain when practicing CA over CP. This study shows that from a bio-physical point of 

view CA is indeed a potential system to increase maize yields across a range of 

different agro-ecologies. 

 

Keywords: soil parameters; food security; no-tillage; residue retention; rotation; 

sustainable intensification; infiltration; potassium fertilization 
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INTRODUCTION 

In Sub-Saharan Africa (SSA) 25 % of the population is undernourished and the 

absolute figures have been increasing since the 1990’s (FAO, 2013). Seven out of ten 

countries in SSA are failing to reach the Millenium Development Goal of hunger 

reduction by 50 % (MDG 1), among these the focal countries of this research: 

Mozambique and Zimbabwe (UN, 2013). Today’s hunger challenge, projected 

population growth and expected changes in dietary preferences ask for a significant 

increase in food production over the next decades (Tilman et al., 2011). But given the 

current global average yield increase rates, by 2050 production of maize, rice, wheat 

and soybean will increase only by approximately 67, 42, 38 and 55 %, respectively (Ray 

et al., 2013). In Mozambique and Zimbabwe maize yields have been recorded to be 

only slowly increasing (Mozambique) and even decreasing (Zimbabwe) between 1961 

and 2008 (Ray et al., 2012). Maize yield country averages in 2011 were 1.2 and 0.9 t ha-1 

in Mozambique and Zimbabwe respectively, whereas in 1981 they were 0.5 and 2.1 t 

ha-1 (FAOSTAT, 2014). 

Climate change projections identified maize cropping systems in SSA as one of 

the climate risk hotspots (Lobell et al., 2008). With this negative influence on 

agricultural production the challenge of reaching the production targets needed to 

ensure future food security is further exacerbated. Large areas of Zimbabwe and 

Mozambique are currently drought prone and average seasonal temperatures are 

projected to increase by 2.7 and 2.4 °C, respectively (Cairns et al., 2013). While 

breeding for resistance to biotic and abiotic stresses will partly help address the 

production challenges, improved varieties alone will not be enough to close yield gaps 

and offset projected losses under climate change (Trethowan et al., 2012; Trethowan et 

al., 2005). Best management practices have an important role to play in offsetting 

potential yield losses (Tittonell & Giller, 2013). Conservation agriculture is claimed to 

be an adapted and climate resilient cropping systems that could play a role in closing 

yield gaps (IPCC5, 2014). 

Conservation agriculture (CA) is a crop management system based on three 

principles: (1) reduced soil disturbance, (2) residue retention on the soil surface and (3) 

crop rotations and associations (FAO, 2002). It has been proposed as an alternative to 

the current farming systems in Africa because of its potential to halt soil fertility 

depletion while stabilizing or increasing productivity (Kassam et al., 2009; Wall, 2007). 

For the past decade CA has been promoted widely in Southern and Eastern Africa 

(Derpsch et al., 2010). Evidence from experimental research on CA in Malawi, Zambia 

and Zimbabwe in recent years shows a number of benefits of CA including increased 

yields (Mazvimavi et al., 2008; Mupangwa et al., 2012; Thierfelder et al., 2013b; 
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Thierfelder et al., 2013c; Thierfelder & Wall, 2010b), increased profitability (Mazvimavi 

& Twomlow, 2009; Ngwira et al., 2013a; Ngwira et al., 2013b), reduced water runoff 

and erosion (Mupangwa et al., 2008; Thierfelder et al., 2012), increased water infiltration 

and soil moisture (Mupangwa et al., 2008; Mupangwa et al., 2007; Thierfelder et al., 

2013a; Thierfelder et al., 2013b; Thierfelder et al., 2013c; Thierfelder & Wall, 2009, 

2010a), increased biological activity (Thierfelder & Wall, 2010b) and increased soil 

carbon (Mupangwa et al., 2013; Thierfelder et al., 2013a; Thierfelder & Wall, 2010b). 

Other studies from Africa do not confirm these benefits and instead highlight 

bottlenecks to the promotion of CA. Baudron et al. (2012b) for example reported 

depressed cotton yields under CA in Zimbabwe. Paul et al. (2013) found no effect of 

CA on yields of both maize and soybean as well as no effect of CA on soil C 

concentrations in Kenya. In the Malagasy highlands, rice grown under CA showed an 

initial crop growth lag that could not be compensated for, resulting in no additional 

benefits (Dusserre et al., 2012). In their review on CA in SSA, Giller et al. (2009) 

highlight the likelihood for yield losses or no yield gains in the first 10 years from CA 

introduction. They question if CA benefits can be reaped without additional 

fertilization and point out that more biological activity triggered by the CA principles 

may also have negative side effects (Giller et al., 2009). Chivenge et al. (2007) showed 

that while C stabilization is positively influenced by reduced tillage in clayey soils, in 

sandy soils it is mostly the input of C through crop residues that can increase soil 

organic carbon. For smallholder farmers across Africa crop residues can have many 

different uses (e.g. fodder, fuel) (Erenstein, 2002). Further biomass production is often 

insufficient for all its uses within the farming system (Naudin et al., 2012), thus 

opportunity costs for the use of crop residues as mulch can be very high (Valbuena et 

al., 2012). Giller et al. (2009) identified availability of mulching material, diversified 

crop rotations and shifts in labour peaks as important factors that might limit farmer 

adoption of CA. Additionally, the faith-based promotion of CA (Andersson & Giller, 

2012) and the promotion of CA as a “silver bullet” that can solve all farmers’ soil 

degradation problems while increasing productivity have been criticised (Giller et al., 

2009). Often CA systems have been investigated and promoted without assessing their 

suitability within the socio-economic context and without paying real attention to 

existing farming practices and their rationale (Baudron et al., 2012a). 

In the current study data collected from on-farm trials across Zimbabwe and 

Mozambique is presented which assesses the potential of CA to increase yields and 

water infiltration under farmers’ circumstances as opposed to highly controlled on-

station conditions. A multiple linear regression (MLR) model was run to investigate 

what soil parameters influence maize grain yield in the Southern African context. The 
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MLR model is validated expanding the dataset of the current study with data from 

Malawi and Zambia previously published by Thierfelder et al. (2013b) and Thierfelder 

et al. (2013c). A further objective of the study was to show the time dimension: how 

long it takes until these benefits accrue when converting from a conventional cropping 

system to conservation agriculture. The study thus focuses on a biophysical 

perspective for assessing CA’s potential. 

MATERIALS AND METHODS 

Study areas 

 

Figure 1: Geographical location of the study sites with indication of the Maize Mega 
Environments (that are based on rainfall, temperature and soil pH). 

Fifteen sites across Mozambique and Zimbabwe, covering a range of different agro-

ecologies in the region, were considered in the current study (Figure 1). Rainfall in the 

area follows a uni-modal rainfall pattern with total rainfall per year varying from 400-

600 mm of low and erratic rainfall at Chikato (Zimbabwe) and Lamego (Mozambique) 

to more than 1200 mm in Malomwe, Nhamizinga and Nhamatiquite (Mozambique) 
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(Table 1). The majority of soils in this study were of sand, loamy sand and sandy loam 

texture (0-10 cm depth) (Figure 2) and the dominant soil types were Ferralsols, 

Luvisols, Lixisols and Arenosols according to FAO classification (IUSS Working 

Group WRB, 2014) (Table1). In Mozambique and Zimbabwe maize is the major staple 

food crop and is grown on 46 and 49 % of the farming area, respectively (Kassie et al., 

2012). Traditional cropping systems are based on ploughing in Zimbabwe and manual 

tillage in Mozambique. Crop residues are often grazed by free roaming cattle during 

the dry season and in some instances, especially in Mozambique where shifting 

cultivation is a common practice, burned to clear the land before planting. 

 

Figure 2: Topsoil texture (0-10 cm) for the sampled validation trials. Different symbols refer 
to the different treatment comparisons. The colour gradient from white to black indicates the 
annual rainfall (based on data of the 2010/11 cropping season), there is no separate value for 
CA and CP plots. NB the tri-plot is restricted to 0-55 % clay, 0-55 % silt and 45-100 % sand to 
allow for the points to be clearly visible. 
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Experimental design and treatments 

At each site three to ten on-farm validation trials were established between 2004 and 

2009, by CIMMYT in collaboration with local extension services and farmers (Table 

1). Two general treatments were used in all validation trials: a) conventional control 

plots (CP) which reflect the traditional practice in terms of tillage and residue removal 

and b) conservation agriculture plots (CA) with reduced tillage, residue retention and 

crop rotations. Plots sizes were 0.1 ha (10 by 100 m) per treatment for all sites. The 

aim of these validation trials was dual: a) collect scientific data on the performance of 

CA systems as compared to the traditional practice; b) showcase CA systems and 

spread knowledge about their management to smallholders. Each validation trial was 

hosted by a farmer (or a group of farmers), who would manage the trials performing 

all field operations. Inputs, equipment and technical guidance for the establishment 

and the management of the trials would be provided by CIMMYT through the 

national extension service. Supported by CIMMYT technicians the local extension 

officers would monitor field operations and collect data (e.g. planting dates, harvest, 

labour requirements for operations, etc.). All data presented in the current study was 

collected during the 2010-2011 cropping season or the subsequent dry season (June to 

September 2011). 

Mozambique 

The CP treatment consisted of seeding with a hoe and crop residues were removed 

and burned during the dry winter season. The CA treatment involved direct seeding 

under no tillage with a dibble stick or a jab-planter (Fitarelli Maquinas Agricolas, 

Brazil; www.fitarelli.com.br) and crop residues were retained as mulch after harvest. At 

Pumbuto, Nhamatiquite, Vunduzi, Nzewe and Gimo (1) maize was continuously 

planted1. In Malomwe, Nhamizinga, Lamego, Maguai and Ulongue (2) maize was 

planted in rotation with a legume (common beans (Phaseolus vulgaris L.) in Maguai and 

Ulongue and cowpea (Vigna unguiculata (L.) Walp.) in the other three sites). Plots would 

be split in half (0.05 ha), the maize planted on one half, the legume on the other half 

and in the subsequent season the crops would be swapped to achieve a full rotation. 

To distinguish between treatments the following acronyms were used: (a) conventional 

practice continuous maize (CPM) and conservation agriculture continuous maize 

                                                 
1 The definition of CA is thus not fulfilled. Nevertheless these on-farm validation trials are implemented 
following a participatory research approach and farmers in these sites were not interested in having a 
rotation or crop association. 



CHAPTER 1: Maize yield gains in conservation agriculture 

29 

(CAM); (b) conventional practice maize legume rotation (CPMLR) and conservation 

agriculture maize legume rotation (CAMLR) (Table 2). 

A fertilization sub-treatment was introduced (with and without fertilizer) at 

Pumbuto, Nhamatiquite, Vunduzi, Nzewe and Gimo on 0.05 ha plots, while at 

Malomwe, Nhamizinga, Lamego, Maguai and Ulongue, where maize was in full 

rotation with a legume crop only a 4 by 10 m section of the maize phase sub-plot was 

left unfertilized. At all sites the maize in the fertilized sub-treatment received 

58N:10P:10K kg ha-1 in the form of basal (N-P-K: 12-24-12) and top dressing (urea: 

46 % N) at 4 and 7 weeks after crop emergence. Legume plots received 12N:10P:10K 

kg ha-1 as a basal dressing only. Weed control under CA in Mozambique was achieved 

through a pre-emergence application of glyphosate [N-(phosphono-methyl) glycine] at 

a rate of 2.5 l ha-1 followed by hand weeding during the season if needed. The CP plots 

were weeded through residue burning during the dry winter season (off season) and 

hand weeding during the growing season. 

At the six sites in Manica and Sofala province (Table 1), Matuba – an open 

pollinated maize variety (OPV) – was grown in 2010/11 cropping season. Plant 

spacing was 90 cm between rows and 50 cm between hills with two plants per station 

on the CP treatment or one plant per station every 25 cm on the CA treatment, to 

reach a population of 44000 plants ha-1. In Tete province the commercial hybrid maize 

PAN67 was grown at the four sites in 2010/11 cropping season. Plant population was 

53000 plants ha-1, with a plant spacing of 75 cm between rows and 50 cm between 

planting station with two plants per station on the CP treatment or one plant per 

station every 25 cm on the CA treatment. 

Zimbabwe 

The CP consisted of a tillage treatment with the mouldboard plough to a depth of 

10-15 cm. Maize was planted into furrows created by the plough and crop stubble and 

weeds were incorporated into the soil using the plough. For the CA treatment an 

animal traction direct seeder (Fitarelli Maquinas Agricolas, Brazil; www.fitarelli.com.br) 

was used and residues remained in situ after harvest. A maize-soybean (Glycine max (L.) 

Merr.) rotation was used at Chavakadzi, Hereford and Musami and a maize-cowpea 

rotation at Chikato and Madziwa. At Musami and Madziwa both phases of the 

rotation would be grown each year on half the plot (0.05 ha), at the remaining three 

sites the entire 0.1 ha plot was grown either with maize or the legume crop and rotated 

the following season. At all sites, plots in the maize phase received 81N:10P:10K 

kg ha-1 applied as basal dressing (N-P-K: 7-14-7) and top dressing (ammonium nitrate: 

34.5 % N) at 4 and 7 weeks after crop emergence and 11N:10P:10K kg ha-1 at seeding 
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in the legume phase. For weed control under CA, glyphosate was applied at a rate of 

2.5 l ha-1 at seeding in Chavakadzi, Hereford, Madziwa and Musami followed by hand 

weeding during the season when needed; at Chikato only manual hoe weeding was 

used for weed control. In CP weeding was done with a mouldboard plough before 

seeding and subsequently through manual hoe weeding. The following acronyms are 

used for the treatment comparison in Zimbabwe: (a) conventional practice ploughed 

maize legume rotation (CPPMLR) and (b) conservation agriculture direct seeded maize 

legume rotation (CADSMLR) (Table 2). Maize varieties grown in the 2010/11 

cropping season were PAN67 (hybrid) at Chavakadzi and Hereford and ZM525 

(OPV) at Chikato, Madziwa and Musami. Target plant population at all sites in 

Zimbabwe was 44000 plants ha-1 achieved through plant spacing of 90 cm between 

rows and 50 cm within the row with two plants per hill on the CP treatment and 90 

cm x 25 cm on the CA treatment. 

Table 2: Summary of treatments with abbreviation, description (cultivation system, land 
preparation/seeding method, crop grown) and site practiced. 

Abbreviation System 
Land preparation / 
Seeding 

Crop 
Sites where these 
were practiced 

CAM 
Conservation 
Agriculture 

no-till / jab planter or 
dibble stick continuous 

sole Maize 

Gimo, Nzewe, 
Nhamatiquite, Pumbuto 
and Vunduzi CPM 

Conventional 
Practice 

hoe / manual 

CAMLR 
Conservation 
Agriculture 

no-till / jab planter or 
dibble stick 

Maize – 
Legume 
Rotation 

Lamego, Maguai, 
Malomwe, Nhamizinga 
and Ulongue CPMLR 

Conventional 
Practice 

hoe / manual 

CADSMLR 
Conservation 
Agriculture 

no-till / animal 
traction direct seeder Chavakadzi, Chikato, 

Hereford, Madziwa 
and Musami CPPMLR 

Conventional 
Practice 

ploughed (animal 
draft power) / manual 

Measurements 

Soil sampling& analysis 

Soil sampling of the 0-10 cm topsoil layer was performed between June and September 

2011. Composite soil samples (6 sub-samples per treatment) were collected using an 

auger. Undisturbed soil core samples (one point for each treatment) were collected 

using an Eijkelkamp sample ring kit (07.53.SE) with closed ring holder 

(www.eijkelkamp.com). Coarse plant residues were removed from the soil surface 

before sampling. Samples were air dried before the following key indicators were 

measured: 
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• Bulk density (BD) was calculated as dry weight of the undisturbed soil core (g) 

divided by core volume (cm3). 

• Aggregate distribution (AggD) was determined through dry sieving by rotary 

sieve. Mean weight diameter (MWD) was calculated as the sum of the soil on 

each sieve multiplied by the mean sieve size of that particular sieve (Kemper & 

Rosenau, 1986). 

• Texture was determined following the standard hydrometer method (Gee & 

Bauder, 1986). 

• Total carbon (C) and total nitrogen (N) were determined on a <0.595 mm 

sample analysed through dry combustion (Nelson & Sommers, 1982) on a CE 

Elantech/Thermo Scientific Flash EA 1112 C/N Analyser, Rodano, Italy. 

• Plant available nutrients (P, K, Ca, Mg, Zn and Na) were extracted by the 

Mehlich 1 method (Mehlich, 1953). Five ml, <2 mm dry soil was mixed with 

20 ml extraction solution; shaken for 5 minutes then filtered. The filtrate was 

analysed by inductively coupled plasma (ICP) atomic emission spectroscopy on 

a Perkin-Elmer 5300 DV ICP, Waltham, Massachusetts, USA. 

• Soil pH was measured on a TPS- WP-80D Dual pH –MV meter in 

combination with Labfit AS-3010 D Dual pH Analyser, (robotic analyser), 

Perth, Australia. A scoop 10 g of <2 mm soil was mixed with 10 ml deionized 

water and allowed to sit 30 minutes. 

Time to pond 

As a proxy for infiltration, the time to pond (TtP) method described by Verhulst et al. 

(2011a) was used. A metal wire ring of 50 cm diameter is placed on the soil surface and 

water irrigated in the middle of the ring using a watering can with a rose nozzle. The 

time taken for water to flow out of the metal ring is the time-to-pond. Six 

measurements were taken on each treatment for each validation trial. Although the 

method is highly organized and its correlation with infiltration has been validated i.e. 

by Ngwira et al. (2013b) in the current study only ratios between the two treatments are 

used to eliminate possible enumerator effects in the absolute values recorded. Within a 

site the same enumerator would perform all measurements but across the sites the 

enumerators differed. 

Plant sampling and grain yield 

At physiological maturity grain yield and stover biomass was harvested in 10 samples 

of 2 rows by 5 m (9 m²) selected at random from each treatment. A sub-sample of 20 

cobs and 500 g of stover biomass was collected and air dried to determine the grain 
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moisture, shelling percentage, dry grain weight at 12.5 % moisture content as well as 

dry stover biomass yield. The same approach was followed to collect legume harvest 

data. Thereafter yields were calculated on a hectare basis. 

Statistical Analysis 

Data were managed and diagnosed using StatistiX version 9.0 (Analytical Software, 

Tallahassee, Florida, USA) and Stata version 11.0 (StataCorp. 2009, College Station, 

Texas, USA). Distributions were tested and variances were analysed using completely 

randomized block designs, where each validation trial is a repetition within the site, 

before the descriptive and inferential statistical analyses reported. Principal component 

analysis (PCA) and biplots were used to examine the data and to see associations 

between the different variables. Biplots help in revealing clustering, multicollinearity, 

and multivariate outliers of a dataset, and they can be also used to guide the 

interpretation of PCA (Gower & Hand, 1996; Jolliffe, 2002). PCA and biplots as tools 

of multivariate data exploration have been widely used in agronomic studies. A 

multiple linear regression (MLR) was used to test and evaluate the role of the identified 

regressors in determining the variation in maize grain yield with CA treatment 

(expressed as a dummy variable) included as one of the regressors. A thorough 

regression diagnosis was performed and we found no traces of endogeneity, 

heteroscedasticity, and multicollinarity in the specification presented. In fact, we are 

reporting robust estimations with heteroscedastic-consistent standard errors. Some of 

the variables are log-transformed in order to scale them down to the other variables 

that are put in the model in levels. The multiple regression is expressed as 

�� = �� ∗ � + 	�, � = 1, … , � 

Where  

β denotes a column vector of parameters to be estimated 

x denotes a column vector of explanatory variables  

u denotes a normally distributed random component as an additive error in the 

model 

The model estimated was specified as: 

�������� = �� + �� ∗ ���	���� �	���� + � ∗ �!"���	��� + �# ∗ �!��$��	��� + �%

∗ �&����	��� + �' ∗ �("�� )������� + �* ∗ �+,� + �- ∗ ���&$$,� + �.

∗ �/0� + �1 ∗ ��� + ��� ∗ ���2� + ��� ∗ ���3� + �� ∗ ���4�� + ��#

∗ ����"� + ��% ∗ ����� + ��' ∗ �5��"����� �	���� + 	� 
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In linear regression the marginal effects are given directly by estimates of the 

parameter (slope). As our dependent variable is given in levels, the coefficient (βi) of a 

certain log transformed variable would imply that if the value of the explanatory 

variable is increased by 1%, then the value of maize yield would increase by (βi/100) 

units of maize yield.  

The MLR model was run a second time, including data from validation trials in 

Malawi and Zambia. These trials were sampled during the same time period and soil 

analyses performed at the same laboratories, but as maize grain yield and TtP data was 

reported on in earlier publications (Thierfelder et al., 2013b; Thierfelder et al., 2013c) 

results were considered in the current study only to validate the MLR. 

RESULTS 

Grain yields 

Maize 

Out of the ten sites where maize is grown in rotation with a legume crop, five showed 

greater grain yields under CA than CP: at Chikato, Lamego and Ulongue the result is 

significant with p<0.05, while at Chavakadzi and Malomwe it is only significant at 

p<0.1 (Table 3). Of the five site where maize is grown without rotation, only one 

(Gimo) showed significantly greater grain yields (p<0.1) under CA as compared to CP 

(Table 3). Between 9 and 68 % of the yield potential of the respective maize variety 

was reached in the different sites under CP, while under CA it was 17 to 97 % (Table 

3). Only in three sites under fertilized and one site under non-fertilized conditions the 

CP treatment was closer to attaining the potential yield than the CA treatment (Table 

3). Aggregating validation trial results from all sites in one RCB analysis, found greater 

yields in CA plots than in CP plots, both with and without fertilizer application (Table 

4). Subdividing the validation trials into three texture groups (>90 % Sand, >80 % 

Sand and < 20% Silt+Clay) and separating fertilized from not fertilized plots showed 

that CA benefits in sandy soils are much greater when fertilizer is applied (Figure 3). 

The RCB analysis performed aggregating validation trial results according to texture 

category found significantly greater maize grain yields under CA than CP when 

Silt+Clay content of the soil was above 20 % (Table 4). Aggregating the validation trial 

results in their specific treatment comparisons (CADSMLR vs. CPPMLR, CAMLR vs. 

CPMLR and CAM vs. CPM), it was found that all three CA options outperformed the 

respective CP treatment in terms of maize grain yield as long as fertilizer was applied 
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(Table 4). The average yield benefit of the CA treatment was 0.31 t ha-1 (8 %), 

0.5 t ha-1 (15 %) and 0.64 t ha-1 (27 %) for CAM, CAMLR and CADSMLR, 

respectively. Without fertilization, significantly greater yields were only achieved if the 

CA treatment included a rotation; the average yield benefit was 0.46 t ha-1 (21 %) 

(Table 4). 

Focussing on the age of the validation trials it was observed that the maize grain 

yield benefit of CA increases over time (Figure 4). However, already in the first years 

of CA practice a yield benefit was observed in two thirds of the validation trials. CA 

yields were on average between 11-22 % higher than CP yields for the plots sampled at 

1-3 years of CA practice rising to 31 % higher yields in year 4 and 5, 84 % in the 6th 

year and more than double the yield in the 7th season of CA. 

Legumes 

Of the three sites presenting soybean in the rotation, Chavakadzi recorded significantly 

more grain yield under CA than CP (Table 3). Cowpea under CA outyielded the CP 

harvest at Lamego and Malomwe but not at Chikato, Madziwa and Nhamizinga, and 

for the two sites presenting a maize-common bean rotation no significant differences 

in bean yield was found (Table 3). In general, the variability of the legume yields within 

and across sites was very high (Figure 5). The yield gap for the soybean crops is 

considerable in Hereford and Musami where on average only 29 % (25 %) and 20 % 

(11 %) of the potential yield of the Safari variety is achieved under CA (and CP), 

respectively (Table 3). In Chavakadzi 73 and 54 % of the yield potential of the sown 

soybean variety were reached under CA and CP, respectively (Table 3). 

Infiltration (Time to Pond) 

Time to Pond (TtP) benefits of CA over CP were recorded in 72 out of 82 cases (88 

%) and a trend towards greater TtP benefits was visible either for sandier soils (from 

<80 % to >90 % sand content) or when a rotation was part of the CA treatment 

(CADSMLR/CPPMLR and CAMLR/CPMLR) as compared to treatments with 

continuous maize (CAM/CPM) (Figure 6).The results from the randomized complete 

block analysis for each site found that TtP was greater under CA than CP at 

Chavakadzi, Hereford, Chikato, Madziwa, Musami, Malomwe, Nhamizinga, Lamego, 

Nhamatiquite, Pumbuto and Vunduzi, only at Maguai CP outperformed CA in terms 

of TtP, while for the remaining three sites no significant difference in TtP was 

recorded (Table 5). 
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Table 3: Average maize and legume grain yields in 15 on-farm sites across Mozambique and 
Zimbabwe; 2010/11cropping season. 

   Grain yield [t ha -1] 
% of yield 
potential 

 Site Crop CA CP signif.  SED N CA CP 

CADSMLR vs. CPPMLR        

 
fe

rt
ili

ze
d 

Chikato Maize-ZM525 1.01 0.51 * 0.13 5 17+ 9 

Madziwa 3.15 2.20  0.40 3 53+ 37 

Musami 1.60 1.81  0.59 6 27 30+ 

Chavakadzi Maize-PAN67 6.85 5.42 . 0.37 4 86+ 68 

Hereford 5.64 4.29  0.94 4 71+ 54 

Chikato Cowpea 0.24 0.04  0.12 5 

Madziwa 0.72 na  3 

Chavakadzi Soybean 3.64 2.71 * 0.19 4 73+ 54 

Hereford 1.44 1.19  0.18 4 29+ 24 

Musami 1.00 0.57  0.41 6 20+ 11 

CAMLR vs. CPMLR        

 
no

n 
-f

er
til

iz
ed

 Lamego Maize-Matuba 3.85 3.42  0.57 4 77+ 68 

Malomwe 1.96 1.50  0.33 5 39+ 30 

Nhamizinga 2.21 1.66  0.29 6 44+ 33 

Maguai Maize-PAN67 2.01 1.85  0.21 4 25+ 23 

Ulongue 3.45 2.74  0.84 4 43+ 34 

 
fe

rt
ili

ze
d 

Lamego Maize-Matuba 4.83 3.09 *** 0.12 4 97+ 62 

Malomwe 3.04 2.55 . 0.23 6 61+ 51 

Nhamizinga 3.79 3.06  0.38 5 76+ 61 

Maguai Maize-PAN67 2.99 3.99  0.79 4 37 50+ 

Ulongue 4.40 3.91 * 0.75 4 55+ 49 

Lamego Cowpea 1.19 0.88 * 0.72 5 

Malomwe 0.30 0.20 * 0.27 6 

Nhamizinga 0.28 0.22  0.37 5 

Maguai Common bean 1.33 1.17  0.80 4 

Ulongue 0.29 0.31  0.71 4 

CAM vs. CPM        

no
n-

fe
rt

ili
ze

d Nhamatiquite Maize-Matuba 1.74 1.26  0.21 3 35+ 25 

Pumbuto 2.43 2.49  0.18 5 49 50+ 

Vunduzi 1.51 1.40  0.19 3 30+ 28 

 
fe

rt
ili

ze
d 

Nhamatiquite Maize-Matuba 2.65 2.37  0.18 3 53+ 47 

Pumbuto 2.79 2.99  0.22 5 56 60+ 

Vunduzi 1.51 1.49  0.39 3 30 30 

Gimo Maize-PAN67 4.32 3.94 . 0.19 7 54+ 49 

Nzewe 5.82 5.03  0.44 5 73+ 63 

Values in bold are significantly greater than the counterpart treatment  
na indicates non available data; signif. codes:  0.001 ‘***’, 0.01 ‘**’, 0.05’*’and 0.1’.’ 
+ more of the potential yield is reached as compared to the counterpart treatment 



CHAPTER 1: Maize yield gains in conservation agriculture 
 

36 

Table 4: Aggregated analysis of average maize grain yields results of 15 on-farm sites across 
Mozambique and Zimbabwe; 2010/11 cropping season. 

  Maize grain yield [t ha -1] CA yield benefit  
  CA CP  SED N [t ha -1] 

F
er

til
iz

ed
 

Specific Treatment 
  

 
 

  

CADSMLR vs. CPPMLR 3.01 2.37 * 0.25 23 0.64 

CAMPLR vs. CPMLR 3.74 3.24 * 0.23 23 0.52 

CAM vs. CPM 3.82 3.51 * 0.15 24 0.31 

Texture category 
  

 
 

  

>90% Sand 2.15 1.73  0.33 9  

>80% Sand 2.79 2.58  0.16 37  

>20% Silt+Clay 5.18 4.27 *** 0.23 21 0.91 

Overall 3.53 3.05 *** 0.12 70 0.48 

N
on

-f
er

til
iz

ed
 

Specific Treatment       

CADSMLR vs. CPPMLR       

CAMPLR vs. CPMLR 2.61 2.15 * 0.19 23 0.46 

CAM vs. CPM 1.99 1.86  0.12 11  

Texture category       

>90% Sand 3.41 3.02  0.35 3  

>80% Sand 2.17 2.00  1.39 25  

>20% Silt+Clay 2.92 1.79 * 0.37 6 1.13 

Overall 2.41 2.05 * 0.14 34 0.36 

Values in bold are significantly greater than the counterpart treatment 
signif. codes: 0.001 ‘***’, 0.01 ‘**’and 0.05’*’ 

 

Figure 3: CA/CP ratio of Maize grain yield from the validation trials for the 2010/11 
cropping season. The data is subdivided in groups by soil texture categories. Results from sub-
treatments where fertilizer was applied are displayed on the left while non-fertilized ones are 
on the right. 
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Figure 4: Maize grain yield benefits of CA in function of the number of years CA practice on 
the plot. All points above the y=1 line display validation trials where the CA plot 
outperformed the CP plot. The regression between years of CA practice and CA/CP ration of 
maize grain yield is displayed as dashed line. 

 

 

Figure 5: Legume grain yield variability within and across study sites (2010/11 cropping 
season). The shape of the points displays the treatment. 
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Figure 6: CA/CP ratio of Time to Pond (measured between June and September 2011). Each 
point represents a validation trial; on the left the trials are grouped according to the specific 
treatment comparison, on the right according to soil texture. 

 

Table 5: Time to Pond (s) averages per site; measured between June and September 2011. 

 Chavakadzi (8)  Chikato (10)  Hereford (7)  Madziwa (3)  Musami (6)  
CADSMLR 7.0a 5.1a 8.5a 5.6a 6.0a 

CPPMLR 4.3b 3.0b 5.0b 3.3b 3.3b 

SED 0.34 0.23 0.60 0.74 0.28 

 *** *** ** . *** 

 Lamego (5) Maguai (4) Malomwe (6) Nhamizinga (5)  Ulongue (4) 

CAMLR 12.8a 12.8b 7.1a 6.6a 14.1a 

CPMLR 9.2b 14.9a 3.9b 3.1b 13.7a 

SED 1.06 0.51 0.29 0.35 0.54 

 * * *** ***  

 Gimo (7) Nhamatiquite (3)  Nzewe (6) Pumbuto (5) Vunduzi (3) 

CAM 11.2a 6.8a 15.2a 6.3a 5.3a 

CPM 11.9a 3.3b 13.8a 3.1b 3.1b 

SED 0.54 0.27 0.86 0.33 0.35 

  **  *** * 

In brackets the number of validation trials sampled within the respective site is given 
Values followed by different letters indicate significant differences between  
treatments within the site; signif. codes: 0.001 ‘***’, 0.01 ‘**’, 0.05’*’ and 0.1’.’ 
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Explaining maize grain yields: principal component analysis and multiple 

linear regression 

The variability within the dataset (soil physical and chemical parameters measured) was 

explored through principal component analysis (PCA). The four principal components 

account for 77 % of the variation in soil parameters between the validation trial plots 

(Table 6). The first principal component is related to soil structure parameters such as 

sand content (Sand), aggregate distribution (AggD), clay content (Clay) and bulk 

density (BD) as well as to total carbon (C), extractable calcium (Ca) and magnesium 

(Mg) among the chemical parameters. The second factor is related to total nitrogen 

(N) and pH, while the third to extractable phosphorus (P) and potassium (K). Finally 

the fourth factor is related to extractable zinc (Zn). The PCA-biplot displays that the 

first two principal components factors explain 44 % and 15 % of the variability (Figure 

7). No clustering of the data points according to treatment and/or mega environment 

was observed. Even within sites the different validation trials do not always cluster 

closely in term of soil properties, thus no distinction is shown in the PCA-biplot 

(Figure 7). 

The first multiple linear regression (MLR) model run using the Mozambique and 

Zimbabwe validation trial data, identifies latitude and altitude as well as potassium (K) 

as yield determining factors (p<0.05) (Table 7A). Sand content was also found to have 

a negative and significant influence on maize grain yield (p-value =0.051). An increase 

in latitude by 1 unit leads to a maize grain yield increase of 684 kg ha-1, while for each 

meter of altitude more 2 kg ha-1 of maize grain are lost. An increase of K of 1 mg kg-1 

of soil adds 7 kg ha-1of maize grain yield (Table 7A). Results from the second MLR 

which included observations from Malawi and Zambia are in line with the first model’s 

result (Table 7B). Latitude and altitude as well as sand content are highly significant 

determinants of maize grain yield. An increase of one unit of latitude and altitude will 

result in +621 and -2 kg ha-1 of maize grain, respectively. Sand content negatively 

influences maize grain yield, with 59 kg ha-1 less yield for each added % of sand in the 

soil. K was also found to be marginally significant (p<0.1) in determining maize grain 

yield. And CA was found to be positively and strongly influencing grain yield. The 

model predicts an increase of 759 kg ha-1 of maize grain when practicing CA over CP. 
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Table 6: Rotated loadings of principal component of soil physical and chemical parameters 
after PCA. 

Principal component factors Rotated loading of the retained four factors 

 Eigenvalues Influence Variable f1 f2 f3 f4 

Factor 1 (f1) 5.27 0.44 Sand content[%] -0.91    

Factor 2 (f2) 1.79 0.15 Clay content [%] 0.84    

Factor 3 (f3) 1.10 0.09 Bulk Density [g cm-3] -0.44 -0.50   

Factor 4 (f4) 1.03 0.09 AggD [MWD] 0.90    

Factor 5 0.77 0.06 C [%] 0.68 0.37   

Factor 6 0.58 0.05 P [mg kg-1]   0.87  

Factor 7 0.45 0.04 K [mg kg-1]   0.71  

Factor 8 0.41 0.03 Ca [mg kg-1] 0.80    

Factor 9 0.30 0.03 Mg [mg kg-1] 0.88    

Factor 10 0.17 0.01 Zn [mg kg-1]    0.98 

Factor 11 0.09 0.01 N [%]  0.89   

Factor 12 0.03 0.00 pH 0.43 0.48   

AggD = aggregate distribution; blanks represent abs (loading) <0.3 

 

 

Figure 7: PCA-biplot displaying all sampled plots clustered according to soil physical and 
chemical properties: sand content (Sand), clay content (Clay), bulk density (BD), aggregate 
distribution (AggD), pH and chemical elements (Mg, Ca, C, K, N, P and Zn). 
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Table 7: Determinants of maize grain yield for the 2010/11 cropping season. 

  
A 

Mozambique and 
Zimbabwe data 

B 
Including Malawi and 

Zambia data 2 

Type Variable Coef.   Coef.   

Country  

Mozambique -0.427 (0.484)  -0.313 (0.591)  

Zambia    1.828 (1.085)  

Zimbabwe    0.344 (0.443)  

Location 

Latitude 0.684 (0.154) *** 0.642 (0.106) *** 

Longitude -0.285 (0.347)  -0.076 (0.211)  

Altitude [m a.s.l.] -0.002 (0.001) ** -0.002 (0.000) *** 

Soil physical 
parameters 

Sand content [%] -0.046 (0.024) . -0.059 (0.019) ** 

Bulk density [g cm-3] -0.466 (1.677)  -1.907 (1.295)  

Aggregate distribution1 [MWD] 0.353 (0.349)  0.154 (0.294)  

Soil chemical 
parameters 

pH 0.031 (0.268)  -0.156 (0.233)  

C [%] 0.418 (0.361)  0.054 (0.275)  

P 1 [mg kg-1] 0.204 (0.153)  -0.075 (0.103)  

K 1 [mg kg-1] 0.763 (0.260) ** 0.400 (0.217) . 

Zn 1 [mg kg-1] -0.039 (0.166)  0.052 (0.125)  

Na 1 [mg kg-1] -0.147 (0.197)  -0.019 (0.165)  

N 1 [%]  -0.072 (0.163)  -0.224 (1.155)  

Management Treatment  0.168 (0.231)  0.759 (0.197) *** 

 Intercept 27.755 (14.149)  24.273 (7.152) *** 

 N 129 222 

 r2 0.612 0.573 

 F 16.346 25.776 

 ll -193.367 -357.549 

 aic 418.734 751.098 

 bic 464.491 812.346 

Standard errors in parentheses; signif. *** p<0.001,** p<0.01,* p<0.05 and . p<0.1 
1 Variables log-transformed before the regression to approach a normal distribution 
2 The study’s dataset (Mozambique and Zimbabwe validation trial results) expanded by 
addition of data from validation trials at Chinguluwe, Mwansambo, Zidyana, Herbert, 
Lemu, Malula, Matandika (all in Malawi) (Thierfelder et.al. 2013b) and Malende (Zambia) 
(Thierfelder et. al. 2013c). 
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DISCUSSION 

Yield gains under CA observed across agro-ecologies 

In the current study CA has been found to outyield traditional cropping systems in six 

sites across Zimbabwe and Mozambique belonging to four different maize mega 

environments (namely: wet lowlands, dry mid-altitude, wet upper mid-altitude and 

highlands). Previous research for the 2010/11 cropping season showed increased 

maize productivity in validation trials under CA in eight out of nine sites in Central 

and Southern Malawi with diverse biophysical characteristics (Thierfelder et al., 2013b) 

as well as in two communities of Zambia (Thierfelder et al., 2013c) belonging to the 

wet lower mid-altitude and wet upper mid-altitude maize mega environment. This 

result adds to the growing number of observations from different agro-ecologies in 

which CA has been found to have positive impacts on yields. This also helps to 

identify the areas “under which ecological [...] conditions CA is best suited for” in 

Southern Africa as was demanded by Giller et al. (2009). However, it was also observed 

that soil texture has an influence on the performance of the CA system and so do 

fertilization and rotations (management practices). The texture, rotation and 

fertilization effects observed in the current study are in line with Rusinamhodzi et al. 

(2011)’s finding that improved yields are more likely to be observed on well drained 

soils, when rotations are practiced and when nutrients are applied.  

Effects of fertilization  

Results from the current study indicate that maize yield improvements under CA are 

not achieved without fertilization unless a rotation with legumes is implemented. 

Average mineral fertilizer consumption in Sub-Saharan Africa has been stagnating for 

the past 25 years and did not exceed 12 kg per hectare in 2010 (about 7.5 kg N, 1.3 kg 

P and 1.2 kg K) (Sommer et al., 2013). With such low fertilization rates it is 

questionable if the CA system would suffice to give farmers a yield benefit (Vanlauwe 

et al., 2014). This is particularly true as rotations are only applied on a small fraction of 

the farm area too. Household survey data from Mozambique, Zimbabwe, Zambia and 

Malawi reports maize is grown on 46, 49, 54 and 70 % of the farm area while grain 

legumes only occupy 12, 25, 12 and 15 % of the farm area, respectively (Kassie et al., 

2012). Although legumes in the rotation have the potential to significantly contribute 

to soil fertility, their contribution is limited by the smaller area allocated to these crops. 

Kassie et al. (2012) found that 25% of the farm area is allocated to legumes in 

Zimbabwe, which is substantially more than the mere 10 % highlighted by Mapfumo 
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& Giller (2001). This might indicate that cropping choices of smallholder farmers are 

shifting creating more favourable conditions for CA to be a fitting cropping system. 

Time scale of maize yield benefit sunder CA 

While in the first four years of CA practice in up to 33 % of the validation trials 

covered by the current study a yield penalty was observed, in the 5th year only 1 out of 

10 validation trials recorded a yield loss and thereafter only yield benefits were 

observed under CA. Thus, the study confirms an increase in maize grain yield benefits 

over time and shows that in the majority of cases the yield benefits can be observed 

already in the first years of CA practice. These findings are in contrast with Giller et al. 

(2009)’ observation that yield benefit might not occur for up to ten years after a 

change in cropping system. To the contrary, our results indicate that yield losses are 

not as likely in the first years and very unlikely after five years of practicing CA. In 

their meta-analysis Rusinamhodzi et al. (2011) considered only studies of five or more 

year’s duration and showed increases in maize grain yield with time what promises 

further gains for farmer practicing CA in the long term. In the current study’s 

validation trials improved management (e.g. early seeding, timely weeding, etc.) is a key 

factor that was implemented concomitantly with CA and contributed to the immediate 

increase in maize grain yields observed. In fact the countries average yields of 1.2 and 

0.9 tons per hectare, in Mozambique and Zimbabwe, respectively for 2011 

(FAOSTAT, 2014) are lower than the figures measured in this study‘s CP treatment in 

all sites except for one (Zimuto, Zimbabwe). To fully understand and estimate the 

potential of CA on smallholder farmers’ fields in Southern Africa an additional step 

would be needed: collecting and comparing farmers’ yield data with local management 

and without scientific oversight. This would allow assessing the performance of CA 

against a conventional system under real farmers’ circumstances. 

Legume yields 

The difference in legume yield between the two cropping systems was less 

pronounced. Out of the ten sites with maize - legume rotations only one site with 

soybean and two sites with cowpea had significantly higher grain yields under CA than 

CP. When comparing the yields of the two treatments on the validation trials with the 

country averages for 2011 – 1.4 t ha-1 of soybean in Zimbabwe and 0.2 and 0.3 t ha-1 of 

cowpea and common beans, respectively in Mozambique (FAOSTAT, 2014) – we 

observe that legume yield on the validation trials outperformed the country average 

only in Chavakadzi (Soybean) and Lamego (Cowpea). A possible explanation for this 
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could be that farmers did not allocate the same care to the legume crop as they did for 

the maize crop because it was too labour intensive (Andersson & Giller, 2012) or 

because there is no ready market for the legume crop. 

Infiltration (Time to Pond) 

The increased infiltration measured through longer TtP observed in CA as compared 

to CP plots confirms on a broader regional scale previous findings from measurements 

taken in Malawi (Ngwira et al., 2013b; Thierfelder et al., 2013b) and Zambia 

(Thierfelder et al., 2013c). An advantage of CA in TtP was already observed in earlier 

years on the same validation trials: for example at Chikato and Hereford (Thierfelder 

& Wall, 2012) as well as Madziwa (Thierfelder et al., 2012). Ngwira et al. (2012) found 

comparable results for TtP at two validation trial sites in Ntcheu district, Malawi. 

Experimental research from long-term trials attributed greater water infiltration rates 

to CA. At Monze Farmer Training Centre in Zambia 57 and 87 % higher infiltration 

was measured on a direct seeded CA treatment as compared to CP in the 2005/06 and 

2006/07 cropping season, respectively (Thierfelder & Wall, 2009); at Henderson 

Research Station in Zimbabwe measured infiltration rates ranged between 50-200 % 

more on CA treatments depending on the measurements in 2006 to 2012 (Thierfelder 

et al., 2012). All these results indicate that infiltration benefits from practicing CA 

already appear in the short term. 

Mupangwa et al. (2007) found mulching to be responsible for increased soil water 

conservation on a clayey and sandy soil in Zimbabwe: “soil water content consistently 

increased with increase in surface cover” independent from tillage practice. In the 

absence of mulch, APSIM modelling of two tillage treatments – oxen-drawn 

conventional ploughing and ripping – suggested ripping has the potential to reduce 

surface runoff and recharge groundwater resources but both treatments lose 62 % of 

the annual rainfall through soil evaporation (Mupangwa & Jewitt, 2011). This finding 

indirectly highlights the importance of mulch for water conservation. Indeed Fowler & 

Rockström (2001) stated that in drought prone areas or where rainfall is erratic the 

major benefit from mulch is moisture capture and retention. Greater infiltration rates 

can also be attributed to improvements in soil pores through biological activity (Roth, 

1985). In this respect the importance of earthworms has been highlighted (Ehlers, 

1975; Kladviko et al., 1986). Significantly larger earthworm numbers have been found 

in CA treatments of a long-term trial in Zambia (Thierfelder & Wall, 2010b). 

Earthworm activity is influenced by the amount of residues (feed) available (Kladviko 

et al., 1986). Therefore residues contribute to water conservation in three ways: (i) 
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direct water infiltration, (ii) moisture retention and (iii) indirectly by fostering 

earthworm activity and related improved soil pore size distribution. 

Principal Component Analysis and Multiple Linear Regression 

The data visualization using biplots based on markers extracted from PCA illustrates 

that some of the soil chemical and physical properties could be clustered based on the 

observations made across the trials sites. These results can be helpful when having to 

reduce the number of analyses because of limited research funds. A clustering of sites, 

or mega-environments has not been observed indicating that soils can be very variable 

even within a small radius. 

The linear regression model revealed that CA has a highly significant (p<0.001) 

effect on maize yield after controlling other key sources of variation. In fact, soil 

properties such as sand and potassium (K) content and spatial parameters such as 

latitude and altitude were also found to be significantly impacting maize grain yield. It 

is no surprise that location plays an important yield determining role. Sand content has 

a negative effect on yield which is explained by sandier soils having lower water, 

organic matter and nutrient retention ability and a tendency to temporarily waterlog if 

drainage is limited. The fact that K content was found to have a marginal but 

significant influence on yield might be an indication that K is a limiting nutrient in the 

soils of the study area; a finding that is somewhat worrisome as for example in Malawi 

K is mostly excluded in the recommended fertilizer blends. 

CONCLUSION 

The current study evaluated the effect of CA across a range of different agro-ecologies 

in Mozambique and Zimbabwe and found that CA principles and practices can 

improve both maize grain yield and water infiltration. It also showed that yield gains 

are already achieved in the first years of practicing CA. After five years, the likelihood 

of experiencing yield penalties was minimal. However, it was also observed that 

fertilization and rotations had a significant effect on the magnitude and likelihood of 

possible yield gains. Yield gains were not apparent if no fertilizer was applied and in 

circumstances of continuous maize monoculture (which de facto are not to be called 

CA according to the definition but can correspond to the farmers’ reality). The 

multiple linear regression analysis identified the practice of CA as a yield determining 

factor. Beside the management choice to practice CA over a conventional cropping 

system the location (longitude and altitude) had a high influence on yields and among 
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the soil properties sand content was identified to be yield determining. Thus, CA has 

the potential to positively influence maize grain yields but at the same time other 

factors like sand content and altitude can have a negative impact that might be 

stronger than the potential benefit from CA. The multiple linear regression also 

identified K as a yield determining factor, although when validating the model with a 

bigger dataset this result was only marginally significant. We suggest evaluation of K-

fertilization to be included in future research studies in order to exclude a systematic 

nutrient limitation throughout Southern Africa. 

The data presented in this study is generated on-farm but still in a research setting, 

where protocols for field operations are followed, ensuring best management practices 

such as early seeding, timely weeding, etc.. The research setting allowed for fair 

comparison between treatments but obscured possible non biophysical bottlenecks of 

the CA system (e.g. increased weed pressure that cannot successfully be managed by 

labour constraint farmers, resulting in yield penalties). Therefore the present study 

does not identify the niche and “socio-economic conditions, CA is best suited for” as 

has been previously demanded by Giller et al. (2009). 
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ABSTRACT 

In view of the importance of soil carbon (C) and the scarce data on how conservation 

agriculture (CA) might influence its accumulation in Southern Africa, this study 

presents data from 125 on-farm validation trials across 23 sites in Malawi, 

Mozambique, Zambia and Zimbabwe. These validation trials are paired plot 

comparisons of conventional practice (CP) and CA that had been established between 

2004 and 2009. Traditional cropping systems vary across the study area although they 

all are tillage based and maize is the main crop grown. The treatments proposed on the 

validations trials reflect this variability in CP and propose an adapted CA option. The 

sites are thus grouped into four specific treatment comparisons. Bulk density and soil 

C concentrations were measured from samples collected at four depth layers (0-10 cm, 

10-20 cm, 20-30 cm and 30-60 cm), thereafter C stocks were calculated. On the basis 

of the stover biomass harvest C inputs were assessed. No consistent differences in 

bulk density and soil C concentrations were found. Carbon stocks were found to be 

positively influenced by CA only when a mouldboard ploughed maize-legume rotation 

was compared to a direct seeded maize legume rotation (with residue retention). Even 

when increases were significantly greater under CA as compared to CP the order of 

magnitude was small (~2 Mg ha-1). Limited C inputs, ranging between 0.1-1 mg C per 

g of soil and year, are likely to be the major bottleneck for C increase. These results, 

based on on-farm validation trials indicate that there is a limited potential for CA to 

significantly increase soil C stocks after up to 7 years of practices, in the studied 

systems. 

 

Keywords: residue retention; no-tillage; soil fertility; soil organic matter; carbon 

sequestration; Zimbabwe, Malawi; Zambia; Mozambique 
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INTRODUCTION 

Conservation agriculture (CA) is defined as a system based on a) minimum soil 

disturbance, b) permanent soil cover (e.g. through crop residue retention) and c) crop 

rotations or association (FAO, 2002). It has been widely promoted in Southern Africa 

in the past decade to address accelerating soil degradation and declining productivity as 

well as to adapt to climate variability and change (Thierfelder et al., 2014). Although 

biophysical benefits at the field level have been well documented (Hobbs, 2007; 

Hobbs et al., 2008; Kassam et al., 2009; Mazvimavi et al., 2008; Mupangwa et al., 2008; 

Mupangwa et al., 2012, 2013; Mupangwa et al., 2007; Thierfelder et al., 2012, 2013a; 

Thierfelder et al., 2013b; Thierfelder et al., 2013c; Thierfelder & Wall, 2009, 2010b; 

Wall, 2007) the system has also sparked debate with claims that CA has not been 

sufficiently tested and scientific data is missing to warrant widespread promotion 

(Andersson & Giller, 2012; Andersson et al., 2014; Giller et al., 2011; Giller et al., 2009). 

Among the knowledge gaps highlighted by Giller et al. (2009) was the uncertainty of 

CA systems to increase soil carbon stocks.  

In CA systems major inputs in carbon can be expected through the retention of 

crop residues, crop rotation and, depending on the soil type, the reduction in soil 

tillage (Chivenge et al., 2007; Thierfelder & Wall, 2010b, 2012). Results from different 

authors on long-term stabilization of soil carbon (C) showed a general increase in soil 

C stocks under no-tillage (the first principle of CA) compared with conventional tillage 

for both tropical and temperate soils (Six et al., 2002). A meta-analysis of soil C stocks 

done to at least 30 cm depth after at least 5 years of continuous practice, found that in 

7 out of 78 cases the soil C stock was lower in no-tillage compared with conventional 

tillage, in 40 it was higher, and in 31 there was no significant difference, thus showing 

no consistent pattern of increased C accumulation in the soil with no-till practices 

(Govaerts et al., 2009). Govaerts et al. (2009) also highlighted that sufficient 

information and research evidence on the influence of tillage, residue management and 

crop rotation on C storage was lacking especially for tropical and subtropical areas. 

More recent publications have tried to fill this research gap for Southern Africa. 

Experimental data from Henderson Research Station in Zimbabwe showed 

significantly greater soil C stocks in the 0-10 cm and 10-20 cm depth layers after only 

four years of different CA practices (e.g. ripline seeded maize-legume intercropping as 

compared with conventionally ploughed continuous maize) (Thierfelder et al., 2012). 

Similarly, at Monze Farmer Training Centre in Southern Zambia C concentrations 

(Thierfelder & Wall, 2010b) and C stocks (Thierfelder et al., 2013a) were greater under 

CA than conventional practice for the 0-10 cm depth layer as well as the 0-30 cm 

depth layer after only four years of treatment. At Matopos Research Station in 
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southern Zimbabwe significant increases in soil C concentrations were observed over 

time for ploughed, ripped and basin planted fields that received annual applications of 

cattle manure and maize residues, with the greatest increases recorded in the planting 

basins (Mupangwa et al., 2013). However, under on-farm conditions, where residue 

management is less controlled, results on soil C changes in response to CA practices 

were inconclusive. Nyamangara et al. (2013) for example found no significant 

difference in C concentration (0-20 cm depth) between CA (up to nine years) and 

conventional animal drawn tillage fields across fifteens districts in Zimbabwe. In 

another on-farm study Nyamangara et al. (2014) subdivided soils sampled to 15 cm 

depth into two categories based on clay content (low: 12-18 %; high: >18-46 %). They 

found significantly greater C concentrations under CA (up to five years) as compared 

with conventional animal drawn tillage for soils with low clay content, but no 

differences for soils with a high clay content and no differences either in C stocks (0-

15 cm depth) of both low and high clay soils (Nyamangara et al., 2014). In Malawi 

significantly greater C concentrations for 0-20 cm depth were found under no-tillage 

(with residue retention) as compared with conventional ridge tillage for fields that had 

been under no-tillage for 4 and 5 years consecutively (Ngwira et al., 2012). Mloza-

Banda et al. (2014) found increased soil C concentrations under CA (two and four 

years of no-tillage and residue retention) as compared with conventional ridge tillage in 

a sample of six on-farm fields in Central Malawi. In all these studies minimum soil 

disturbance and crop residue retention were parts of the CA systems investigated, 

while rotations were not always implemented. 

Not all the above cited studies measured bulk densities and reported changes in C 

stocks, making it impossible to assess the potential of CA systems to sequester C. In 

the present study, the focus was on changes in C stocks in response to different CA 

practices in smallholder farmers’ fields of Southern Africa. Data was collected from 

125 on-farm validation trials in 23 sites across Southern Africa. The results presented 

here test the hypothesis that C stocks in fields planted under CA for 2-7 years are 

greater than in conventionally tilled fields. 

MATERIAL AND METHODS 

Study area 

The study was carried out in 23 sites across Malawi, Mozambique, Zambia and 

Zimbabwe (Table 1). Rainfall in the area follows a unimodal pattern and total rainfall 
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per year varies from less than 400 mm of low and erratic rainfall at Chikato, 

Zimbabwe and Lamego, Mozambique to more than 1600 mm in Malomwe and 

Nhamizinga, Mozambique (Table 1). The majority of soils in this study have a sandy 

loam texture (Table 1), the dominant soil types are Luvisols, Arenosols, and Lixisols 

(IUSS Working Group WRB, 2014). 

Experimental design and plot management 

At each site 3-10 validation trials had been established between 2004 and 2009 and the 

investigated plot age ranged between 2 and 7 years at the time of sampling. Each 

validation trial was hosted by one farmer (or in some sites groups of farmers) and was 

0.3 ha in size, subdivided in three sub-plots of 0.1 ha. All validation trials had a 

conventional control plot (CP) which was compared with two CA treatments. In 

addition, CA and CP plots were occasionally split in half and present either a 

fertilization sub treatment or two phases of a maize-legume rotation. Fertilization was 

the same at each site throughout the study but varied between countries. Although we 

know that in some cases farmers do not apply fertilizer in their traditional practice we 

maintained the same fertilization rate in all treatments to have a valid comparison 

(Thierfelder & Wall, 2012). Fertilizer levels represented typical but not optimal 

fertilization rates to take into account the ability of farmers to purchase mineral 

fertilizer. Only in Malawi and Zambia we followed the recommended fertilization rate 

of the Ministries of Agriculture. Maize and legume varieties varied between sites but 

were the same in each site and year. Maize plant densities were targeted at 44 000 

plants ha-1 in Zimbabwe, Southern Zambia and Central Mozambique while in Malawi 

and Northern Mozambique the target population was 53 000 plants ha-1. 

Treatment description 

The CP and only one of the two CA treatments were sampled for this study at each 

validation trial. The treatments at each site varied across countries. For more 

information on the treatments implemented see Thierfelder et al. (2015a). A short 

summary of the treatments compared in this study is given below. 

In Malawi we compared: 

(a) Conventional control treatment (CPRFM), with continuous maize 

planted in a ridge and furrow system prepared in September/October with a 

hand hoe and crop residue incorporation or removal depending on the 

common practice in the respective site. 
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(b) Conservation agriculture with maize/legume intercropping (CAMLI) planted 

with maize and intercropped either with pigeon pea or cowpea in no-tillage 

and with residue retention at a rate of 2.5-3 t ha-1. 

The CAMLI treatment was planted with a dibble stick (a pointed stick) which 

creates two holes; one for seed and one for fertilizer at planting. Maize was fertilized 

with 69N:9P:4S kg ha-1, applied as a basal dressing at seeding and urea as a top 

dressing approximately 5 weeks after crop emergence. In CPRFM hand weeding with a 

manual hoe and “banking” (re-shaping of ridges) was the only form of weed control. 

In CAMLI, weeds were controlled through glyphosate at a rate of 2.5 l ha-1 applied 

pre-emergence and subsequent hoe weeding whenever needed. 

In Mozambique the treatments compared were: 

(a) Conventional practice, where residues are burned during the winter season 

and trees and shrubs are dug out and burned in the field.  

(b) Conservation agriculture, direct seeded under no-tillage with a dibble stick or 

jab-planter (Fitarelli Maquinas Agricolas, Brazil; www.fitarelli.com.br) and 

crop residues retained as mulch after harvest. 

(1) In Cafumpe, Nhamatiquite, Nhanguo, Nzewe and Gimo both treatments 

were under continuous maize.  

(2) In Malomwe, Nhamizinga, Lamego, Maguai and Ulongue the main 

treatments were subdivided in plots displaying the two phases of a maize-

legume rotation.  

To distinguish between treatments we use the following acronyms: (1) 

conventional practice continuous maize (CPM) and conservation agriculture 

continuous maize (CAM); (2) conventional practice maize legume rotation (CPMLR) 

and conservation agriculture maize legume rotation (CAMLR). 

Maize fertilization was 58N:10P:8K kg ha-1 in form of a basal dressing at seeding 

and a split application of urea as top dressing at 4 and 7 weeks after crop emergence. 

In the legume phase only basal dressing at a rate of 12N:10P:8K kg ha-1 was applied. In 

CPM and CPMLR manual hoe weeding was the only form of weed control. In CAM 

and CAMLR weed control was achieved through a pre-emergence application of 

glyphosate at a rate of 2.5 l ha-1 and subsequent hoe weeding whenever needed. 

In Zimbabwe: 

(a) Conventional control treatment with residue removal (CPPMLR), where 

tillage is done with a mouldboard plough at shallow soil depth (10-15 cm) 
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and planting is done into furrows created by the plough; remaining crop 

stubbles and weeds are incorporated by the plough. 

(b) Conservation agriculture direct seeding (CADSMLR) using an animal drawn 

direct seeder (Fitarelli Maquinas Agricolas, Brazil; www.fitarelli.com.br), with 

residues retained in situ after harvest at a rate of 2.5-3 t ha-1.  

Both treatments were planted with a maize-soybean rotation (Shamva, Bindura 

and Murehwa) or a maize-cowpea rotation (Zimuto, Madziwa). Fertilisation was equal 

for both treatments at 81N:10P:10K kg ha-1 applied as basal dressing at seeding and 

ammonium nitrate (AN) as top dressing at 4 and 7 weeks after crop emergence in the 

maize phase and 11N:10P:10K kg ha-1 at seeding in the legume phase. Weed control in 

CPPMLR was achieved with the mouldboard plough prior to seeding and manual 

hand hoeing or by cultivator during the growing season; in CADSMLR with 

glyphosate at a rate of 2.5 l ha-1 at seeding followed by manual hoe weeding whenever 

needed (usually 2-4 times per cropping season). 

In Zambia: 

In Southern Zambia (Malende), the treatments were the same (CPPMLR and 

CADSMLR) as in Zimbabwe but fertilised at a higher rate (109N:14P:14K kg ha-1). All 

treatments presented maize in rotation with a legume. The legume grown was 

soybeans in the first two seasons (2005/06 and 2006/07) and cowpeas from there 

onwards. 

Soil carbon and bulk density sampling and analysis methods 

Between June and September 2011 composite soil samples (6 sub-samples per 

treatment) were collected using a soil auger at four depth layers (0-10 cm, 10-20 cm, 

20-30 cm and 30-60 cm). Furthermore, undisturbed soil core samples from the same 

depth layers (one sample for three top layers and two samples for 30-60 cm) were 

collected using an Eijkelkamp sample ring kit (07.53.SE) with closed ring holder 

(www.eijkelkamp.com) in one point per treatment. 

Bulk density was calculated as:  

+, =
�678

9
 

Where:  

BD = field bulk density (Mg m-3) 

mdry = dry weight of the undisturbed soil core (Mg) 
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v = volume of the soil core (m3) 

Total C was measured on a <0.595 mm sample analysed through dry combustion 

on a CE Elantech/Thermo Scientific Flash EA 1112 C/N Analyzer, Rodano, Italy. C 

stocks were calculated using the following formula described by Ellert & Bettany 

(1995). 

�:;:<:=> = )��) ∗ +,? ∗ 5 ∗ 10000 ∗ 0.001 

Where: 

Melement is the element mass per unit area (Mg ha-1) 

conc is the element concentration (kg Mg-l) 

BDx is the field bulk density (Mg m-3) of depth layer x 

T is the thickness of soil layer (m) 

10 000 is the amount of m2 in one hectare (m2 ha-l) 

0.001 is the conversion factor from kg to Mg (Mg kg-1) 

Lacking pre-experimental bulk density and soil C data from the studied validation 

trials, results are based on the assumption that soil parameters were initially the same 

at each validation trial. Any difference recorded was assumed to be a result of different 

plot management such as different tillage, residue retention, rotation and/or 

intercropping. 

Carbon input 

Since establishment of the on-farm validation trials grain and stover biomass yield data 

was collected at the end of each season as previously described by Thierfelder et al. 

(2015b). On CA plots, crop residues were left to decompose on the soil surface after 

harvest while the ones from the CP plots were removed for other uses. Thus, harvest 

data of stover biomass (Mg ha-1) for both maize and legumes grown on the CA plots 

of the validation trials was used as estimation of the amount of residues retained. The 

total amount of residues retained during the entire duration of the respective validation 

trial was divided by the number of years the validation trial has been running in the 

specific site. The residue retained per year, was transformed into C added via residues 

(Mg ha-1 a-1) following the assumption that 40 % of the dry biomass is C (Yang & 

Wander, 1999). To assess the magnitude of C added via residues in comparison to the 

soil mass we calculated C input as mg of C added via residue retention per g of soil in 

the top 30 cm of 1 ha. 
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���/	� =
���B��	�B

+,30 ∗ 0.3 ∗ 10000
 

Where: 

Cinput is the amount of C added to the soil via residue retention (kg Mg-1 a-1) 

Cresidues is the C added via the residues retained (kg ha-1 a-1) 

BD30 is the average field bulk density (Mg m-3) for the 0-30 cm depth layer 

0.3 is the thickness of soil layer considered (m) 

10 000 is the amount of m2 in one hectare (m2 ha-l) 

Statistical Analysis 

Bulk density, total C concentration and C stocks of each soil depth layer were 

subjected to an analysis of variance (ANOVAs) using completely randomized block 

designs (RCB). The analysis was performed for each site separately with the validation 

trials being the blocks in the RCB model. The statistical package StatistiX version 9.0 

(Analytical Software, Tallahassee, Florida, USA) was used for most of these analyses. 

Further, we used a linear mixed-model approach (Restricted Maximum Likelihood 

(REML)) in Stata version 11.0 (StataCorp. 2009, College Station, Texas, USA) to test if 

the practice of CA significantly influences C stocks within the groups of sites that 

presented the same specific treatments (CPPMLR vs. CADSMLR, CPMLR vs. 

CAMLR, CPRFM vs. CAMLI and CPM vs. CAM). The final model used was: 

����?� = D + 5��"����� + ("�� + EFGH + IJKFLJGFMN GOFJK + P 

Where:  

Cx refers to the C stock of depth layer x (Cx has been log-transformed to fit the 

assumption of normal distribution and decrease the impact of outliers on the 

models results), 

µ is the overall mean effect,  

Treatment is the effect of the treatments under observation, 

Sand is the effect of soil Sand concentration, 

Site is the effect of the site in which the single validation trials are found 

Validation trial is the effect of the single validation trial and 

ε is the error associated with the sites and farmers, which is assumed to be 

normally and independently distributed, with mean zero and homoscedastic 

variance (σ2). 

The components in bold are the random effects in the model. 
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RESULTS 

3.1 Bulk density 

Bulk density (BD) was measured to calculate C stocks on the basis of the measured C 

concentration data. The average for BD from all on-farm trials considered in this study 

is slightly lower under CA as compared with CP for the topsoil layer (0-10 cm), equal 

in the 10-20 and 20-30 cm layers and slightly greater in the 30-60 cm soil layer (Figure 

1). Significant differences between bulk densities in CP and CA treatments for one of 

the depth layer were only observed in five occasions (Tables A-D of supplementary 

material): In Herbert, Malula and Chikato the top soil layer (0-10 cm) displayed greater 

BD under CP than CA; in Musami the 0-10 cm depth layer had greater BD under CA 

than CP; and in Maguai higher BD under CP than CA was measured for the 20-30 cm 

depth layer. In none of the 23 sites differences in bulk density between CA and CP 

plots were observed for the 0-30 cm bulk density (that was calculated averaging the 

measurements taken for 0-10, 10-20 and 20-30 cm) (Tables A-D of the supplementary 

material). 

 

Figure 1: Averages and respective standard errors for bulk density (g cm-3) and carbon 
concentration (mg g-1) data measured for four depth layers (0-10, 10-20, 20-30 and 30-60 cm) 
in CA and CP treatments across 23 sites (125 on-farm validation trials). 
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Soil carbon concentrations 

Measured soil C concentration ranged between 1.1 and 41.3 mg g-1 for 0-10 cm, 0.5-

41.5 mg g-1 for 10-20 cm, 0.6-42.3 mg g-1 for 20-30 cm and 0.5-40.4 mg g-1 for 30-60 

cm soil depth (Table 2). Average C for 0-30 cm depth was below 11 mg g-1 in fifteen 

of the sites and between 12-20 mg g-1 in the remaining eight sites (Tables E-H of 

supplementary material). 

Average C concentration of all validation trials gradually decreased along the soil 

profile (Figure 1). The statistical analysis performed for each site and depth layer found 

little significant differences in C between the two treatments (CA, CP) (Tables E-H of 

supplementary material). Highly significant differences (p<0.001) in C were found only 

at Chikato: in the 0-10 cm top layer C was 3.07 and 1.94 mg g-1 in the CA and CP 

treatment, respectively (Table H of supplementary material). At Nzewe, C was 

significantly greater (p<0.01) under CA than CP in the 10-20 cm depth layer (Table F 

of supplementary material). Significant differences (p<0.05), with the CA treatment 

recording a greater C concentration than CP, were measured for the 10-20 cm layer at 

Chikato and for the 20-30 cm layer at Chinguluwe and Ulongue (Tables H, E and G of 

supplementary material). In the 10-20 cm depth layer at Malomwe a significantly 

(p<0.05) greater C concentration was found under CP as compared with CA (Table G 

of supplementary material). 

Soil carbon stocks 

The variability in soil carbon stocks (C stocks) across the sampled on-farm trials is 

large for both CA and CP treatments in all depth layers (Figure 2). Similar to the 

decrease of carbon concentration (Figure 1) the mean C stocks decrease with 

increasing soil depth for both CA and CP treatment (Figure 2). There was no 

indication of an increased C stratification under CA as compared with CP (Figure 3). 

Looking at C stocks for each depth layer, significant differences were recorded in 

8 cases in 6 sites out of the 23 (Table I-L of supplementary material). In two cases, at 

Malomwe for the 10-20 cm depth layer and at Pumbuto for the 30-60 cm depth layer, 

C stocks were greater in the CP treatment as compared with the CA treatment (Table 

K and J of supplementary material). In the remaining 6 cases, C stocks were always 

greater under CA than CP: 0-10 cm depth layer at Chikato, 10-20 cm depth layer at 

Chikato, Musami, Hereford and Ulongue and 20-30 cm depth layer at Ulongue (Tables 

L and K of supplementary material). Summarizing C stocks for the top 30 cm, 5 out of 

23 sites had greater amounts of C (Mg ha-1) in the CA treatment than in the CP 

treatment (Tables I- L of supplementary material). These sites are Chikato, Madziwa, 
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Musami, Hereford (all in Zimbabwe) and Ulongue (Mozambique). In the whole 0-60 

cm profile, significantly different C stocks were recorded only at Ulongue and 

Madziwa (Tables I-L of supplementary material). In both cases the C stocks were 

greater in CA than CP.  

Direct comparisons of C stocks in the first 30 cm between CA treatments and its 

respective conventional control were found to favour CA in 78 out of 123 

comparisons (63 %) (Figure 4). The number of years of CA practice had no influence 

on the ratio of CA over CP for C stocks in the top 30 cm of soil (Figure 5). 

Investigating the specific treatment comparisons it was found that mean C stocks 

recorded for 0-30 cm soil depth were greater under CA than CP for CPPMLR vs. 

CADSMLR, CPMLR vs. CAMLR, and CPM vs. CAM but not CPRFM vs. CAMLI 

(Table 3A). The mixed model results showed a significant (p<0.001) positive influence 

of the CA treatment on C stocks in 0-30 cm depth only for the CADSMLR vs. 

CPPMLR treatment comparison (Table 3B). Mean C stocks (and their Std. Err.) 

recorded in the 0-30 cm depth layer were 28.9 (3.9) and 25.7 (3.8) Mg ha-1 for 

CADSMLR and CPPMLR, respectively. (Table 3A). 

Table 2: Descriptive statistics of carbon concentrations (mg g-1) per depth layer and specific 
treatment. The number of observations (N) is indicated in brackets. 

Depth (cm) Min Max mean SD Min Max mean SD 

(a) CADSMLR (N=37) CPPMLR (N=37) 

0-10 2.4 35.3 10.0 8.5 1.1 40.6 9.2 8.9 

10-20 1.3 41.5 8.4 8.6 0.5 39.4 7.5 8.0 

20-30 0.6 40.9 7.3 8.3 0.7 42.3 6.7 7.9 

30-60 0.7 28.5 5.5 6.1 0.5 40.4 5.5 7.3 

(b) CAMLR (N=24) CPMLR (N=24) 

0-10 9.1 41.3 16.1 7.1 6.7 31.4 14.6 5.4 

10-20 6.0 31.1 12.7 6.4 4.5 21.2 11.5 3.8 

20-30 4.9 27.0 10.6 5.3 3.7 20.3 9.3 4.1 

30-60 3.0 22.3 8.3 5.0 2.6 16.3 7.0 3.2 

(c) CAMLI (N=41) CPRFM (N=41) 

0-10 4.1 25.7 9.9 4.4 2.7 17.8 9.6 4.0 

10-20 2.7 18.1 9.1 3.9 2.8 24.9 9.2 4.5 

20-30 2.1 19.1 8.1 4.1 1.5 19.5 8.5 41 

30-60 1.1 16.3 7.0 3.8 1.5 18.3 7.5 3.9 

(d) CAM (N=23) CPM (N=23) 

0-10 7.0 25.6 14.7 4.6 7.7 27.6 14.4 5.2 

10-20 5.5 24.1 12.2 5.2 6.1 22.9 11.8 4.6 

20-30 5.0 23.0 10.6 5.2 5.0 22.6 10.6 5.3 

30-60 3.7 26.8 9.0 5.6 3.6 26.1 8.8 5.7 
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Figure 2: Box plots of soil carbon stocks (Mg ha-1) for CA and CP treatments calculated on 
the basis of bulk density and carbon concentration measurements performed in 125 on-farm 
validation trials. On the left (A) the C stocks for the depth layers 0-10, 10-20 and 20-30 cm; on 
the right (B) the C stocks for 0-30 and 30-60cm depth layers are displayed. 

 

 

Figure 3: Mean and Standard error of the difference in soil carbon stocks (Mg ha-1) between 
CA and CP treatments for 0-10, 10-20 and 20-30 cm (●) as well as 0-30 and 30-60 cm (○) soil 
depth. 
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Figure 4: Carbon stocks in 0-30 cm soil depth (Mg ha-1) of CP vs. CA treatments. Validation 
trials sampled are split into four categories according to specific treatment comparisons: (a) 
CPPMLR vs. CADSMLR; (b) CPMLR vs. CAMLR; (c) CPRFM vs. CAMLI; (d) CPM vs. 
CAM. The number of observations (N) for each treatment comparison is indicated in 
brackets. 
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Figure 5: Soil carbon (Mg ha-1) CA/CP ratio to 30 cm depth, of the paired comparisons in the 
validation trials, as a function of years of CA practice. 

 

Table 3: A) Mean and standard error of C stocks (Mg ha-1) in 0-30 cm soil depth as well as B) 
Mixed model output for the four treatment comparison investigated: (a) CPPMLR vs. 
CADSMLR, (b) CPMLR vs. CAMLR, (c) CPRFM vs. CAMLI and (d) CPM vs. CAM. 

 
(a) 

6 sites 
37 validation trials 

(b) 
5 sites 

24 validation trials 

(c) 
7 sites 

41 validation trials 

(d) 
5 sites 

23 validation trials 

A     Descriptive statistics 

 mean std.err. mean std.err. mean std.err. mean std.err. 

CA 28.9 3.9 46.1 4.3 32.4 2.2 44.1 3.2 

CP 25.7 3.8 41.4 2.6 33.4 2.2 43.6 3.3 

B     Mixed model output 

fixed effects (coefficient, standard error and leve l of significance) 

 Coef. std.err.  Coef. std.err.  Coef. std.err.  Coef. std.err.  

Treatment 0.182 0.033 *** 0.084 0.054 ns -0.022 0.043 ns 0.018 0.052 ns 

Sand 0.002 0.008 ns -0.009 0.011 ns -0.021 0.009 * -0.028 0.010 ** 

µ 2.710 0.723 *** 4.386 0.901 *** 5.049 0.680 *** 5.953 0.773 *** 

random effects (SD) 

Site -0.069 -2.390 -1.390 -1.773 

Valid. trial -1.407 -1.293 -1.206 -1.652 

ε -1.955 -1.658 -1.657 -1.744 

N 74 48 80 46 

ll -14 -15 -28 -8 

aic 40 42 68 28 

bic 54 53 82 39 
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Carbon inputs 

Average maize stover production ranged between 0.7 and 5.0 Mg ha-1 a-1 (Table 4). In 

18 sites different legume crops were grown either in rotation or intercropped with 

maize producing between 0.1 and 4.3 Mg ha-1 a-1 of legume stover. The carbon in the 

residues retained was lowest for sites with continuous sole maize cropping and sites of 

sandy soil texture with low productivity (i.e. Madziwa) and highest where pigeon pea 

was intercropped with maize or soybean was grown in rotation with maize. 

Nevertheless carbon input expressed in mg C per g of soil shows an annual C input of 

maximally 1 mg g-1 recorded in one of the sites (Matandika, Malawi), while in all other 

sites it ranged between 0.1 and 0.7 mg g-1 (Table 4). 

Table 4: Average residue retention, expressed in Mg of maize and legumes per hectare and 
year, and corresponding total Carbon input (mg g-1 a-1) on the CA treatment plots of the 
studied sites. 

Treatment 
 

Site 
 

Residue retained 
(Mg ha -1 a-1) 

C in residues 
(Mg ha -1 a-1) 

C input 
(mg g -1 a-1) 

Legume grown 
 

 

  Maize + Legume     

CAMLI Chinguluwe 5.00 na 2.00 0.56 Cowpea 

M
ai

ze
 –

 L
eg

um
e 

in
te

rc
ro

pp
in

g 

 Mwansambo 3.66 na 1.47 0.41 Cowpea 

 Zidyana 4.38 na 1.75 0.48 Cowpea 

 Herbert 4.11 na 1.64 0.43 Pigeon pea 

 Lemu 3.93 1.59 1.90 0.51 Pigeon pea 

 Malula 4.69 1.76 2.46 0.63 Pigeon pea 

 Matandika 4.75 4.25 3.60 1.05 Pigeon pea 

CAM Gimo 1.30 - 0.52 0.14 - 
co

nt
in

uo
us

 s
ol

e 
M

ai
ze

  Nzewe 1.71 - 0.68 0.20 - 

 Nhamatiquite 1.13 - 0.45 0.13 - 

 Pumbuto 1.21 - 0.48 0.13 - 

 Vunduzi 1.47 - 0.59 0.16 - 

CAMLR Lamengo 1.46 na 0.58 0.16 Cowpea 

M
ai

ze
 –

 L
eg

um
e 

ro
ta

tio
n 

 Malomwe 1.82 0.91 1.09 0.31 Cowpea 

 Nhamizinga 1.51 0.85 0.94 0.26 Cowpea 

 Maguai 1.59 0.74 0.93 0.27 Common bean 

 Ulongue 2.18 0.21 0.96 0.26 Common bean 

CADSMLR Malende 2.91 0.91 1.56 0.42 Cowpea 

 Hereford 2.94 1.68 1.85 0.57 Soybean 

 Chavakadzi 2.85 2.56 2.16 0.68 Soybean 

 Madziwa 0.74 0.15 0.38 0.09 Cowpea 

 Musami 1.08 0.69 0.71 0.17 Soybean 

 Chikato 1.08 0.08 0.46 0.11 Cowpea 
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DISCUSSION 

Bulk density, soil carbon concentrations and soil carbon stocks were studied in on-

going on-farm validation trials in Malawi, Mozambique, Zambia and Zimbabwe. In the 

discussion of the findings we will first briefly address bulk density and C concentration 

results as they are the foundation for our C stock calculations. We will then focus on 

the influence of CA practice on soil C stocks and lastly we will try to relate the changes 

in C stocks with our data on C input through above ground biomass. 

Bulk density 

Greater topsoil BD values for zero-tillage as compared with conventional tillage have 

been reported from the USA and Australia (Gál et al., 2007; Thomas et al., 2007; Yang 

& Wander, 1999). In the present study, at 4 sites out the 23, significantly different BD 

was recorded for the topsoil layer (0-10 cm depth) between CA and CP. But BD was 

found to be significantly greater under CA than CP only in one site while for the other 

three BD was lower under CA than CP. When looking at BD for 0-30 cm depth none 

of the sites recorded significant differences between the two treatments. Other on-

farm studies from Zimbabwe found lower BD (5-10 cm and 10-15 cm depth) under 

CA than CP for fields with high clay content (>18-46 % clay) but not for fields with 

low clay content (12-18 % clay) (Nyamangara et al., 2014). A study from Malawi 

reported inconsistent results: BD in the top 20 cm of soil was significantly lower for 

fields that had been under CA for 2 years as compared with traditionally prepared 

ridge tillage fields. However no difference was observed between CA and ridge tillage 

fields after 4 years of treatment (Mloza-Banda et al., 2014). Thus for the studied trials 

in Southern Africa we conclude that CA does not lead to an increase in BD. Probably 

greater topsoil BD recorded in trials at the USA and Australia was a result of 

compaction due to heavier no-till machinery and is thus not occurring when 

cultivation is done manually or with animal draft power, which is common in Southern 

Africa. 

Soil carbon concentrations 

Positive changes in C concentrations under CA in Malawi were recently reported for 

on-farm studies by Ngwira et al. (2012) for soils containing 7-14 % clay and by Mloza-

Banda et al. (2014) for soils containing 20-40 % clay. While another on-farm study 

comparing CA practice with Malawi’s traditional ridge and furrow system reported no 

significant differences in C concentration between the two systems (Ngwira et al., 
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2013b). Ngwira et al. (2013b) do not indicate the soil texture of the two research 

locations they studied (Lemu and Zidyana), but as their study is based on the same 

validation trials used also in the present study we know clay content to be about 19 

and 23 % for Lemu and Zidyana, respectively. An extensive on-farm study comparing 

CP and CA fields of 450 farms across Zimbabwe found no overall difference between 

soil C concentrations (Nyamangara et al., 2013), however no indications on soil texture 

were reported. In a further study based on 11 farms Nyamangara et al. (2014) split soil 

types according to their clay content and significantly greater C concentrations in CA 

fields for low clay soils (12-18 % clay) were observed while no difference was recorded 

for high clay soils (>18-46 % clay). On a high clay (64%) Ferrasol in Western Kenya, 

Paul et al. (2013) did not record differences in C concentration between plots 

cultivated with a maize (long rainy season) – soybean (short rainy season) rotation that 

either had residues retained and no-till or residues removed and hoe-tillage. In our 

study very few sites and depth layers displayed significant differences in C between CA 

and CP: out of 23 sites and 4 depth layers (92 CA vs. CP comparisons) only five 

recorded significantly greater C concentrations under CA than CP while in all others 

no significant differences were found. Looking at C concentration averages for 0-30 

cm only two of the 23 sites recorded significantly greater values under CA than CP. 

Both these sites are on sandy soils in Zimbabwe. The results from the cited literature 

above and the present study indicate little changes in C concentration following CA 

implementation. However it appears that sandier soils are more likely to show 

significant increases in C concentrations. This is probably due to the fact that 

increasing C concentration from 1 mg g-1 to 2 mg g-1 on a sandy soil means doubling 

the C concentration, while increasing it from 11 mg g-1 to 12 mg g-1 in a clay soil 

accounts for a 10 % increase only, reducing the likelihood to capture a significant 

difference. Kravchenko & Robertson (2011) showed how the natural variability in soil 

C concentrations can drastically reduce the chance to detect even substantial 

differences between treatments.  

A worrying finding of our study is that average C concentrations for the 0-30 cm 

depth layer were generally low, with 15 of the 23 sites barely reaching the 11 mg g-1 

critical limit identified by Aune & Lal (1997) that would allow supporting crop 

production in most tropical soils. 

Soil carbon stocks 

Differences in C stocks between CA and CP plots in the sampled soil profile (0-60 cm) 

were only recorded in 2 out of 23 sites. After excluding the sub-soil layer (30-60 cm), 
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because of increased variability with increasing soil depth that masks treatment effects 

(Kravchenko & Robertson, 2011), only 5 sites showed significantly greater C stocks 

under CA as compared with CP. Similarly, Nyamangara et al. (2014)’s on-farm study in 

Zimbabwe, found no differences in C stocks of soils sampled to 15 cm depth that had 

been under CA up to five years. 

A reason for the absence of a consistent and significant increase in C stocks 

across the sites investigated in the present study might be the relatively young age of 

the investigated validation-trials (2-7 years) and the variability of the studied systems. 

Although results are not consistent, increases in soil C stocks have been shown in 

many instances if fields have been under minimum tillage for a longer period than the 

ones investigated in the present study (Govaerts et al., 2009). On-station research in 

Zimbabwe (Thierfelder & Wall, 2012) and Zambia (Thierfelder et al., 2013a) found 

increases in 0-30 cm soil depth C stocks under CA as compared with CP after only 

four years of CA practice. The present study could not confirm these on-station results 

in an on-farm context. A trend towards increasing C stocks with time could not be 

shown either. 

Results of the aggregated analysis using a mixed model approach on groups of 

validation trials presenting the same treatment comparisons show a treatment effect of 

CA on C stocks in the 0-30 cm soil depth for CPPMLR vs. CADSMLR, the 

comparison between a conventionally mouldboard ploughed maize-legume rotation 

and a direct seeded conservation agriculture maize-legume rotation. To build up soil C 

stocks, C inputs must increase and/or decomposition must be reduced (Paustian et al., 

1997). Reducing tillage has been shown to reduce decomposition rates (Six et al., 2002), 

while maintaining crop residues in the field instead of exporting them increases C 

inputs. Further according to Drinkwater et al. (1998) the quality of retained residues 

combined with diversity of cropping sequences increases retention of soil C. The four 

groups of treatment comparisons of the present study all compared a conventional 

practice to a CA practice but the degree of difference between the two opposed 

treatments were not the same. And CPPMLR vs. CADSMLR was probably the 

comparison with the most conducive setting for soil C stock increase: tillage was 

considerably reduced moving from mouldboard ploughing to direct seeding; both 

treatments presented a maize-legume rotation but residues were only retained on the 

CADSMLR plots while free-roaming cattle during the dry season would eat up all crop 

residues left on the CPPMLR plots. Further two thirds of the validation trials of this 

treatment comparison group were at least five years old. The other treatment 

comparisons presented some alleviations of the difference between treatments. For 

example CAMLR vs. CPMLR and CAM vs. CPM (Mozambique) were less divergent 
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in terms of tillage, as in Mozambique the traditional tillage method does not involve 

ploughing the whole field, but only invert soil with a hand-hoe where crops are 

planted. Also a bigger proportion of the validation-trials investigated had been 

established only 2-3 seasons prior to sampling. For CAMLI vs. CPRFM (Malawi) the 

difference in residue retention was less pronounced. In Southern Malawi incorporating 

crop residues into the newly formed ridges is common practice, while in Central 

Malawi burning is more frequent, but once farmers stopped burning residues on the 

CA plots they also reduced doing so on their ridge and furrow plots and thus residues 

would be more often incorporated than exported. Thus, summarizing, the differences 

in C stocks observed between CPPMLR and CADSMLR might be explained by an 

accumulation of positive influences due to reduction in tillage, residue retention and 

quality of residues retained as well as age of the validation-trials. 

Carbon inputs 

Several publications showed the importance of biomass input for C stock increase in 

temperate and tropical conditions (Corbeels et al., 2006; Diekow et al., 2004; Lou et al., 

2010; Sisti et al., 2004). Chivenge et al. (2007) in a study on sandy soils in Zimbabwe 

highlighted the need for significant organic input if an effect on C should be achieved. 

The present study covers a range of soil types and agro-ecologies but stover 

production and thus potential C input remains limited. The attempt we did in 

quantifying C inputs is incomplete because root biomass and losses in response to 

decomposition have not been accounted for. However, considering that C loss can 

account for up to 80 % within 1-2 years (Parton et al., 2015), and that for example 

maize root biomass would only add ca. 11% more input (Pieri, 1989), we argue that 

our estimation is more likely to be an overestimation than an underestimation of C 

inputs. Furthermore, the carbon inputs through crop residues from previous harvest 

presented the best case scenario, there is no recollection of how much of the previous 

year’s biomass was still present in the next season and how much was lost to cattle, 

fires, termites or other uses. What we observed with the available data is that very 

small amounts of C were added to the system. Such small amounts can hardly have a 

significant impact on C stocks within only 7 years. In fact where a significant positive 

influence of CA on C stocks was observed (CADSMLR vs. CPPMLR), the increase 

was in the order of magnitude of few tons of C per hectare. 
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CONCLUSION 

This study showed few differences in C stocks between CA managed and 

conventionally managed plots. Only in single occasions (in some sites and depth 

layers) an increase in C stocks was observed and when data was aggregated only one 

particular treatment comparison showed a positive influence of CA on C stocks. 

Further, when differences were observed their order of magnitude was small. Based on 

this study of on-farm validation trials considering the local cropping systems with 

maximal 7 years of CA practice, we conclude that with the current low yields the 

potential of CA practice to increase soil C stocks in Southern Africa is limited. 

C inputs via residue retention were very low. The limited biomass production – 

and with it residue retention – is the main bottleneck for C stock increase under CA in 

Southern Africa. In real farmers’ practice, that is when residue retention is not 

incentivised to secure trial implementation, crop residues left and thus C inputs would 

most likely be even less. 

C concentration was below the critical level to sustain crop production and avoid 

soil degradation in most sites, calling for soil C increasing management practices. 

There is a need to further explore soil management approaches that could allow 

smallholders to increase their soil C concomitantly with increasing their livelihood. 

Given the soil degradation occurring with conventional tillage practices, CA could be 

the only mechanism to protect soils from further degradation with the benefit of 

sustaining or improving yields as previously shown especially for low rainfall areas. 

Increasing C stocks requires crop yields that can provide adequate C to the system 

whereby management practices can impact its conservation within that system. 

Without adequate C inputs it is unlikely that soil C will increase over the short term 

(less than one decade). Similarly it is questionable if maize should be the dominant 

crop for this region given the low yields and low rainfall. Research evaluating the C 

sequestration potential of CA and more drought tolerant crops such as sorghum or 

millet should be evaluated. 
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SUPPLEMENTARY MATERIAL 

Table A: Randomized complete block analyses results for bulk density (g cm-3) in sites where 
treatments compared were CPRFM vs. CAMLI. 

Site Depth CPRFM CAMLI SED p-value N   

Chinguluwe 0-10 cm 1.19a 1.20a 0.03 0.74 6  

  10-20 cm 1.18a 1.14a 0.04 0.31 6  

  20-30 cm 1.25a 1.17a 0.03 0.06 6  

  30-60 cm 1.27a 1.24a 0.02 0.25 6  

  avg 0-30 cm 1.21a 1.17a 0.02 0.13 6  

Mwansambo 0-10 cm 1.19a 1.19a 0.06 0.93 4  

  10-20 cm 1.22a 1.13a 0.06 0.22 4  

  20-30 cm 1.24a 1.26a 0.02 0.36 4  

  30-60 cm 1.25a 1.25a 0.07 1.00 4  

  avg 0-30 cm 1.22a 1.19a 0.04 0.48 4  

Zidyana 0-10 cm 1.24a 1.20a 0.07 0.58 6  

  10-20 cm 1.13a 1.21a 0.04 0.11 6  

  20-30 cm 1.22a 1.25a 0.04 0.50 6  

  30-60 cm 1.29a 1.35a 0.05 0.26 6  

  avg 0-30 cm 1.20a 1.22a 0.03 0.44 6  

Herbert 0-10 cm 1.30a 1.21b 0.03 0.02 6 * 

  10-20 cm 1.25a 1.25a 0.05 0.95 6  

  20-30 cm 1.32a 1.36a 0.06 0.56 6  

  30-60 cm 1.40a 1.44a 0.06 0.59 6  

  avg 0-30 cm 1.29a 1.27a 0.03 0.61 6  

Lemu 0-10 cm 1.19a 1.19a 0.06 0.98 6  

  10-20 cm 1.22a 1.24a 0.03 0.68 6  

  20-30 cm 1.32a 1.36a 0.04 0.44 6  

  30-60 cm 1.33a 1.35a 0.03 0.60 6  

  avg 0-30 cm 1.25a 1.26a 0.02 0.47 6  

Malula 0-10 cm 1.32a 1.25b 0.02 0.02 6 * 

  10-20 cm 1.28a 1.24a 0.03 0.25 6  

  20-30 cm 1.35a 1.37a 0.06 0.72 5  

  30-60 cm 1.45a 1.46a 0.07 0.82 5  

  avg 0-30 cm 1.31a 1.28a 0.02 0.20 5  

Matandika 0-10 cm 1.11a 1.12a 0.02 0.69 6  

  10-20 cm 1.17a 1.11a 0.05 0.28 6  

  20-30 cm 1.22a 1.11a 0.07 0.21 6  

  30-60 cm 1.32a 1.32a 0.03 1.00 6  

  avg 0-30 cm 1.17a 1.12a 0.03 0.21 6  

Values followed by same letters within each row are not significantly different (p>0.05) 
Grey background is used to highlight comparisons that recorded significant differences. 
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Table B: Randomized complete block analyses results for bulk density (g cm-3) in sites 
where treatments compared were CPM vs. CAM. 

Site Depth CPM CAM SED p-value N   

Pumbuto 0-10 cm 1.12a 1.16a 0.02 0.11 5  

  10-20 cm 1.25a 1.24a 0.03 0.64 5  

  20-30 cm 1.30a 1.33a 0.08 0.69 5  

  30-60 cm 1.36a 1.33a 0.06 0.61 5  

  avg 0-30 cm 1.22a 1.24a 0.03 0.57 5  

Nhamatiquite 0-10 cm 1.10a 1.07a 0.05 0.62 3  

  10-20 cm 1.10a 1.26a 0.07 0.14 3  

  20-30 cm 1.32a 1.28a 0.04 0.48 3  

  30-60 cm 1.36a 1.35a 0.05 0.86 3  

  avg 0-30 cm 1.17a 1.20a 0.04 0.51 3  

Vunduzi 0-10 cm 1.11a 1.05a 0.06 0.47 3  

  10-20 cm 1.21a 1.24a 0.05 0.59 3  

  20-30 cm 1.27a 1.28a 0.05 0.65 3  

  30-60 cm 1.33a 1.38a 0.04 0.30 3  

  avg 0-30 cm 1.20a 1.19a 0.01 0.53 3  

Gimo 0-10 cm 1.23a 1.20a 0.03 0.30 7  

  10-20 cm 1.28a 1.27a 0.02 0.81 7  

  20-30 cm 1.24a 1.27a 0.03 0.47 7  

  30-60 cm 1.30a 1.29a 0.05 0.89 7  

  avg 0-30 cm 1.25a 1.25a 0.01 0.65 7  

Nzewe 0-10 cm 1.16a 1.09a 0.04 0.16 5  

  10-20 cm 1.09a 1.08a 0.06 0.86 5  

  20-30 cm 1.20a 1.18a 0.09 0.83 5  

  30-60 cm 1.18a 1.24a 0.08 0.54 5  

  avg 0-30 cm 1.15a 1.11a 0.04 0.47 5  

Values followed by same letters within each row are not significantly different (p>0.05) 
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Table C: Randomized complete block analyses results for bulk density (g cm-3) in sites 
where treatments compared were CPMLR vs. CAMLR. 

Site Depth CPMLR CAMLR SED p-value N   

Malomwe 0-10 cm 1.10a 1.07a 0.03 0.35 6  

  10-20 cm 1.22a 1.20a 0.05 0.73 6  

  20-30 cm 1.24a 1.32a 0.05 0.14 6  

  30-60 cm 1.25a 1.34a 0.04 0.09 6  

  avg 0-30 cm 1.19a 1.20a 0.02 0.64 6  

Nhamizinga 0-10 cm 1.12a 1.10a 0.07 0.83 5  

  10-20 cm 1.22a 1.21a 0.05 0.74 5  

  20-30 cm 1.22a 1.32a 0.04 0.08 5  

  30-60 cm 1.31a 1.22a 0.05 0.16 5  

  avg 0-30 cm 1.18a 1.21a 0.02 0.20 5  

Lamengo 0-10 cm 1.09a 1.12a 0.05 0.48 5  

  10-20 cm 1.18a 1.20a 0.07 0.75 5  

  20-30 cm 1.23a 1.25a 0.07 0.74 5  

  30-60 cm 1.28a 1.26a 0.03 0.49 5  

  avg 0-30 cm 1.17a 1.19a 0.06 0.70 5  

Maguai 0-10 cm 1.13a 1.06a 0.05 0.25 4  

  10-20 cm 1.11a 1.21a 0.06 0.17 4  

  20-30 cm 1.23a 1.17b 0.02 0.05 4 * 

  30-60 cm 1.23a 1.20a 0.01 0.06 4  

  avg 0-30 cm 1.16a 1.15a 0.03 0.69 4  

Ulongue 0-10 cm 1.20a 1.12a 0.03 0.10 4  

  10-20 cm 1.25a 1.21a 0.04 0.38 4  

  20-30 cm 1.34a 1.34a 0.02 1.00 4  

  30-60 cm 1.35a 1.32a 0.08 0.68 4  

  avg 0-30 cm 1.26a 1.22a 0.02 0.09 4  

Values followed by same letters within each row are not significantly different (p>0.05) 
Grey background is used to highlight comparisons that recorded significant differences. 
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Table D: Randomized complete block analyses results for bulk density (g cm-3) in sites 
where treatments compared were CPPMLR vs CADSMLR. 

Site Depth CPPMLR CADSMLR  SED p-value N   

Malende 0-10 cm 1.20a 1.23a 0.04 0.59 6  

  10-20 cm 1.25a 1.27a 0.06 0.81 6  

  20-30 cm 1.29a 1.28a 0.06 0.81 6  

  30-60 cm 1.31a 1.29a 0.02 0.48 6  

  avg 0-30 cm 1.25a 1.26a 0.03 0.77 6  

Chavakadzi 0-10 cm 0.99a 1.02a 0.08 0.68 4  

  10-20 cm 1.06a 1.04a 0.02 0.33 4  

  20-30 cm 1.13a 1.09a 0.06 0.55 4  

  30-60 cm 1.04a 1.20a 0.18 0.43 4  

  avg 0-30 cm 1.06a 1.05a 0.03 0.81 4  

Hereford 0-10 cm 1.10a 1.15a 0.03 0.20 8  

  10-20 cm 1.07a 1.07a 0.04 0.90 8  

  20-30 cm 1.07a 1.03a 0.04 0.40 8  

  30-60 cm 1.10a 1.11a 0.04 0.69 8  

  avg 0-30 cm 1.08a 1.08a 0.03 0.93 8  

Madziwa 0-10 cm 1.34a 1.28a 0.03 0.21 3  

  10-20 cm 1.27a 1.31a 0.05 0.48 3  

  20-30 cm 1.39a 1.37a 0.03 0.63 3  

  30-60 cm 1.38a 1.37a 0.06 0.96 3  

  avg 0-30 cm 1.33a 1.32a 0.02 0.58 3  

Musami 0-10 cm 1.32b 1.37a 0.01 0.01 6 * 

  10-20 cm 1.40a 1.43a 0.06 0.74 6  

  20-30 cm 1.50a 1.49a 0.03 0.92 6  

  30-60 cm 1.49a 1.51a 0.01 0.20 6  

  avg 0-30 cm 1.41a 1.43a 0.03 0.40 6  

Chikato 0-10 cm 1.43a 1.36b 0.03 0.04 10 * 

  10-20 cm 1.42a 1.39a 0.04 0.43 10  

  20-30 cm 1.47a 1.47a 0.02 0.97 10  

  30-60 cm 1.51a 1.50a 0.03 0.08 10  

  avg 0-30 cm 1.44a 1.41a 0.03 0.26 10  

Values followed by same letters within each row are not significantly different (p>0.05) 
Grey background is used to highlight comparisons that recorded significant differences. 
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Table E: Randomized complete block analyses results for carbon concentration (mg g-1) 
in sites where treatments compared were CPRFM vs CAMLI 

Site Depth CPRFM CAMLI SED p-value N   

Chinguluwe 0-10 cm 11.85a 11.55a 0.14 0.08 6  

  10-20 cm 11.50a 12.87a 0.93 0.20 6  

  20-30 cm 10.30b 12.18a 0.48 0.01 6 * 

  30-60 cm 9.27a 11.05a 0.86 0.09 6  

  avg 0-30 cm 11.22a 12.22a 0.45 0.08 6  

Mwansambo 0-10 cm 12.55a 15.68a 2.60 0.32 4  

  10-20 cm 14.48a 12.93a 2.24 0.54 4  

  20-30 cm 10.80a 11.60a 1.02 0.49 4  

  30-60 cm 10.05a 10.73a 2.25 0.78 4  

  avg 0-30 cm 12.60a 13.38a 0.84 0.42 4  

Zidyana 0-10 cm 8.25a 8.33a 1.39 0.95 6  

  10-20 cm 7.17a 6.43a 1.43 0.63 6  

  20-30 cm 6.70a 4.68a 1.70 0.29 6  

  30-60 cm 5.32a 3.63a 0.95 0.14 6  

  avg 0-30 cm 7.38a 6.48a 1.30 0.52 6  

Herbert 0-10 cm 8.38a 8.00a 1.25 0.77 6  

  10-20 cm 8.25a 7.72a 0.75 0.51 6  

  20-30 cm 7.92a 6.93a 0.60 0.16 6  

  30-60 cm 6.85a 6.78a 0.47 0.89 6  

  avg 0-30 cm 8.18a 7.55a 0.76 0.44 6  

Lemu 0-10 cm 11.98a 11.45a 1.30 0.70 6  

  10-20 cm 10.60a 10.95a 1.82 0.86 6  

  20-30 cm 9.32a 9.38a 2.31 0.98 6  

  30-60 cm 8.42a 7.20a 2.51 0.65 6  

  avg 0-30 cm 10.65a 10.60a 1.60 0.98 6  

Malula 0-10 cm 8.52a 6.53a 1.91 0.35 6  

  10-20 cm 7.83a 6.92a 0.95 0.38 6  

  20-30 cm 8.57a 6.78a 1.34 0.24 6  

  30-60 cm 8.03a 6.15a 1.49 0.26 6  

  avg 0-30 cm 8.32a 6.75a 1.36 0.30 6  

Matandika 0-10 cm 6.02a 8.07a 0.95 0.08 6  

  10-20 cm 5.98a 6.53a 0.78 0.51 6  

  20-30 cm 5.45a 5.18a 0.85 0.77 6  

  30-60 cm 5.28a 3.85a 0.70 0.10 6  

  avg 0-30 cm 5.83a 6.60a 0.46 0.15 6  

Values followed by same letters within each row are not significantly different (p>0.05) 
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Table F: Randomized complete block analyses results for carbon concentration (mg g-1) 
in sites where treatments compared were CPM vs. CAM. 

Site Depth CPM CAM SED p-value N   

Pumbuto 0-10 cm 14.04a 14.38a 1.06 0.77 5  

  10-20 cm 11.46a 10.06a 1.06 0.26 5  

  20-30 cm 9.48a 7.68a 1.04 0.16 5  

  30-60 cm 6.90a 6.14a 0.51 0.21 5  

  avg 0-30 cm 11.66a 10.72a 0.77 0.29 5  

Nhamatiquite 0-10 cm 10.97a 14.17a 1.06 0.09 3  

  10-20 cm 6.60a 8.83a 1.81 0.34 3  

  20-30 cm 5.70a 8.67a 1.59 0.20 3  

  30-60 cm 4.10a 7.00a 1.39 0.17 3  

  avg 0-30 cm 7.80a 10.53a 1.36 0.18 3  

Vunduzi 0-10 cm 10.77a 12.17a 1.65 0.49 3  

  10-20 cm 8.27a 7.93a 1.23 0.81 3  

  20-30 cm 6.20a 5.97a 1.14 0.86 3  

  30-60 cm 5.23a 4.83a 1.49 0.81 3  

  avg 0-30 cm 8.40a 8.70a 0.60 0.67 3  

Gimo 0-10 cm 14.36a 13.06a 1.81 0.50 7  

  10-20 cm 12.76a 13.53a 1.69 0.66 7  

  20-30 cm 10.61a 11.56a 1.63 0.58 7  

  30-60 cm 8.37a 9.57a 1.23 0.37 7  

  avg 0-30 cm 12.57a 12.71a 1.66 0.93 7  

Nzewe 0-10 cm 18.86a 18.96a 1.22 0.94 5  

  10-20 cm 16.00b 17.12a 0.21 0.01 5 ** 

  20-30 cm 17.27a 15.86a 1.78 0.48 5  

  30-60 cm 16.00a 14.62a 1.05 0.26 5  

  avg 0-30 cm 17.38a 17.30a 0.81 0.93 5  

Values followed by same letters within each row are not significantly different (p>0.05) 
Grey background is used to highlight comparisons that recorded significant differences. 
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Table G: Randomized complete block analyses results for carbon concentration (mg g-1) 
in sites where treatments compared were CPMLR vs. CAMLR. 

Site Depth CPMLR CAMLR SED p-value N 
 

Malomwe 0-10 cm 15.45a 15.87a 1.07 0.71 6 
 

  10-20 cm 10.23a 8.77a 0.45 0.02 6 * 

  20-30 cm 7.85a 7.30a 0.46 0.28 6  

  30-60 cm 5.92a 6.05a 0.51 0.80 6  

  avg 0-30 cm 11.17a 10.63a 0.44 0.28 6  

Nhamizinga 0-10 cm 13.62a 11.66a 1.80 0.34 5  

  10-20 cm 11.90a 9.58a 1.09 0.10 5  

  20-30 cm 7.36a 7.90a 1.04 0.63 5  

  30-60 cm 4.66a 4.36a 0.32 0.40 5  

  avg 0-30 cm 10.92a 9.72a 0.95 0.27 5  

Lamengo 0-10 cm 11.78a 19.24a 5.61 0.25 5  

  10-20 cm 11.42a 15.50a 2.82 0.22 5  

  20-30 cm 11.02a 12.98a 1.82 0.34 5  

  30-60 cm 8.16a 10.58a 1.58 0.20 5  

  avg 0-30 cm 11.40a 15.90a 3.36 0.25 5  

Maguai 0-10 cm 20.18a 18.50a 2.25 0.51 4  

  10-20 cm 14.03a 16.55a 0.86 0.06 4  

  20-30 cm 11.88a 13.70a 0.74 0.09 4  

  30-60 cm 9.78a 11.18a 1.07 0.28 4  

  avg 0-30 cm 15.38a 16.25a 0.73 0.32 4  

Ulongue 0-10 cm 12.40a 15.40a 1.00 0.06 4  

  10-20 cm 10.48a 14.90a 1.84 0.10 4  

  20-30 cm 9.33b 13.03a 1.10 0.04 4 * 

  30-60 cm 7.28a 10.73a 1.16 0.06 4  

  avg 0-30 cm 14.43a 10.75a 1.18 0.05 4  

Values followed by same letters within each row are not significantly different (p>0.05) 
Grey background is used to highlight comparisons that recorded significant differences. 
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Table H: Randomized complete block analyses results for carbon concentration (mg g-1) 
in sites where treatments compared were CPPMLR vs CADSMLR. 

Site Depth CPPMLR CADSMLR  SED p-value N 
 

Malende 0-10 cm 10.02a 10.98a 0.72 0.24 6  

  10-20 cm 8.97a 9.47a 0.59 0.44 6  

  20-30 cm 8.05a 9.02a 0.71 0.23 6  

  30-60 cm 7.37a 7.80a 0.61 0.51 6  

  avg 0-30 cm 9.02a 9.82a 0.61 0.24 6  

Chavakadzi 0-10 cm 19.40a 19.48a 0.9 0.94 4  

  10-20 cm 13.48a 13.93a 1.10 0.71 4  

  20-30 cm 11.78a 10.13a 1.30 0.29 4  

  30-60 cm 9.18a 7.48a 0.93 0.16 4  

  avg 0-30 cm 14.88a 14.50a 0.80 0.67 4  

Hereford 0-10 cm 19.36a 20.20a 1.05 0.45 8  

  10-20 cm 16.89a 19.56a 1.15 0.05 8  

  20-30 cm 15.59a 18.21a 1.47 0.12 8  

  30-60 cm 12.70a 13.00a 1.89 0.88 8  

  avg 0-30 cm 17.28a 19.34a 1.04 0.09 8  

Madziwa 0-10 cm 2.53a 3.70a 0.38 0.09 3  

  10-20 cm 2.07a 2.33a 0.41 0.58 3  

  20-30 cm 1.23a 1.77a 0.24 0.16 3  

  30-60 cm 0.97a 1.13a 0.12 0.30 3  

  avg 0-30 cm 1.97b 2.60a 0.12 0.03 3 * 

Musami 0-10 cm 3.35a 3.45a 0.25 0.71 6  

  10-20 cm 2.02a 2.55a 0.24 0.07 6  

  20-30 cm 1.63a 1.82a 0.24 0.47 6  

  30-60 cm 1.47a 1.37a 0.14 0.50 6  

  avg 0-30 cm 2.33a 2.60a 0.17 0.17 6  

Chikato 0-10 cm 1.94b 3.07a 0.19 0.00 10 *** 

  10-20 cm 1.49b 1.84a 0.13 0.02 10 * 

  20-30 cm 1.31a 1.37a 0.18 0.74 10  

  30-60 cm 1.03a 1.03a 0.14 0.18 10  

  avg 0-30 cm 1.58b 2.01a 0.12 0.00 10 ** 

Values followed by same letters within each row are not significantly different (p>0.05) 
Grey background is used to highlight comparisons that recorded significant differences. 
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Table I: Randomized complete block analyses results for carbon stocks (Mg ha-1) in sites 
where treatments compared were CPRFM vs CAMLI. 

Site Depth CPRFM CAMLI SED p-value N 
 

Chinguluwe 0-10 cm 14.13a 13.84a 0.55 0.62 6  

  10-20 cm 13.55a 14.75a 1.18 0.36 6  

  20-30 cm 12.94a 14.27a 0.66 0.10 6  

  30-60 cm 35.05a 41.14a 3.00 0.10 6  

  sum 0-30 cm 40.62a 42.86a 2.27 0.37 6  

  sum 0-60cm 75.67a 83.99a 4.79 0.14 6  

Mwansambo 0-10 cm 14.82a 18.59a 3.88 0.40 4  

  10-20 cm 17.67a 14.43a 3.39 0.41 4  

  20-30 cm 13.33a 14.53a 1.38 0.45 4  

  30-60 cm 37.70a 40.93a 7.68 0.70 4  

  sum 0-30 cm 45.81a 47.55a 4.52 0.73 4  

  sum 0-60cm 83.51a 88.47a 7.62 0.56 4  

Zidyana 0-10 cm 10.07a 9.69a 1.38 0.80 6  

  10-20 cm 7.90a 7.81a 1.72 0.96 6  

  20-30 cm 8.06a 5.79a 1.95 0.30 6  

  30-60 cm 14.53a 20.13a 2.98 0.12 6  

  sum 0-30 cm 26.02a 23.29a 1.05 0.53 6  

  sum 0-60cm 46.15a 37.81a 6.98 0.29 6  

Herbert 0-10 cm 10.83a 9.72a 1.50 0.49 6  

  10-20 cm 10.48a 9.59a 1.09 0.45 6  

  20-30 cm 10.53a 9.50a 0.83 0.27 6  

  30-60 cm 28.59a 29.20a 1.93 0.77 6  

  sum 0-30 cm 31.83a 28.80a 2.94 0.35 6  

  sum 0-60cm 60.42a 58.00a 4.57 0.62 6  

Lemu 0-10 cm 14.03a 13.41a 1.14 0.61 6  

  10-20 cm 12.96a 13.51a 2.57 0.84 6  

  20-30 cm 12.26a 12.38a 2.93 0.97 6  

  30-60 cm 32.39a 28.67a 9.39 0.71 6  

  sum 0-30 cm 39.26a 39.30a 5.68 0.99 6  

  sum 0-60cm 71.64a 67.96a 13.86 0.80 6  

Malula 0-10 cm 10.85a 8.11a 2.35 0.30 6  

  10-20 cm 9.83a 8.41a 1.24 0.31 6  

  20-30 cm 12.80a 9.80a 1.11 0.05 5  

  30-60 cm 37.54a 29.65a 6.02 0.41 5  

  sum 0-30 cm 35.83a 26.89a 4.79 0.14 5  

  sum 0-60cm 73.38a 56.55a 13.19 0.27 5  

Matandika 0-10 cm 6.77a 9.04a 1.08 0.09 6  

  10-20 cm 6.85a 7.25a 0.92 0.68 6  

  20-30 cm 6.50a 5.70a 0.85 0.39 6  

  30-60 cm 20.73a 15.31a 2.82 0.11 6  

  sum 0-30 cm 20.12a 22.00a 1.83 0.35 6  

 
sum 0-60cm 40.85a 37.30a 3.82 0.40 6  

Values followed by same letters within each row are not significantly different (p>0.05) 
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Table J: Randomized complete block analyses results for carbon stocks (Mg ha-1) in sites 
where treatments compared were CPM vs CAM. 

Site Depth CPM CAM SED p-value N 
 

Pumbuto 0-10 cm 15.64a 16.60a 1.35 0.52 5  

  10-20 cm 14.17a 12.28a 1.43 0.26 5  

  20-30 cm 12.24a 10.26a 1.75 0.32 5  

  30-60 cm 28.23a 24.02b 1.48 0.05 5 * 

  sum 0-30 cm 42.05a 39.14a 3.43 0.44 5  

  sum 0-60cm 70.28a 63.16a 3.07 0.08 5  

Nhamatiquite 0-10 cm 12.02a 15.05a 1.61 0.20 3  

  10-20 cm 7.23a 11.43a 2.15 0.19 3  

  20-30 cm 7.53a 10.98a 1.84 0.20 3  

  30-60 cm 16.86a 27.92a 4.76 0.15 3  

  sum 0-30 cm 26.77a 37.46a 5.39 0.19 3  

  sum 0-60cm 43.64a 65.38a 9.56 0.15 3  

Vunduzi 0-10 cm 12.09a 12.71a 2.18 0.80 3  

  10-20 cm 10.00a 9.86a 1.23 0.92 3  

  20-30 cm 7.86a 7.67a 1.63 0.92 3  

  30-60 cm 20.87a 20.12a 6.53 0.92 3  

  sum 0-30 cm 29.95a 30.24a 1.70 0.88 3  

  sum 0-60cm 50.82a 50.36a 8.12 0.96 3  

Gimo 0-10 cm 17.44a 15.65a 2.26 0.46 7  

  10-20 cm 16.14a 17.03a 1.90 0.66 7  

  20-30 cm 13.05a 14.34a 1.59 0.45 7  

  30-60 cm 32.22a 36.50a 4.11 0.34 7  

  sum 0-30 cm 46.63a 47.02a 5.53 0.95 7  

  sum 0-60cm 78.85a 83.52a 9.42 0.64 7  

Nzewe 0-10 cm 21.62a 20.36a 1.86 0.54 5  

  10-20 cm 17.12a 18.25a 0.93 0.29 5  

  20-30 cm 20.67a 18.67a 2.83 0.52 5  

  30-60 cm 56.33a 52.04a 2.61 0.18 5  

  sum 0-30 cm 59.42a 57.29a 3.48 0.57 5  

  sum 0-60cm 115.75a 109.32a 4.47 0.22 5  

Values followed by same letters within each row are not significantly different (p>0.05) 
Grey background is used to highlight comparisons that recorded significant differences. 
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Table K: Randomized complete block analyses results for carbon stocks (Mg ha-1) in sites 
where treatments compared were CPMLR vs CAMLR. 

Site Depth CPMLR CAMLR SED p-value N   

Malomwe 0-10 cm 17.00a 16.82a 1.05 0.87 6 
 

  10-20 cm 12.61a 10.58b 0.55 0.01 6 * 

  20-30 cm 9.58a 9.65a 0.44 0.88 6  

  30-60 cm 22.11a 24.54a 2.57 0.39 6  

  sum 0-30 cm 39.18a 37.05a 1.12 0.12 6  

  sum 0-60cm 61.29a 61.59a 3.27 0.93 6  

Nhamizinga 0-10 cm 14.93a 12.89a 1.79 0.32 5  

  10-20 cm 14.62a 11.52a 1.73 0.15 5  

  20-30 cm 9.14a 10.32a 1.40 0.44 5  

  30-60 cm 18.44a 15.97a 1.15 0.10 5  

  sum 0-30 cm 38.69a 34.73a 3.31 0.30 5  

  sum 0-60cm 57.13a 50.71a 3.97 0.18 5  

Lamengo 0-10 cm 12.84a 22.28a 7.28 0.26 5  

  10-20 cm 13.13a 18.61a 3.73 0.24 5  

  20-30 cm 13.36a 16.26a 3.08 0.40 5  

  30-60 cm 31.30a 40.05a 6.54 0.25 5  

  sum 0-30 cm 39.63a 57.14a 13.73 0.27 5  

  sum 0-60cm 70.93a 97.19a 18.56 0.23 5  

Maguai 0-10 cm 22.80a 19.79a 2.68 0.34 4  

  10-20 cm 15.46a 19.97a 1.56 0.06 4  

  20-30 cm 14.61a 15.94a 1.01 0.28 4  

  30-60 cm 35.98a 40.67a 3.86 0.31 4  

  sum 0-30 cm 52.87a 55.70a 1.97 0.25 4  

  sum 0-60cm 88.85a 93.37a 5.21 0.24 4  

Ulongue 0-10 cm 14.27a 16.81a 1.43 0.17 4  

  10-20 cm 12.67b 16.85a 0.95 0.02 4 * 

  20-30 cm 11.92b 16.82a 1.51 0.05 4 * 

  30-60 cm 27.18a 41.43a 5.53 0.08 4 
 

  sum 0-30 cm 38.85b 50.48a 3.18 0.04 4 * 

  sum 0-60cm 66.03b 91.90a 7.76 0.04 4 * 

Values followed by same letters within each row are not significantly different (p>0.05) 
Grey background is used to highlight comparisons that recorded significant differences. 
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Table L: Randomized complete block analyses results for carbon stocks (Mg ha-1) in sites 
where treatments compared were CPPMLR vs CADSMLR. 

Site Depth CPPMLR CADSMLR  SED p-value N   

Malende 0-10 cm 11.70a 13.13a 0.77 0.12 6  

  10-20 cm 11.09a 11.74a 0.73 0.42 6  

  20-30 cm 10.06a 11.33a 0.74 0.15 6  

  30-60 cm 28.57a 30.10a 2.35 0.55 6  

  sum 0-30 cm 32.85a 36.20a 1.72 0.11 6  

  sum 0-60cm 61.42a 66.30a 3.97 0.27 6  

Chavakadzi 0-10 cm 18.80a 19.42a 1.65 0.73 4  

  10-20 cm 14.08a 14.13a 1.33 0.98 4  

  20-30 cm 12.69a 10.58a 2.15 0.40 4  

  30-60 cm 27.71a 25.96a 1.95 0.44 4  

  sum 0-30 cm 45.58a 44.12a 2.03 0.53 4  

  sum 0-60cm 73.28a 70.08a 1.66 0.15 4  

Hereford 0-10 cm 20.59a 22.55a 1.03 0.10 8  

  10-20 cm 17.26b 20.18a 0.98 0.02 8 * 

  20-30 cm 15.69a 18.34a 1.29 0.08 8  

  30-60 cm 39.15a 41.54a 5.23 0.66 8  

  sum 0-30 cm 53.54b 61.07a 2.18 0.01 8 * 

  sum 0-60cm 92.69a 102.61a 6.74 0.18 8  

Madziwa 0-10 cm 3.43a 4.76a 0.56 0.14 3  

  10-20 cm 2.60a 3.03a 0.56 0.52 3  

  20-30 cm 1.74a 2.34a 0.25 0.13 3  

  30-60 cm 4.09a 4.79a 0.61 0.37 3  

  sum 0-30 cm 7.76b 10.14a 0.36 0.02 3 * 

  sum 0-60cm 11.85b 14.93a 0.72 0.05 3 * 

Musami 0-10 cm 4.06a 4.74a 0.38 0.13 6 
 

  10-20 cm 2.46a 3.65a 0.40 0.03 6 * 

  20-30 cm 1.97a 2.73a 0.31 0.06 6  

  30-60 cm 5.29a 6.21a 0.82 0.31 6  

  sum 0-30 cm 8.48b 11.12a 0.84 0.03 6 * 

  sum 0-60cm 13.77a 17.32a 1.42 0.05 6 
 

Chikato 0-10 cm 2.75b 4.21a 0.27 0.00 10 *** 

  10-20 cm 2.13b 2.63a 0.20 0.03 10 * 

  20-30 cm 1.96a 2.08a 0.28 0.70 10  

  30-60 cm 4.67a 4.89a 0.65 0.74 10  

  sum 0-30 cm 6.83b 8.91a 0.61 0.01 10 ** 

  sum 0-60cm 11.50a 13.81a 1.05 0.06 10 
 

Values followed by same letters within each row are not significantly different (p>0.05) 
Grey background is used to highlight comparisons that recorded significant differences. 
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SUMMARY 

On-farm demonstration-trials are a common strategy to introduce new technologies to 

farmers, while simultaneously evaluating their performance under farmer conditions. 

The current study focuses on conservation agriculture (CA) technology adoption 

dynamics among a small group of farmers. These farmers are familiar with CA as they 

have hosted CA demonstration-trials for at last seven years. Management and 

performance of farmers’ fields were compared with the CA demonstration-trials 

implemented on the same farm, focusing on yield gaps between the two and the 

uptake of CA or some of its principles. Demonstration-trials and farmers’ fields 

comparisons were made in three distinct land classification areas: Madziwa Communal 

Area (est. 1910s), Chavakadzi (est.1980s) and Hereford (est. 2000s) Resettlement 

Areas. Results show that closing knowledge gaps on CA did not close yield gaps. In 

the Communal Area, CA principles have barely been taken up, but farmer yields were 

often as good as on the demonstration-trials. In the Resettlement Areas, farmers did 

take up reduced tillage (CA principle 1) and practiced rotations (CA principle 3), but 

not residue retention (CA principle 2). Rather than partial CA adoption, lower 

fertilization rates explained the recorded yield gaps in the Resettlement Areas. In the 

three areas, farmers’ interest in CA-based increasing of yields was limited, as 

circumstances drive them to embark on an extensification rather than a land use 

intensification pathway. 

 

Keywords: technology adoption; on-farm research; conservation agriculture; 

Zimbabwe; maize productivity 
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INTRODUCTION 

In agricultural research for development, on-farm trials are a common strategy to 

introduce agricultural technologies to farmers, while simultaneously evaluating their 

performance under farmer conditions1. Sometimes referred to as ‘demonstration-

trials’, these experiments are geared towards technology dissemination – as is implied 

by the notion of ‘demonstrations’ and complementary activities such as farmer 

trainings and field days. The experiments are often designed by researchers, while 

extension workers or trained technicians usually supervise their implementation by 

farmers in farmers’ fields. In development-oriented agronomic research, which aims at 

improving farmer practice and livelihood, this kind of collaborative work is based on 

two implicit assumptions: (1) that the performance of the new agricultural 

technologies on the trial plots is indicative of what farmers can achieve on their farm 

once they fully master the new technologies/practices, and; (2) that through their 

participation, trial hosting farmers will learn, and be the early adopters of the new 

agricultural technologies (Rogers, 2003). The current study analyses these assumptions 

for on-farm conservation agriculture (CA) experiments, adopting a farm-level 

perspective.  

CA is a cropping systems management approach that entails three principles: (1) 

reduced soil disturbance, (2) residue retention on the soil surface and (3) crop rotations 

and associations (FAO, 2002). It has been widely promoted in Southern Africa 

(Thierfelder et al., 2014) and a number of on-farm demonstration-trials have been 

implemented in the last decade (Thierfelder et al., 2013a; Thierfelder et al., 2013b; 

Thierfelder et al., 2015a; Thierfelder et al., 2015b; Thierfelder et al., 2013c; Thierfelder 

& Wall, 2012). Results from these on-farm studies suggest that CA has the potential to 

increase yields. Nevertheless, farmer adoption of CA technologies in Southern Africa 

is generally (s)low, often partial, and limited to small land areas (Andersson & D'Souza, 

2014). A common explanation is that CA is knowledge intensive and requires 

numerous changes to the cropping system (Kassam et al., 2009; Wall, 2007; Wall et al. 

2013). The current farm-level study therefore focuses on the technology adoption 

dynamics among a small group of increasingly knowledgeable, trial hosting farmers. By 

comparing farming communities that have hosted similar CA demonstration-trials for 

at least seven consecutive seasons, it is possible to analyse the effect of closing the 

knowledge gap on farmer practice and its performance. Although the current study 
                                                 
1 Strictly speaking, on-farm trials are often not exactly replicating farmer conditions as input levels 

and management are guided by research protocols. Nevertheless, compared to on-station trials, on-farm 
trials are closer to farmers’ farming reality as management is carried out by farmers and influenced by 
their preferences and constraints (e.g. delays in weeding due to labour shortage or attendance at 
community events). 
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uses the case of CA, the approach has wider relevance, and is applicable to other 

technologies as well. 

A yield gap is commonly defined as the difference between potential yield under 

optimal management (that is, crop growth that is not limited by water and nutrients, or 

pests and diseases) and the yield actually achieved on farmers’ fields for a given crop in 

a certain location and cropping system (van Ittersum et al., 2013). Yield gaps are 

assessed with the aim to “better quantify and understand the potential for improving 

food production in a given region or system” (van Ittersum & Cassman, 2013). There 

are different methods to estimate potential yield and, consequently, a number of yield 

gap (YG) measures: model-based (YGM), experiment-based (YGE), and farmer-based 

(YGF) (Lobell et al., 2009). What is referred to as yield gap in the current study is 

similar to YGF, but instead of calculating a yield gap for a region it was calculated for 

individual farmers’ fields. Furthermore, instead of potential yield on farmers’ fields, a 

more practical notion of ‘attainable yield’ is used, which is defined as the best 

performing CA demonstration-trial treatment managed by the same farmer. Located 

on one and the same farm, it was assumed that crop growth in demonstration-trial 

plots and farmer fields takes place under the same climatic conditions and water 

limitations. Nutrient supply and management is assumed to be closer to an optimum 

in the demonstration-trial plots as compared to the farmers’ fields. Hence, the current 

study does not study absolute yield gaps and their closure, but merely the effect of 

closing the knowledge gap on the reduction – or closure – of a farmer-attainable yield 

gap. 

The current study analyses demonstration-trial and farm data in three land 

classification areas of Zimbabwe. This classification of farm land, which has its roots 

in the colonial era, represents differences in agro-ecologies and agricultural potential, 

as well as socio-economic status and infrastructural development. Communal Areas 

are smallholder farming areas that were established as so-called ‘African Reserves’ 

around 1910 (Floyd, 1962; Palmer, 1977). Originally intended as labour reserves for an 

expanding capitalist economy, Communal Areas are generally characterized by 

degradation-prone (granite-derived) sandy soils with poor soil fertility and high 

population densities. Such areas of low agricultural potential are often also ill-

connected to markets for agricultural inputs and produce. Resettlement Areas were 

first established in the mid-1980s on land that white settler farmers had occupied 

during the colonial period. Farms were given out to aspiring African farmers, who had 

successfully completed a ‘Master Farmer’ training programme. As part of Zimbabwe’s 

post-2000 land-reform programme more Resettlement Areas were created. With better 

soils and far lower population densities than the Communal Areas, Resettlement Areas 
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are usually seen as commercially-oriented farming areas. The current study thus 

compares farming households with different livelihood orientations and within 

heterogeneous socio-ecological niches (Ojiem et al., 2006), which may have different 

potential for CA adoption. By comparing the actual farm practices of trial hosting 

farmers in the studied areas to plot-level data from demonstration-trials, the current 

study illuminates how higher scale factors, relating to the agro-ecological and socio-

economic farming environment, shape farm practices and the adoptability of CA or its 

components. As the farmers studied have implemented CA demonstration-trials for at 

least seven consecutive seasons, a lack of knowledge is no longer regarded as a factor 

limiting farmers’ uptake of CA related practices. 

MATERIALS AND METHODS 

Study area 

The study compared the results of on-farm demonstration-trials with management and 

performance of farmer fields in different land classification areas in Mashonaland 

Central province, Zimbabwe. Three sites, all within a radius of 50 km from Bindura 

town, were considered: Hereford and Chavakadzi Resettlement Areas established in 

2002 and 1987, respectively, and Madziwa Communal Area. The three sites 

represented a gradient of decreasing agricultural potential. In the Resettlement Areas 

soil texture varied from sandy loam to sandy clay loam and the predominant soil types 

were Chromic Luvisols and Lixisols (IUSS Working Group WRB, 2014) which are 

better suited for agricultural production than Madziwa’s Arenosols (IUSS Working 

Group WRB, 2014). 

Figure 1 shows the site locations, a schematic representation of the different 

landscapes in the sites, and provides an indication of farm sizes. In Madziwa, little 

forest land was found along rivers or hills. Non-cultivated land was mostly grassland. 

Farm sizes were very variable: most farmers had 1-2 ha farms, while others had 10-20 

ha. The analysis therefore distinguished Madziwa big (9-16.5 ha) and Madziwa small 

(1-2.5 ha). In Chavakadzi and Hereford farm sizes were more similar – but bigger in 

Chavakadzi – as these Resettlement Areas resulted from land use planning. Wood and 

grasslands where cattle graze made up a substantial part of the landscape. Another 

major difference between Madziwa and the redistributed lands of Chavakadzi and 

Hereford was that in the former, homesteads were located within the farm, while in 

the latter there were designated housing areas where homesteads were concentrated. 
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Figure 1: Schematic representation of the land use in the three studied sites in Mashonaland 
central province (Zimbabwe), including the land holdings of the interviewed farmers (for 
Madziwa four out of eight are displayed). 

Table 1 provides a brief overview of the interviewed farmers that hosted CA trials 

in the three sites. The most striking difference between the sites was the diverging 

importance of farming and off-farm income for rural livelihoods. While farmers in 

Hereford almost exclusively relied on agricultural production to secure their livelihood, 

in Madziwa other income-generating activities were more important and often 

subsidized food production-oriented cropping activities. In Chavakadzi farming was 

also the main activity, but on-farm gold digging – although illegal – provided 

additional income. Although household size was similar across all sites (6-8 persons) 

the farm area allocated to maize, the main staple food, differed. In Madziwa maize was 

grown on 0.4-1.0 ha, in Chavakadzi on 2.1-3.0 ha and in Hereford on 2.0-5.4 ha. Cattle 

numbers were very variable both between and within sites. Highest numbers of cattle 

were recorded in Hereford, while farmers in Madziwa with small landholdings often 

had no cattle.  
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Table 1: Characterization of interviewed farmers. 

Site 
 

Farmer 
 

Farm area [ha] 
total   (maize) 

Household 
size 

Cattle 
no. 

sources of income 
besides farming 

Madziwa Mr. C 9.0 (0.7) 8 5 brick production 

   big Mr. K 16.5 (0.8) 4 8 remittances 

 Mr. S 9.8 (1.0) 21 6  

Madziwa Mr. J 1.0 (0.4) 6 - school council 

   small Mr. E 1.7 (0.8) 6 16 welding; trading 

 Mrs. K 2.2 (0.6) 6 - builder (husband) 

 Mrs. M 1.4 (0.6) 8 3 farm worker (husband) 

 Mrs. N 2.5 (0.6) 2 - day labouring 

Chavakadzi Mr. E 9.9 (3.0) 7 14 gold digging on farm 

 Mr. C 8.0 (2.3) 9 4 gold digging on farm 

 Mr. L 16.2 (2.8) 6 5  

 Mr. H 13.8 (2.1) 6 10 gold digging on farm 

Hereford Mr. P 7.3 (4.8) 5 6  

 Mr. C 8.8 (5.4) 9 25  

 Mr. F 8.5 (4.5) 7 49 trading 

 Mr. M 6.0 (2.0) 6 7 trading 

 Mrs. T 8.4 (2.8) 4 21  

 Mrs. G 8.5 (3.7) 10 2  

 Mrs. M 8.6 (4.6) 11 15  

 Mrs. P 8.0 (3.4) 8 ?  

Demonstration-trials 

The demonstration-trials (demo-trials) were first established in Chavakadzi during 

the 2004/05 cropping season and during the 2005/06 season in Madziwa and 

Hereford. The original aims of these trials were: (1) to collect agronomic and socio-

economic data on the performance and practicability of different practices associated 

with the three CA principles and; (2) to demonstrate CA to farmers. In each site four 

to eight replications of 0.3 ha were established, on which three tillage treatments were 

tested: 

(1) Conventional practice (CP): The crop was manually seeded and fertilized 

after the land had been tilled once using a shallow depth (10-15 cm) animal 

drawn mouldboard plough. Crop stubbles of the previous season were thus 

incorporated into the soil. Permanent soil cover was not practiced, as most of 

the residues had been removed or grazed during the dry season. No 

herbicides were used. 

(2) Conservation agriculture, ripping (CA-RI): The crop was manually seeded 

and fertilized in rip-lines opened using a Magoye ripper tine; a residue cover 

of 2.5-3 t ha-1 was ensured at the beginning of the rainy season either by 

fencing the plot area, stacking the residues up during the dry season, or 
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importing residues (i.e. thatching grass). A pre-emergence application of 

glyphosate (N-(phosphono-methyl) glycine) at a rate of 2.5 l ha-1 was used to 

eliminate weeds at seeding, followed by hoe-weeding whenever weeds were 

10 cm tall or 10 cm diameter for weeds with stoloniferous or rhizomatous 

growth habit. 

(3) Conservation agriculture, direct seeding (CA-DS): The crop was seeded and 

fertilized in one passage using an animal drawn direct seeder (Fitarelli 

Machinas, Brazil; www.fitarelli.com.br); residue management and weed 

control (including herbicide use) was the same as for CA-RI. 

All treatments used maize and a legume in rotation – soybean in Chavakadzi and 

Hereford, and cowpeas on the sandier soils of Madziwa. Details on demo-trial 

management are given in the supplementary data (Appendix A). 

The demo-trials were implemented by farmers on a dedicated piece of land on 

their farm. Trial hosting farmers were selected in community sensitization meetings 

prior to the first season of the experiment’s establishment. CIMMYT scientists were 

responsible for trial design and protocols as well as any changes to the treatments, 

taking into account farmers’ preferences (e.g. type of legume or maize varieties to be 

used). Direct seeders and ripper tines as well as the inputs for the trials (seed, fertilizer 

and herbicides) were made available by CIMMYT. In Chavakadzi and Hereford each 

trial-hosting farmer was responsible for the day-to-day management of the trial on 

his/her land, receiving support from the local extension service and CIMMYT 

technicians. Their labour was rewarded with the produce from the demo-trials. In 

Madziwa demo-trials were implemented on a specific piece of land owned by one 

farmer, but trial management was done jointly, by a group of 6-10 farmers who, at the 

end of the season, shared the harvest. 

Various biophysical (and socio-economic) parameters were measured on the 

demo-trials across the different seasons of trial implementation. For the current study 

rainfall and yield records were used. During the growing season, farmers recorded 

daily rainfall collected in a rain gauge on their farm. At harvest, grain and stover 

biomass yields were recorded for maize and legume crops each season following the 

procedure described in Thierfelder et al., (2015b). 

Methodology 

Focus group discussions with the demo-trial hosting farmers were held in each site to 

collect farmers’ opinion on the CA trials, and the key lessons learned. Individual recall 

interviews with demo-trial hosting farmers were held on three occasions during the 
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2013/14 cropping season (prior to seeding, mid-season and after harvest). These semi-

structured interviews were conducted during or after farm walks that were GPS 

tracked. The interviews focused on land preparation practices, fertilization and other 

input use, crop sequences and production. For each trial hosting farmer interviewed 

data on the entire farm was collected recording information about each field for the 

2011/12, 2012/13 and 2013/14 cropping seasons. In addition, farm household 

information was recorded (Table 1). The GPS data collected during the farm walks 

were used to draw farm maps using Google Earth version 6.0 (Google, 

www.googleearth.com) and calculate farm and field sizes using Earth Point (Bill Clark, 

www.earthpoint.us). The calculated field sizes were then used to transform field-level 

input and output data into per hectare data, to allow for comparison with the demo-

trial data. The comparisons between demo-trials and farmer fields focused on 

performance (yields) as well as the three CA principles and their implementation. 

Maize yield comparisons between demo-trials and farmer fields 

In a first step maize yield differences between demo-trials and farmers’ self-managed 

fields were investigated. When comparing differences in yields, fertilization rates and 

tillage methods were taken into account. As fertilization appeared to be crucial in 

explaining maize yield differences between farmers’ fields and demo-trials, an 

economic analysis of fertilizer expenses vs. potential income in maize production was 

conducted. In addition, a soil surface budget for nitrogen (N), phosphorus (P) and 

potassium (K) was calculated to assess possible nutrient mining.  

Yield gaps 

Building on earlier studies from the investigated sites (Thierfelder et al., 2012; 

Thierfelder & Wall, 2012) it was assumed that the CA technology used in the demo-

trials improves yields. Since the CA-DS treatment of the demo-trials most frequently 

had the highest yields, it was selected as the attainable maize yield for a given farmer in 

a given site. For each farmer the maize yield on his self-managed fields was expressed 

as the percentage of the CA-DS yield of the demo-trial he had managed the past seven 

or more seasons. In the current study, the yield gap was thus defined as the difference 

between CA-DS treatment of the demo-trial and farmers’ field yield. (These yield gap 

calculations were repeated by setting the ripped (CA-RI) or ploughed (CP) demo-trial 

treatment as the attainable yield as well. But as similar trends were observed only the 

CA-DS vs. farmers’ field results are reported and discussed.) The farmer field yields 

used correspond to single fields or the entire maize area of one farmer in a given 

season, depending on the farmer’s ability to provide plot-level or farm-level maize 

yield data. 
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Fertilizer expenses vs. potential income in maize production 

For each farmer and season (2012/13 and 2013/14) fertilizer expenses for maize 

production were calculated as: 

�"��� Q��������� ��/��B� �R($�

= ���"� Q��������� "//���� �� �"��� ∗ /��)� �Q Q��������� 

Similarly, potential crop derived income – if the entire harvest were to be sold – 

per farm from maize sales (US$) was calculated by multiplying total maize grain 

harvested by the price of maize. The net revenue (US$) per farm was calculated as the 

difference between potential income and fertilizer expenses. Data on fertilizer 

expenses for maize production, potential income and net revenue from maize sales 

was aggregated per site and expressed per hectare in order to make comparisons. 

Soil surface budget for nitrogen, phosphorus and potassium 

A ‘soil surface budget records all nutrients that enter the soil via the surface and that 

leave the soil via crop uptake’ (Oenema et al., 2003). Nutrient inputs through fertilizer 

(kg ha-1) were calculated on the basis of amount of fertilizer applied as indicated by the 

farmer during the interviews and maize field area calculated from the GPS based field 

maps. Nutrient exports through grain and stover were calculated on the basis of the 

maize grain harvest data collected during the interviews and the field size. In the 

absence of information on stover biomass we assumed a 1:1 ratio between grain and 

stover production. The following figures on nutrient content in plant material were 

used to calculate the nutrient export through grain and stover. Grain: 15.1 kg of N, 3.5 

kg of P and 4.2 kg of K per ton dry matter; stover: 9 kg of N, 0.9 kg of P and 16.6 kg 

of K per ton of dry matter (Friedhelm, 2012). Although in the current study possible 

inputs through manure and nutrient losses to the environment were neglected due to 

lack of data, the soil surface budget allowed for a rough assessment of soil nutrient 

mining. 

Crop residue use 

Farmers usually did not retain crop residues for permanent soil cover on their fields. 

Consequently, no quantitative data on residue retention was collected and analysed. 

The qualitative data collected during interviews and farm walks focused on 

understanding why residues were not retained. 

Crop rotation 

A second set of analyses focused on crop rotation and fallowing practices in farmer 

fields. These aimed to establish what farmers learned from the rotation practices in the 
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CA demo-trials. Farmers’ rotation and fallowing practices were identified using the 

plot allocation and plot size data of successive seasons (2011/12, 2012/13 and 

2013/14). Crop rotation and fallowing practices of farmers combined with farmers 

explanations during the interviews yielded insights into farmers’ soil fertility 

management practices and the drivers of fallowing. 

Land allocations to different crop categories and fallow 

Crops were first subdivided in four categories: maize, legumes (groundnuts, bambara 

nuts, sugar beans, cowpea and soybeans), cash crops (tobacco and cotton) and others 

(sunflower, sorghum, millet, sweet potato and rape). Additionally, two categories for 

fallow, short (≤3 years) and long (>3 years), were defined. For each farmer and season, 

the percentage of land, out of the total, allocated to each of these six categories was 

calculated. Thereafter the average percentage per category was calculated for each site 

and these data compiled into pie charts. (NB data from 2011/12 cropping season was 

not considered as there were too many fields for which information was not available 

because farmers could not remember.) 

Three-year crop sequences 

The same four crop categories used to compile the land allocation pie charts were 

considered to investigate how frequently a certain type of crop was repeated within the 

three year cropping window for which data was available. As an example: for 

Chavakadzi complete data were available for 25 different fields, of which 5 (20 %) had 

been planted with two consecutive years of maize within the three years. 

Two-year crop sequences 

Two-year crop sequences were compiled for each crop species, except for tobacco and 

cotton that were again taken together as cash crops. The total number of available 

two-year crop sequences was determined and the frequency (percentage of fields from 

the total) of each observed crop sequence calculated. In addition to the frequency (no. 

of fields) the area percentage covered by that particular crop sequence within the site 

was calculated. As an example: in Madziwa small a total of 85 two year crop sequences 

were recorded, accounting for a total area of 11.3 ha; in 31.8 % of the cases (27 fields) 

maize was planted after maize; in terms of area, maize after maize accounted for 37.4 

% of the total area, that is 4.23 out of 11.3 ha. Only the ten most frequent two-year 

crop sequences were compiled into a table. 

Statistical analysis 

Analysis of maize grain yield data from the demo-trials was performed using the 

Randomized Complete Block approach in StatistiX version 9.0 (Analytical Software, 

Tallahassee, Florida, USA), with each demo-trial being a replicate within a site. 



CHAPTER 3: Conservation agriculture adoption dynamics 

94 

Descriptive statistics for farmer maize grain yields as well as a one way ANOVA 

analysis, performed to verify for significant differences in fertilizer expenses and 

potential income in maize production across the three sites, were performed using the 

same software. Standard errors in all other figures were compiled when drawing the 

graphs using SigmaPlot version 11.0 (Systat Software Inc., San Jose, California USA). 

RESULTS 

Farmers practice as compared to demo-trials 

Variability of maize yields 

 

Figure 2: Average maize grain yield of the three treatments (CP, CA-RI and CA-DS) and total 
rainfall recorded since the onset of the on-farm demonstration-trials in Madziwa, Chavakadzi 
and Hereford. The lines are drawn on the basis of the average yield between treatments in 
each site and season. 

Maize grain yields on the demo-trials have been very variable, both in time and within 

and across sites (Figure 2). In all sites the variability in yields between seasons was 

bigger than between treatments, highlighting that above any management practice, 
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rainfall and soil were the major yield determinants. In Madziwa, maize grain yields 

between 1.5 t ha-1 and 3.5 t ha-1 have been recorded; while in Chavakadzi and Hereford 

they ranged from 2.5 to 7 t ha-1 (Figure 2). Rainfall recorded across the nine seasons 

ranged between 550 and 811, 564 and 1239 and 525 and 1094 mm a-1 in Madziwa, 

Chavakadzi and Hereford, respectively (Figure 2). 

Similar to the demo-trials maize grain yields of farmers’ self-managed fields also 

displayed considerable variability across seasons and sites as well as within sites, that is, 

between farmers (Table 2). Overall, the variability in farmers’ maize grain yields was 

highest in Madziwa and lowest in Hereford. This is likely to be a result of differences 

in soil quality and rainfall reliability, as well as a measure of farmer heterogeneity in the 

different communities – larger in Madziwa than in the Resettlement Areas sites. Maize 

yield variability within farms was also very high; some fields are more fertile, cropped 

more intensively (receiving more inputs or more care), or seeded earlier. Such 

differences in management are likely to result from preferential treatment of particular 

fields by farmers facing labour and input shortages. 

Table 2: Farmers’ fields maize grain yield average and standard deviation (SD) (t ha-1) for 
Madziwa (big and small), Chavakadzi and Hereford for the investigated seasons 

  
2011-12 2012-13 2013-14 all seasons 

Site Farmer  n mean SD n mean SD n mean SD n mean SD 

Madziwa Mr. C 3 2.06 1.20 2 1.14 1.61 1 1.57 
 

6 1.67 1.14 

   big Mr. K 3 2.72 0.51 1 4.12 
 

1 2.45 
 

5 2.95 0.76 

 
Mr. S 1 5.28 

 
3 2.00 1.47 4 1.68 0.51 8 2.25 1.50 

Madziwa Mr. E 1 3.15 
 

1 3.46 
 

1 5.11 
 

3 3.91 1.05 

   small Mr. J 2 3.18 0.37 2 3.12 1.16 2 4.75 1.64 6 3.68 1.23 

 
Mrs. M 3 6.20 2.74 4 4.90 1.49 3 1.13 0.45 10 4.16 2.68 

 
Mrs. K 5 3.41 1.98 2 2.25 3.09 2 1.45 1.71 9 2.71 2.01 

 
Mrs. N 1 0.00 

 
2 0.34 0.48 2 0.38 0.32 5 0.29 0.33 

 
All 19  3.41 2.11 17 2.76 2.01 16 2.03 1.65 52 2.77 1.99 

Chavakadzi Mr. E 1 7.44 
 

2 5.81 2.70 4 2.03 1.15 7 3.88 2.74 

 
Mr. C 0 

  
3 1.61 1.80 2 2.08 1.21 5 1.80 1.43 

 
Mr. L 1 4.35 

 
3 0.98 0.82 6 1.67 0.96 10 1.73 1.27 

 
Mr. H 0 

  
2 3.69 0.31 2 2.81 2.07 26 3.25 1.31 

 
All 2  5.90 2.19 10 2.68 2.33 14 1.99 1.12 3 2.56 1.97 

Hereford Mr. P 1 4.74 
 

1 2.68 
 

1 2.77 
 

3 3.39 1.16 

 
Mr. C 1 8.31 

 
3 1.35 1.38 1 1.92 

 
5 2.86 3.21 

 
Mr. F 0 

  
3 3.72 2.47 1 2.39 

 
4 3.39 2.12 

 
Mr. M 2 3.90 0.53 3 2.21 1.48 4 2.50 0.62 9 2.72 1.09 

 
Mrs. T 3 1.50 1.03 5 2.04 1.61 1 2.95 

 
9 1.96 1.33 

 
Mrs. G 1 4.36 

 
4 1.05 0.63 3 1.24 1.32 8 1.54 1.41 

 
Mrs. M 1 2.68 

 
2 0.80 0.12 3 1.07 0.52 6 1.25 0.79 

 
Mrs. P 1 2.63 

 
1 2.87 

 
1 1.84 

 
3 2.45 0.54 

 
All 10  3.50 2.15 22 1.97 1.54 15 1.92 0.93 47 2.28 1.63 

All sites and farmers  31 3.60 2.14 49 2.39 1.89 45 1.98 1.25 125 2.54 1.86 
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Maize yield gaps 

While a yield gap between the CA-DS demo-trial treatment and farmer fields was 

recorded for all three seasons in Hereford, in Madziwa both big and small farmers 

increasingly outperformed the CA-DS treatment over the three cropping seasons 

studied (Figure 3). The current study’s yield gap definition thus resulted in a ‘negative 

yield gap’ for Madziwa. Big farmers in Madziwa achieved average maize grain yields of 

respectively 87, 143 and 211 % of the CA-DS treatment, while small farmers achieved 

110, 108 and 157 % in 2011/12, 2012/13 and 2013/14, respectively.  

In Chavakadzi an emerging yield gap between demo-trial and farmer yields was 

observed. Maize grain yields on farmers’ fields were 121, 98 and 47 % of the CA-DS 

treatment in the 2011/12, 2012/13 and 2013/14 seasons, respectively (Figure 3). In 

Hereford, a widening yield gap was observed; farmers’ fields produced on average 65, 

48 and 49% of the CA-DS treatment in the 2011/12, 2012/13 and 2013/14 seasons, 

respectively. 

 

Figure 3: Maize grain yields on farmer fields expressed as percent of the maize grain yield of 
the direct seeded CA treatment in the demonstration-trial. Mean and standard error are 
displayed shifted to the right from the respective season and site observations. The number of 
observations in each site and season are indicated with “n”. The solid horizontal line indicates 
equal yields on farmers’ fields and demonstration-trials. 
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Maize yield gaps as influenced by tillage method and nitrogen fertilization 

To assess the influence of tillage method on maize yields farmers’ fields were 

compared with the demo-trial treatment that was most similar to their own practice in 

terms of tillage practice (Figure 4). For example, a farmer’s maize field planted in rip-

lines was compared with the CA-RI treatment of that farmer’s demo-trial. (NB basins 

fields were compared to the CA-RI treatment.) The difference in fertilizer rates applied 

on farmers’ fields as compared with the demo-trial was taken into account by 

displaying farmer fields with lower nitrogen (N) fertilization than the demo-trial on the 

left (a) and those with higher N fertilization on the right (b) (Figure 4). 

Of a total of 112 paired observations, 70 (almost two thirds) presented a higher 

yield on the demo-trial than on the farmer field (Figure 4). Differences in N 

fertilization rates were clearly a major determinant of this yield difference. Lower 

fertilization in the farmers’ fields was observed in 59 of the 70 cases where a yield gap 

was recorded. However, in a number of cases (n) farmers achieved higher yields in 

their own fields than in the CA-DS demo-trial treatment, despite lower (<80 kg ha-1) N 

fertilization rates (n=25). Such fields were mainly found in Madziwa (n=17). Farmers’ 

fields fertilized at a higher rate (>80 kg N ha-1) than the demo-trials were also mainly 

observed in Madziwa (n=20) (Figure 4). 

 

Figure 4: One to one comparison of farmers’ field maize grain yield and the yield of the most 
comparable demonstration-trial treatment taking into account tillage method and nitrogen (N) 
fertilization rates. Graph a) and b) display observations for farmer fields fertilized at a lower 
and higher N rate than the demonstration-trials (80 kg N per hectare), respectively. The 
number of observations (n) is indicated in brackets. 
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Fertilization rates on farmers’ fields 

Fertilizer application on maize was lower in farmers’ fields than in the demo-trials in 

Chavakadzi and Hereford, while in Madziwa they were comparable (Figure 5). In 

Chavakadzi basal fertilization on farmers’ fields was similar to the amounts applied on 

the demo-trials (11N:10P:10K kg ha-1). The observed difference in fertilization largely 

resulted from much lower topdressing rates (ca. 26 kg ha-1 of N as compared with 69 

kg N ha-1 applied on the demo-trials). In Hereford lower rates of fertilizer were applied 

for both basal and topdressing (ca. 7N:6P:6K kg ha-1 and 21 kg N ha-1). In Madziwa, 

farmers on average fertilized their maize with 200 kg ha-1 of basal fertilizer 

(14N:12P:12K kg ha-1; slightly higher than the fertilization rate on the demo-trials) and 

200 kg ha-1 of topdressing (69 kg N ha-1). The highest variability in maize fertilization 

was recorded in Madziwa, indicating diverse management choices (Figure 5). 

 

Figure 5: Average amount of chemical fertilizer (in kg ha-1 of nitrogen (N), phosphorus (P) 
and potassium (K)) applied to maize in farmers’ fields in Chavakadzi (n=29), Hereford (n=47) 
and Madziwa (n=53) between 2011 and 2014. As a reference the horizontal lines display the 
amounts applied on the demo-trials: 80 kg ha-1 N (continuous black line), 10 kg ha-1 P 
(continuous grey line) and 10 kg ha-1 K (dashed grey line). 

Fertilizer expenses vs. potential income in maize production 

Farmers in Hereford spent much more money on fertilizer (240 US$) than in 

Chavakadzi (99US$) and Madziwa (95US$) (Table 3). The significantly larger maize 

area in Hereford (3.7 ha) as compared to the other two sites (Chavakadzi 1.8 ha; 

Madziwa 0.6 ha) explains this larger expenditure. On a per hectare basis, farmers in 

Madziwa spent significantly more money on fertilizer than farmers in Chavakadzi and 
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Hereford, but the higher investment did not translate into increased income. No 

significant difference in potential income (US$ ha-1) was found between the three sites 

(Table 3). That is, if farmers were to sell all their harvest from 1 ha they would earn the 

same amount of US$. This lack of return on investment for Madziwa farmers is due to 

the poorer soils. NB The fertilizer amounts and expenses referred to in this paragraph 

are limited to maize production only. Fertilizer used by farmers for other crops (i.e. 

cotton, tobacco, soybeans) was not considered. 

Table 3: Average per farm of total fertilizer expenditure on maize and potential income from 
maize in Madziwa, Chavakadzi and Hereford 

  Madziwa Chavakadzi Hereford  

Maize area  
[ha farm -1] 

mean 0.6c 1.8b 3.7a 
*** 

SD 0.21 0.30 0.21 

Average maize yield 1  
[t ha -1] 

mean 2.9a 2.7a 2.1a 
 

SD 0.35 0.50 0.35 

Fertilizer expense on 
maize [US$ farm -1] 

mean 95b 99b 240a 
* 

SD 35.5 50.2 35.5 

Potential income from 
maize  [US$ farm -1] 

mean 293b 555b 1511a 
*** 

SD 203.7 288.0 203.7 

Net revenue 
[US$ farm -1] 

mean 198b 457b 1271a 
*** 

SD 179.4 253.7 179.4 

Fertilizer expense on 
maize [US$ ha -1] 

mean 263a 155b 112b 
*** 

SD 23.1 32.6 23.1 

Potential income  from 
maize  [US$ ha -1] 

mean 800a 755a 588a 
 

SD 99.4 140.5 99.4 

Net revenue 
[US$ ha -1] 

mean 537a 599a 476a 
 

SD 97.0 137.2 97.0 

Values followed by different letters within a row indicate significant  
differences between sites; 
signif. codes: 0.001 ‘***’, 0.01 ‘**’ and 0.05’*’ 

Soil surface nutrient budget 

The soil surface nutrient budget calculated for N, P and K showed that average 

mineral fertilizer amounts applied in Madziwa cover for the N exported from the 

fields through both grain and stover harvested (Figure 6). In Chavakadzi N 

fertilization only covered the nutrient exports through the harvested maize grain and 

in Hereford slightly more N was exported through the grain than added in form of 

mineral fertilizer. The amounts of P applied were sufficient to cover the exports via 

the grain in Madziwa and Chavakadzi but not in Hereford. K fertilization was too low 

to cover for exports in harvested produce in the three sites, especially if grain and 

stover exports were considered. The full exportation of stover through cattle grazing 
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on crop residues lead to a negative P and K balance at all sites and to a negative N 

balance in Chavakadzi and Hereford (Figure 6). Cattle droppings occurred during free 

grazing in the dry season but at night animals were kept in kraals and most manure 

was collected there. This manure was applied to fields before planting started but 

farmers explained that only few fields receive manure in a given year. Nutrient 

deficiencies were not only apparent from the relatively low yields in the three sites 

reported on in in the current study, but could also be observed in the field. Symptoms 

of N and P deficiencies for example were observed in fields in all three sites. 

 

Figure 6: Average and standard error for nutrient (nitrogen (N), phosphorus (P), and 
potassium (K)) input through mineral fertilizer and exports through harvested produce from 
farmers’ maize fields in Madziwa, Chavakadzi and Hereford. 

Tillage & mulching practices on farmers’ fields 

In Chavakadzi and Hereford, most farmers’ fields were ripped (18 out of 22 for 

Chavakadzi and 32 out of 40 for Hereford) instead of ploughed (Figure 4). During the 

interviews, farmers pointed to the labour and time savings that can be realized with 

ripping. Most farmers ripped with a mouldboard plough rather than a ripper tine. 

Farmers would hold the plough in such a way that it merely opens a furrow instead of 

inverting the soil surface of the whole field. It was observed that after this ‘plough-
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ripping’, farmers used the plough to close the lines, simply by passing next to the 

planted line in the opposite direction. This was much quicker than covering seed and 

fertilizer using a hand hoe. Although this way of closing the lines was disturbing the 

soil more than just ripping, it can still be considered as reduced tillage when compared 

to ploughing. Farmers have thus generally adopted the CA principle of reduced soil 

disturbance as introduced in the on-farm demo-trials. However, reduced tillage was 

not practiced for all crops. For instance, tobacco fields were often ploughed and/or 

ridged. Unlike reduced soil disturbance, permanent soil cover (CA principle 2) was 

hardly practiced. Farmers have not increased mulch levels on their fields, considering 

this to be too laborious. Burning of crop residues has been abandoned as a land 

cleaning method but free grazing during the dry season is still common and crop 

residue levels were usually low at seeding time. 

In Madziwa ploughing was still common (21 out of 50 fields) (Figure 4). 

However, some farmers have adopted the CA principle of minimum soil disturbance 

by digging planting basins on some part of their land. Basin-planted fields were 

generally small (0.05-0.15 ha), close to the homesteads and generously mulched (up to 

100 % soil cover). Of the 11 basin-planted fields, 10 out-yielded the CA-RI demo-trial 

treatment, but only three were fertilized at a higher rate (Figure 4). 

Across the three sites very few farmers’ fields (12) were planted with an ox-drawn 

direct seeder (Figure 4). Farmers appreciated the precision, ease and speed with which 

a field can be seeded using a direct seeder, but they did not invest in one. The 

particular type of direct seeder used is also not readily available on the local market. 

The direct seeder that farmers used was invariably borrowed from the on-farm demo-

trial project, but as they had to take turns, the number of farmers that could use the 

machine to seed fields was limited. 

Crop rotation and fallowing 

Fallow land and land allocations to different crop categories 

Across the three sites studied, farmers did not cultivate all their land. Fallow land 

accounted for 19 % of farmers’ total land area in Hereford, 65 % of the farm land in 

Chavakadzi, and 32 and 76 % in Madziwa small and big farms, respectively (Figure 7). 

This suggests considerable scope for crop rotation if farmers would include fallow 

land in their rotation schemes. Yet, as Figure 7 shows, only a small proportion of the 

fallow land had been cropped in the last three seasons. Hence, farmers included fallow 

in their rotations only to a limited extent. While fallowing was common in all sites, in 

Hereford the land area that remained fallow was relatively small as compared to the 



CHAPTER 3: Conservation agriculture adoption dynamics 

102 

other sites, and consisted largely of unusable land (contour ridges, gullies). In this 

relatively recently resettled area, farmers cultivate not merely for productive reasons, 

but also to reinforce their claim on the land. In Madziwa, it was found that whereas 

big farmers have about six times more land than small farmers, they only cropped 

about twice the land area of small farmers. 

The land areas farmers allocated to different crops was site specific (Figure 7). In 

the case of Madziwa, where farmers were subdivided according to landholding size, 

such land allocations were also farm-size dependent. For instance, cash crop 

production was more important in Hereford and Chavakadzi than in Madziwa, where 

only big farmers grew cash crops on a small area of their land. In Madziwa, the share 

of the maize area in the total was larger on small farms, but the absolute maize area 

cultivated by Madziwa big and small farmers did not differ much (0.7-1.0 and 0.4-0.8 

ha, respectively; Table 1). In Chavakadzi and Hereford land allocations to different 

crops were very different (Figure 7). In Chavakadzi the average farm size recorded was 

12 ha of which on average only 35 % were cultivated. The largest share of the farm 

land was allocated to maize (20 %), followed by legumes (9 %) and cash crops (6 %) – 

in earlier years cotton was grown as cash crop, but since the prices have dropped, 

mainly tobacco. Other crops (e.g. sunflower) were not grown on a regular basis or on 

such small areas that farmers did not even mention them. By contrast, Hereford 

farmers allocate half of their land to maize production, 21 % to legumes, 8 % to cash 

crops and 2 % to other crops (e.g. sunflower, but also sorghum or millet were 

recorded). 

 

Figure 7: Averages of total farm size and land allocations to different crop types and fallow 
land for Madziwa big and small farms, Chavakadzi and Hereford. The number of farmers (n) 
interviewed the average farm size (ha) as well as its standard deviation (in brackets) are 
indicated for each site. 
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Crop sequences and their rationale 

Crop rotation was found to be common practice in all sites (Table 4). Analysing three-

year crop sequences it was found that three years of continuous maize or legume 

cropping only occurred on respectively 7 and 1 % of farmer fields. Three consecutive 

years of cash crops or other crops were not observed. This shows that farmers were 

able to practice crop rotation, despite the predominance of maize in the cropping 

system. Across the three sites 83 % of the fields were grown with maize at least once 

every three years, while legumes were grown at least once in three years in only 44 % 

of the cases. Cash crops (cotton and tobacco) were mainly grown in Chavakadzi and 

Hereford, but 55-60 % of the fields had no cash crop grown for at least three years in 

a row. In Madziwa only farmers with bigger landholdings grew cash crops and only on 

14 % of their fields once in three years. 

Table 4: Frequency (%) of three-year crop sequences by crop category on farmer fields. The 
number of fields (n) recorded in each site is indicated in brackets 

Number of crops and 
characterization of the 
crop sequence per field 

Madziwa  
big 

(n=29) 

Madziwa  
small 
(n=41) 

Chavakadzi  
 

(n=25) 

Hereford 
 

(n=88) 

Overall 
 

(n=183) 

 Maize 

1 Mz-Mz-Mz 7 17 8 2 7 

2 Mz-Mz-x or x-Mz-Mz 17 29 20 33 28 

2 Mz-x-Mz 7 20 16 16 15 

3 Mz-x-y or x-Mz-y or x-y-Mz 24 22 48 38 33 

 never Mz (in 3 years) 45 12 8 11 17 

 Legumes (groundnuts, bambara nuts, sugar beans, cow pea or soybeans) 

1 Lg-Lg-Lg 7 0 0 0 1 

2 Lg-Lg-x or x-Lg-Lg 7 7 0 7 6 

2 Lg-x-Lg 7 0 0 2 2 

3 Lg-x-y or x-Lg-y or x-y-Lg 48 49 40 47 47 

 never Lg (in 3 years) 31 44 60 44 44 

 Cash crops (tobacco or cotton) 

1 Cc-Cc-Cc 0 0 0 0 0 

2 Cc-Cc-x or x-Cc-Cc 0 0 4 1 1 

2 Cc-x-Cc 0 0 8 5 3 

3 Cc-x-y or x-Cc-y or x-y-Cc 35 0 32 36 27 

 never Cc (in 3 years) 65 100 56 58 69 

 Other crops (sunflower, sorghum, millet, sweet pota to or rape (leaf vegetables)) 

1 Oc-Oc-Oc 0 0 0 0 0 

2 Oc-Oc-x or x-Oc-Oc 0 3 0 2 2 

2 Oc-x-Oc 0 0 0 1 1 

3 Oc-x-y or x-Oc-y or x-y-Oc 14 29 4 27 22 

 never Oc (in 3 years) 86 68 96 70 75 

Acronyms: Mz = Maize; Lg = legumes; Cc = cash crops; Oc = other crops; x & y = can 
be any crop type, except the one of the crop category displayed in the respective row, 
e.g. in Mz-x-Mz, x can stand for Lg, Cc or Oc but not Mz.  
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Zooming in on the ten most common two-year crop sequences, the dominance of 

maize in all three sites was again immediately apparent (Table 5). Out of ten crop 

sequences, nine included maize in Hereford, eight in Chavakadzi, seven in Madziwa 

small and five in Madziwa big. In addition, maize after maize was the most common 

crop succession observed in all three communities covering 10.0-31.8 % of the fields 

and 15.2-37.4 % of the cropped area. Two consecutive years of fallow was commonly 

observed in both Chavakadzi and Madziwa (but not in Hereford). Across the three 

sites maize was commonly grown after a legume (groundnuts, sugar beans or 

soybeans) which suggests that farmers know about the fertility benefits of such a 

practice. Another most common crop sequence was maize after a cash crop (cotton or 

tobacco): practiced on 13.9 and 17.4 % of the fields in Chavakadzi and Hereford, 

respectively. Cash crops were usually grown under contract-farming arrangements 

which include fertilizer provision and farmers explained that they grow maize after a 

cash crop to make use of residual fertilizer effects. Farmers’ also mentioned to practice 

crop rotation for disease management. And in fact, except for maize fields, very few 

fields have been observed to be cropped two consecutive years with the same crop. 

Table 5: Frequency (%) of specific two year crop sequences in fields of Madziwa big, 
Madziwa small, Chavakadzi and Hereford. In brackets the percentage of the total area of the 
“n” number of fields allocated to a specific crop sequence. 

Rank 
Madziwa big 
n=60 (12.7ha) 

Madziwa small 
n=85 (11.3ha) 

Chavakadzi 
n=86 (44.8ha) 

Hereford 
n=190 (90.2ha) 

1 Mz-Mz 10.0 (15.2) Mz-Mz 31.8 (37.4) Mz-Mz 18.6 (11.3) Mz-Mz 21.6 (25.4) 

2 F-Cc 8.3 (3.2) Mz-Sb 7.1 (8.7) Cc-Mz 13.9 (18.7) Cc-Mz 17.4 (21.4) 

3 F-F 6.7 (6.6) Sb-Mz 7.1 (9.1) Mz-Cc 12.8 (17.0) Mz-Gn 7.4 (6.8) 

4 F-Gn 6.7 (5.2) Gn-Mz 7.1 (7.5) Mz-Sy 9.3 (8.3) Mz-Cc 6.8 (8.3) 

5 Mz-F 5.0 (9.7) Mz-Gn 5.9 (5.7) F-F 9.3 (11.9) Sy-Mz 6.8 (8.1) 

6 Sy-Gn 5.0 (9.0) F-F 4.7 (6.4) F-Mz 8.1 (7.1) Mz-Sy 6.3 (9.9) 

7 F-Mz 5.0 (5.0) F-Mz 3.5 (3.3) Mz-F 7.0 (10.2) Gn-Mz 3.7 (4.8) 

8 Gn-Cc 5.0 (2.2) F-Gn 3.5 (1.9) Sy-Mz 3.5 (4.6) Sf-Mz 3.7 (1.9) 

9 Sy-Mz 3.3 (3.5) F-Pt 3.5 (1.1) Gn-Mz 2.3 (0.2) Sf-Sy 3.2 (1.0) 

10 Gn-Mz 3.3 (3.3) Sg-Mz 2.4 (1.5) F-Cc 2.3 (2.9) Mz-Sf 2.6 (1.1) 

 other 41.7 (37.1) other 23.4 (17.4) other 12.9 (7.8) other 20.5 (11.3) 

Acronyms: Mz = Maize; Cc = cash crop: Cotton or Tobacco; Sy = Soybean; 
Gn = Groundnut; F = Fallow; Sf = Sunflower; Pt = Sweet potato; Sb = Sugar bean 
NB fields that have been fallow three or more years are not considered in this table. 
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DISCUSSION 

Knowledge gaps as problem of technology adoption? 

While it was found that the yield gap between the on-farm demo-trials and farmers’ 

maize fields is not closing after years of on-farm experiments, interviews and 

observations of farmer practice revealed that demo-trial-hosting farmers have gained 

considerable knowledge about CA. The closing knowledge gap on CA is not only 

evidenced by demo-trial hosting farmers’ ability to explain the benefits of CA as 

commonly put forward in the scientific literature and extension materials. Demo-trial 

hosting farmers also adopted specific CA practices on their farms or adapted these to 

suit their needs and circumstances. For instance, minimum tillage practices such as 

planting basins, ripping and direct seeding were widely practiced in the study sites, 

either following the example of the demo-trials or, as in the case of planting basins, 

following the recommendations made by other (project) interventions. Planting basin-

based CA has been widely promoted in Zimbabwe as part of humanitarian relief 

programmes in the 2000s (Andersson & Giller, 2012). In some sites, ‘plough-ripping’ 

has emerged as an adaptation that combines the advantages of ripping with the ease 

and fast covering of seeds with soil, using the mouldboard of the plough.  

Other practices demonstrated and tested in the on-farm demo-trials, such as crop 

rotation (CA principle 3), are also widely practiced by demo-trial hosting farmers. 

Promoted to Zimbabwean farmers since the 1920s (Bolding, 2003), and still part and 

parcel of the Master Farmer training that most demo-trial hosting farmers have 

received, crop rotation is not a practice that they learned from the demo-trials. 

Although crop rotation is extensively practiced – informed by soil fertility and disease 

management considerations – its extent is mostly limited by the predominance of 

maize in the cropping systems. 

For other CA-related practices, demo-trial hosting farmers’ learning has not 

resulted in their adaptation or adoption of the technology. Crop residue retention or 

mulching (CA principle 2) as implemented in the on-farm demo-trails, is not practiced 

on farmers’ fields. Competing uses for crop residues – as livestock feed – is commonly 

cited in the literature on CA as a factor hampering adoption and this applies also in the 

sites studied (Erenstein, 2003; Giller et al., 2009; Valbuena et al., 2012; Valbuena et al., 

2014). However, even in Chavakadzi and Hereford, where there is substantial (fallow) 

land and therefore no apparent competing use for crop residues, farmers’ did not 

make an effort to protect crop residues – through fencing, off-season storage of 

residues, or collective arrangements – from being grazed by free-roaming cattle in the 
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dry season. In short, acquired knowledge and experience on residue management, and 

CA at large, did not result in CA cropping systems on farmer fields. 

Adoption dynamics and the socio-ecological niche for CA: Markets and rural 

livelihoods in Zimbabwe’s Communal Areas, old and new Resettlement Areas 

To understand the CA adoption dynamics of trial hosting farmers’ in the different 

farming areas, and especially their limited interest in CA-based land use intensification, 

it is useful to consider the performance differences between trial treatments and 

farmer fields, the partial adoption and adaptation of CA practices, farmers’ production 

orientations, and the wider market environment. 

CA’s yield effects: their visibility and farm-level replicability/applicability 

First, as earlier studies showed, there is a strong relationship between total annual 

rainfall and maize yields (Rusinamhodzi et al., 2011; Smith, 1988). Although yield 

benefits of CA have been found to build over time (Thierfelder et al., 2013b), 

Thierfelder et al. (2015a) found that the influence of the season on maize yields is far 

stronger than the number of years of CA practice. Hence, the superiority of the CA 

treatments is not immediately apparent to the observer or implementer of the on-farm 

demo-trials, which can be seen as undermining the very purpose of on-farm 

demonstration. 

Second, differences in fertilizer inputs were found to have a far greater effect on 

the observed yield gaps between trial treatments and farmers’ fields than did CA. 

These findings are in line with the increasingly accepted view in the literature on CA 

that sufficient fertilization is a prerequisite for CA to have any positive yield effects 

(Ngwira et al., 2014; Vanlauwe et al., 2014). In addition, any possible yield benefits 

resulting from practicing CA components, such minimum tillage that enables early 

planting, are likely to remain obfuscated in the generally under-fertilized fields of 

demo-trial hosting farmers. Farmers in the study sites realized this need for 

fertilization, as evidenced by a Hereford farmer’s statement during a field visit: “The 

problem is fertilizer. If you get into this [CA] system without fertilizer, then you are a 

write-off that year.”2 

                                                 
2 Informal interview with Resettlement Area farmers during field visit, Hereford, Zimbabwe on 

February 26th 2013. 
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The driver for CA adoption and adaptation: labour savings 

Without clearly visible yield benefits, Hereford and Chavakadzi farmers’ partial 

adoption of CA practices – ripping – was thus not motivated by yield considerations. 

Nor did erosion control appear an important consideration among farmers; the uptake 

of minimum tillage practices was not accompanied by an uptake of run-off reducing 

mulching practices. As found for large-scale mechanized farming in the Americas, 

Australia and South Africa, cost savings and increased speed of operations motivated 

their adoption of reduced tillage (Fowler & Rockström, 2001). Interviewed farmers in 

Hereford and Chavakadzi pointed to the labour and time savings that can be realized 

with ripping. Draft power is a limited resource; a span of oxen can be used to work the 

fields only 4-5 hours a day and most farmers do not have more than one span. Not 

having to plough enables farmers to prepare for seeding much quicker. As planting 

windows are relatively short in Zimbabwe, this is an important advantage of ripping. 

Labour saving considerations are also apparent in weed control practices. To address 

the increased weed pressure in reduced tillage fields that have little residue cover, 

farmers in Chavakadzi often resolve to the use of a cultivator; another example of 

technology adaptation. In Hereford, farmers stressed the need for herbicides for weed 

control. 

In Madziwa farmers hardly adopted any mechanized CA practice evaluated in the 

on-farm demo-trials. The potential for labour savings through the adoption of CA 

practices was therefore absent. As the yield gap between the CA trials and farmer 

fields was negative, the demo-trials obviously did not motivate farmers to try and 

increase yields through CA. Madziwa farmers indicated they prefer ploughing as – 

without residue retention – the weed pressure on reduced tillage plots is too high and 

herbicides are too expensive. Nevertheless, some farmers practiced planting-basins and 

crop residue retention on small fields close to homesteads. The maize yields achieved 

by farmers on these fields usually outperformed the ones on the demonstration-trials. 

A likely explanation for this is that a history of high levels of management and input 

use on fields near homesteads has resulted in improved soil fertility (Zingore et al., 

2007a, 2007b). However, the location of these planting-basin fields close to the 

homestead also limits options for crop rotation. Farmers indicated that they prefer to 

plant legumes further away from the house because chicken can destroy their flowers. 

Moreover, the size of these “almost CA” plots is limited by the high labour 

requirements for land preparation and weeding (Rusinamhodzi, 2015). 
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The concept of rotation is known, but maize dominates the system 

Rotations, which break disease cycles and can improve crop performance when 

legumes are incorporated, are widely practiced in all studied sites. Discussions with 

farmers confirmed that they were aware of the benefits of crop rotation already before 

the start of the CA demonstration-trials. Observed crop rotation practices on farmer 

fields are therefore neither the result of a knowledge gap or a closure of such a gap. 

They largely result from the dominance of maize in the cropping system3, fertility and 

disease management considerations, field characteristics (e.g. avoiding planting legume 

on waterlogging prone area), farmers’ personal preferences, and non-agronomic 

factors such as gendered crop cultivation practices. For instance, in many parts of 

Zimbabwe husbands allocate their wives a small area of the farm to grow their crops. 

Groundnuts, leaf vegetables and some other crops – which may be regarded “women’s 

crops” – grown on these plots may thus not be included in the larger farmer’s crop 

rotation sequence. 

Farmers extensify rather than intensify 

Besides the small planting-basins fields in Madziwa’s homesteads a lack of interest in 

increasing yields through CA adoption among the trial-hosting farmers is an issue in all 

study sites. Indications of this disinterest are the large areas of uncultivated land on the 

farms of trial hosting farmers, as well as their focus on achieving a particular maize 

production output (for food security), rather than a particular yield level. In a situation 

of relative land abundance (and perceived insecure tenure in the case of Hereford), 

high fertilizer prices, labour limited production, and low producer prices, there is 

simply no drive to increase maize yields. These findings are similar to those of 

Baudron et al. (2012a), who showed that on the relative fertile soils of an agricultural 

frontier zone in northern Zimbabwe, farmers embarked on an extensification rather 

than a land use intensification farm development pathway. Cash constrained, Hereford 

and Chavakadzi farmers cultivate maize with relative low levels of inputs, resulting in 

the recorded negative nutrient balances in these sites. On Madziwa’s poor, sandy soils, 

pursuing an extensification farm development pathway is more difficult. Here, the use 

of fertilizer is crucial to achieve any yield. The current study’s analysis showed that in 

Madziwa significantly more financial resources were invested in mineral fertilizer (on a 

hectare basis) to achieve similar maize grain yields as in the other two sites. However, 

farming households in all sites do not strive to maximize yields, but target an output-

                                                 
3 The current good market for soybean is an opportunity that might lead to an increase in the farm 

area where crop rotations are practiced. Still cash flow constraints i.e. for soybean seed purchase, which 
is much more expensive than maize seed, are a limiting factor for growing more soybeans. 
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level for maize that meets household food needs. Farmers are thus unlikely to invest in 

land use intensification to achieve higher yields for their maize crop, the primary crop 

used in the on-farm trials. 

From the above follows that for farmers in Chavakadzi, Hereford and Madziwa 

maize is primarily a food crop. Any marketable surplus of this crop they generate can 

be regarded as what Allan (1965) has called the ‘normal surplus’, that is, production 

beyond what was targeted for household use. Growing one’s own maize appears to be 

a strong social force in all farming areas studied, despite different livelihood 

orientations in the sites. For instance, in Madziwa, where households are not primarily 

farming-oriented, maize production is largely financed through other income-

generating activities. As substantial investments are needed to produce enough maize 

for food needs, it may be cheaper for Madziwa households to buy their maize than to 

grow it themselves. In Chavakadzi and Hereford livelihoods are primarily farming-

based, and agricultural production is more commercially-oriented. Here, tobacco and 

soybean are the main crops grown for sale. Revenue from maize production is low and 

would probably not be economical if higher levels of inputs would be used for its 

production. Hence, the different farm practices and livelihood orientations that can be 

observed in the three study sites may be indicative of different socio-ecological niches; 

none of these niches are particularly suitable for CA-based land use intensification. 

Increasing yield gaps in Zimbabwe’s most productive areas 

In Chavakadzi and Hereford, the Resettlement Areas located on Zimbabwe’s more 

productive soils, declining maize yields on farmers’ fields and increasing yield gaps 

were observed. The soil surface budget for N, P and K showed that fertilizer rates 

applied in these two sites do not cover nutrient exports from crop production, 

particularly as residues are generally also exported. The presented soil surface nutrient 

budget only considered mineral fertilizer input and nutrient export through the 

produce, ignoring inputs through manure and losses through leaching, erosion, 

volatilization and denitrification. Manure inputs could not be quantified in the current 

study but for similar smallholder settings it was shown that the amounts of manure 

applied are low and the quality poor as most nutrients are lost by the time the manure 

reaches the field (Rufino et al., 2006). This might not apply for the less mobile 

nutrients such as phosphorus. Nevertheless, a likely long-term effect of this nutrient 

mining is soil nutrient depletion. Chavakadzi and Hereford farmers may thus 

increasingly find themselves in similar situation as Madziwa farmers who already have 

to apply higher fertilizer rates to sustain crop production. 
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CONCLUSIONS 

As this study has shown, farmers increased knowledge on CA has neither resulted in 

full adoption, nor in improved maize yields on their farms. When comparing 

experimental plot data with yields on farmers’ fields, no evidence was found that a 

closing knowledge gap on CA resulted in closing yield gaps. A limited capacity and 

reach of the existing knowledge providing infrastructure is undoubtedly an important 

factor hampering the large-scale adoption of new farming technologies in many 

African countries. Yet, the view that “CA is more knowledge-intensive than input-

intensive” (Wall, 2007) appears an unlikely explanation for farmers limited interest in 

CA-based land use intensification in different smallholder farming areas in Zimbabwe. 

Input constraints (especially fertilizer), combined with low producer prices, result in 

large areas of uncultivated land, even in densely populated Communal Areas, such as 

Madziwa. Where farmers do make an effort to cultivate all their land, as in Hereford, 

this is motivated by land tenure security considerations and accompanied by lower 

rather than higher yields. 

While other studies have argued that the yield increasing effects of CA are limited, 

and limited to low and erratic rainfall areas (Pittelkow et al., 2015), the current study 

shows that even if there are yield effects of CA, these remain invisible to farmers as 

rainfall and fertilization levels are far more important determinants of yield, than the 

CA-related practices evaluated in the on-farm demonstration-trials.  

Although it was found that farmers with different production orientations do 

adopt and adapt different CA practices, uptake was motivated by (labour) cost saving 

considerations, rather than yield improvement or environmental (soil erosion) 

considerations. High input prices and low producer prices constitute a powerful 

disincentive for investments in land use intensification. This argument is particularly 

true for maize, the focal crop in the on-farm demonstration-trials. In the areas studied, 

maize production is hardly profitable, and its production is therefore primarily 

motivated by food security considerations, rather than yield maximization. Hence, 

closing yield gaps appears to be an interest of researchers, rather than labour and 

input-constrained African smallholder farmers. 
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APPENDIX A: TRIAL MANAGEMENT 

Crops, crops sequences and crops associations grown 

In Madziwa sole maize was planted in the first cropping season (2005/06) and maize 

in rotation with soybeans in 2006/07. From 2007/08 onwards the main treatment 

plots were split into halves (0.05 ha each). Maize in rotation with cowpea was grown 

on one half, while on the second half maize intercropped with cowpeas (4 replicates) 

or continuous sole maize (4 replicates) was grown. In Chavakadzi sole maize was 

planted in the first cropping season (2004/05) and maize in rotation with soybeans 

thereafter (2005-2014). In Hereford maize was grown in rotation with soybeans during 

the whole trial period (2005-2014). In Chavakadzi and Hereford between 2005/06 and 

2010/11 half of the replicates would be planted entirely with maize and the others 

with soybeans to be swapped around in the following season. From 2011/12 onwards 

for each replication the main treatment plots were subdivided into halves as to grow 

both crops (maize and soybeans) side by side on all replications in every season. 

Time of seeding 

Seeding of the trials was performed after the first substantial rains of more than 30 

mm (usually in the second half of November or early December). 

Plant spacing 

Maize was seeded at 90 cm between rows and 50 cm between plants, with two plants 

per station (CP and CA-RI) or 25 cm between plants and one plant per station (CA-

DS) targeting a plant population of 44000 plants ha-1. Soybean was dribble seeded (ca. 

5 cm between plants) in rows 45 cm apart from each other (440000 plants ha-1) and 

cowpea was seeded at a spacing of 45 cm between rows and 25 cm between plants. 

Maize varieties 

The same variety was used on all replicates within a site and season but sometimes 

changed between seasons to make use of genetic improvement over time. Varieties 

grown were: SC513 (2005/06), SC525 (2006/07), ZM423 (2007/08), ZM521 (2008-

2010), ZM525 (2010-11), Pristine601 (2011/12), SC533 (2012/13) and PAN53 

(2013/14) in Madziwa; SC627 (2004-2006), SC635 (2006-2009), PAN67 (2009-2011) 

and Pristine601 (2011-2014) in Chavakadzi and Hereford. In the 2013/14 cropping 



CHAPTER 3: Conservation agriculture adoption dynamics 

113 

season in all three sites the maize subplot was further subdivided to accommodate four 

different maize varieties to test for possible management by environment (MxE) 

interactions. These varieties were SC513, PAN53, Pristine601 in all three sites and as 

fourth variety ZM309 in Madziwa and ZAP61 in Chavakadzi and Hereford. 

Fertilization 

Fertilizer rates were the same for the three main treatments for all sites and seasons. 

The maize phase of the rotation received 165 kg ha-1 of Compound D (N-P-K: 7-14-7) 

at seeding and 200 kg ha-1 of ammonium nitrate (34.5%N) as topdressing, split in two 

application at four and seven weeks after planting. The legume phase received the 

same amount of basal fertilizer, but no topdressing. Where cowpea was grown 

intercropped with maize, the cereal was fertilized as described above but no additional 

fertilizer was given to the legume. 

Weed control 

In all sites a pre-emergence application of glyphosate (N-(phosphono-methyl) glycine) 

at a rate of 2.5 l ha-1 was used on both CA treatments, while the CP treatment was 

cleared from weeds prior to seeding by the tillage operation. After crop emergence in 

all sites farmers were instructed to hoe-weed whenever weeds were 10 cm tall or 10 cm 

in circumference (usually 2–3 times per season). 
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G E NE R AL  D I SC U S SI O N 

The effects of CA on soil properties and crop production have been investigated in 

several countries around the globe, presenting a wide array of agro-climatic conditions 

(e.g. Bolliger et al., 2006; Govaerts et al., 2009; Hobbs, 2007; Pittelkow et al., 2015; 

Rusinamhodzi et al., 2011; Scopel et al., 2013). These studies can be differentiated into 

local or cropping system specific studies (a certain system in a certain location or 

region) on the one hand or meta-analyses on the other. Furthermore, there are a 

number of studies that have focussed on specific processes (e.g. the effect of no-tillage 

on soil C and aggregate formation (e.g. Six et al., 2002) or the effect of crop residues on 

soil water (e.g. Scopel et al., 2004)). This thesis differed as it assessed the biophysical 

effects of CA over a wider set of CP vs. CA cropping systems comparisons and a quite 

broad range of agro-ecologies in Southern Africa (Figure 1). Moreover all results were 

based on on-farm work which has the advantage to be closer to farmers’ reality. 

Additionally in the third chapter the focus was moved from the field scale to the farm 

and higher scales of observations. An assessment of CA was made from the point of 

view of smallholders’ ability to adopt the system given the broader context in which 

their farming decision are embedded and influenced by. 

The aim of this thesis was to assess the suitability of conservation agriculture (CA) 

as cropping system for smallholder farmers in Southern Africa. In the following the 

main findings of each chapter as well as the data from the appendix are shortly 

summarised. Thereafter the biophysical findings (chapter 1 and 2 as well as the 

appendix) on one hand and the adoptability (chapter 3) on the other will be discussed. 

Finally conclusions are drawn and suggestions for further research given. 

SUMMARY OF MAIN FINDINGS 

The first chapter confirmed that productivity increases arise across a wide range of 

Southern Africa’s agro-ecologies when implementing CA as compared to conventional 

practice (CP) systems. The determinants of maize grain yield found when analysing the 

dataset with a linear regression model were latitude, altitude, soil sand content and CA 

practice. While altitude and soil sand content negatively influence maize grain yields (-2 

and -59 kg ha-1 for an increase of one unit in altitude and sand content, respectively), 

latitude and CA practice have a positive influence (+621 and +759 kg ha-1, 

respectively). In a sub-set of the study area potassium (K) concentration was identified 

To cover unvanted header 
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as a further maize yield determining factor, with an increase of 7 kg ha-1 maize yield for 

each additional mg K per kg of soil. Other soil physical (i.e. bulk density and aggregate 

distribution) and soil chemical (i.e. pH as well as carbon (C), phosphorus (P), zinc 

(Zn), sodium (Na), and nitrogen (N) concentration) properties were not found to 

influence maize grain yield. Beside yield gains and a trend towards greater yield gains 

with increased number of consecutive seasons of CA practice, water infiltration was 

observed to be significantly greater in CA plots as compared to CP plots. As the study 

was carried out in drought prone areas and under rainfed agriculture, in line with 

Pittelkow et al. (2015), the water infiltration benefit is thought to be the main reason 

for the observed positive effect of CA on maize yields. 

The second chapter focused on changes in soil carbon stocks and showed limited 

potential to substantially increase soil C stocks (0-30 cm depth) in the studied 

timeframe and under the given conditions of limited biomass production. Nevertheless 

in one of the cropping system comparisons tested (i.e. CPPMLR vs. CADSMLR) a 

significant positive influence of CA on soil C stocks was found, indicating that the 

cumulative effects of reduced tillage, residue retention and rotations can lead to an 

increase in C stocks in Southern Africa as compared to the CP. The response in the 

stocks of other nutrients (i.e. N, P and K) was similar (appendix B). A significant 

influence of CA practice was found for N, P and K stocks in the CPPMLR vs. 

CADSMLR comparison, while no influence of CA was recorded for the other three 

treatment comparisons (CPMLR vs. CAMLR, CPRFM vs. CAMLI and CPM vs. 

CAM). This is most likely due to importance of C in the soil for nutrient retention. 

After having investigated the biophysical advantages of CA systems in 23 sites 

across Malawi, Mozambique, Zambia and Zimbabwe the third chapter focused on its 

adoptability by smallholder farmers. This chapter was based on a case study from three 

sites within Zimbabwe. It was shown that CA, being a land use intensification strategy, 

is not well suited for the socio-economic context of farmers in these areas. Farmers 

were found to adapt/adopt some elements of CA, but hardly the whole package. 

Probably the most important reason for the limited interest observed is that maize, 

grown first and foremost for home consumption, dominates the cropping system. In a 

context of relatively high input prices and low output (i.e. maize grain) prices, 

intensifying maize production to increase yields is not a priority of smallholder 

farmers. On the other hand in a recently resettled area a strong drive towards 

extensification was observed due to land tenure insecurity. It was concluded that the 

benefits observed at field scale were not translating into adoption at farm scale and 

that was not due to lack of knowledge about CA and its benefits but to the 

“unconducive” wider socio-economic context. 
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Figure 1: Study sites and maize mega environments covered by this thesis. 

BIOPHYSICAL IMPACTS OF CONSERVATION AGRICULTURE IN 

SOUTHERN AFRICA 

Figure 2 summarises the biophysical parameters measured in this thesis: maize yield 

and water infiltration (chapter 1); soil C (chapter 2); soil N, P, K and soil aggregates 

(appendix B and C, respectively). The focus in this thesis was on how these parameters 

change when comparing the local CP to a tailored CA system. Cause and effect 

relationships between the parameters could only be extrapolated to a certain extent. 

The results on soil C stocks (chapter 2) were mirrored in the results on N, P and K 
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(appendix B) indicating that soil C has an impact on retention of other residues. 

Potassium concentration was found to be a determinant of maize yield (chapter 1). 

While all other observations made when comparing CA with CP practices – increases 

in maize yield and water infiltration (chapter 1); increases in soil C (chapter 2) as well 

as N, P and K stocks (appendix B); no clear results on soil aggregate distribution 

(appendix C) – showed an influence of CA practice without displaying what the 

processes that explain the changes are. 

 

Figure 2: Observed influences of conservation agriculture on soil properties and maize yield. 
The background represents the given environmental (soil and climate), socio-economic 
(smallholder agriculture) and political context the study was embedded in. Further the 
performance of conservation agriculture measured is influenced by the conventional practices 
used as the base-line against witch the CA systems were compared. 

Figure 3 illustrates how CA is thought to influence the parameters measured. The 

boxes represent the parameters measured in this thesis while the arrows display cause 

and effect relationships. Each one of the three principles of CA contributes to the 

maize yield increase observed in this thesis through its influence on different soil 

properties: Reduced tillage (principle 1) positively influences soil C and soil structure 

(aggregates) and thus – indirectly – the retention of other nutrients and water 

infiltration, which on their turn positively influence productivity (maize yields). 

Similarly residue retention (principle 2) positively influences soil C – being a C input – 

which impacts aggregate formation. More stable aggregates in the soil positively 
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influence water infiltration. Especially in dry climates improved water infiltration 

translates into increased soil moisture over the cropping season positively affecting 

productivity. Residues kept on the soil surface influence water infiltration also directly 

by intercepting water and slowing run-off, and they are also a source of other nutrients 

(e.g. N, P and K). Crop rotations (principle 3) influence productivity indirectly either by 

positively affecting soil C, which increases the retention of other nutrient or by 

positively influencing other soil nutrients directly. In both cases, an increased nutrient 

content in the soil positively influences yields. Furthermore, crop rotations can have a 

direct impact on productivity by affecting the incidence of pest and diseases. 

This completes the picture, linking the results found in this thesis to the processes 

explaining possible impact pathways of CA. In the following paragraphs a short review 

of literature is presented to support the cause and effects relationships outlined just 

above / in Figure 3, reiterating the biophysical aptness of CA to have a positive 

impacts on soils and thus productivity and therefore potentially also on smallholders 

livelihoods. 

 

Figure 3: At field scale: impact pathway of conservation agriculture on soil properties and 
maize yield. The background represents the idea that these cause and effect relations are 
embedded in a given environmental (soil and climate), socio-economic (smallholder 
agriculture) and political context and dependent upon the base-line (conventional practice) 
used as comparison. 
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Impacts of reduced tillage and residue retention (or permanent soil cover) 

Erosion 

The probably strongest positive effect of reduced tillage and residue retention on the 

soil surface is the reduction of run-off and soil erosion. In fact, the appropriateness of 

intensive tillage started to be questioned after the 1930s “Dust Bowl” in North 

America (Lal et al., 2007), when dust storms carried millions of tons of soil into the air 

and dropped them elsewhere burying crops and settlements, forcing hundreds of 

thousands farm families had to leave the Great Plains (Derpsch, 2008). Similarly, in 

subtropical Southern Brazil the intensive ploughing and disking, residue burning and 

downhill seeding regimes that accompanied the expansion of soybean and winter 

wheat in the 1960s lead to extensive soil erosion and simultaneous economic losses 

and thereafter to the development of zero-tillage (Bolliger et al., 2006). Soil erosion 

increases with increasing tillage (Phillips et al., 1980) and asymptotically declines with 

increasing soil cover, as this protective layer decreases runoff, raindrop impact and 

enhances soil surface aggregate stability and permeability through combined physical 

and biological effects (Erenstein, 2002). CA foresees both, minimal tillage and residue 

retention, and thus provides conditions that reduce erosion and favour soil 

conservation. Derpsch et al. (1986) studied the influence of tillage and cover crops on 

soil erosion on Oxisols in Paraña, Brazil, finding that water infiltration increased while 

runoff and consequent erosion losses decreased in proportion to a higher degree of 

soil cover. Reduction of soil losses under reduced tillage with residue retention was 

observed also in Southern Africa. On a sandy soil at Domboshava Training Center 

(Zimbabwe), average annual soil losses, measured in 9 seasons between 1988 and 

1998, showed a clear superiority of mulch ripping (0.9 t ha-1) over conventional 

mouldboard ploughing (8.4 t ha-1) (Nyagumbo, 2002). On a sandy soil at Henderson 

Research Station, Zimbabwe, water runoff and erosion were lower on plots with 

reduced tillage and residue retention, while average soil moisture throughout the 

season was higher (Thierfelder & Wall, 2009). 

Soil carbon 

Soil erosion is responsible for the loss of organic carbon and clay colloids, adversely 

affecting the soil structure and hydrological properties (Tenge et al., 1998). Soil carbon 

(C) is crucial for physical, chemical and biological soil properties and processes 

(Reicosky & Saxton, 2007). Besides reducing soil C losses by diminishing erosion, 

reduced tillage lessens the disruption of aggregates and the loss of protected C (i.e. 

organic C within aggregates, protected from decomposition by its location) (Balesdent 
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et al., 2000) and increases long-term soil C stabilization in the microaggregates-within-

macgroaggregates soil fractions (Six et al., 2000). Residue retention on the soil surface – 

besides being a source of C input – further contributes to the protection of soil 

aggregates (Balesdent et al., 2000) as well as to decrease soil crusting/slaking 

benefitting water infiltration. Vanlauwe & Giller (2006) found rainfall infiltration to be 

positively related to soil C. Further soil C impacts the ability of soils to retain other 

nutrients which was shown for example by Janssen et al. (1990) for N and P. 

Biological activity 

A further positive impact of reduced tillage and residue retention is their impact on 

soil biological activity, which on its part influences soil characteristics. The creation of 

soil aggregates and pores through biological activity (e.g. earthworm cast and burrows) 

has a positive effect on water infiltration and plant rooting depth (Shaxson & Barber, 

2003; Kemper et al., 2011). Soil fauna and flora also influence the decomposition rate 

of crop residues and therefore the availability of nutrients (Nhamo, 2007). 

Earthworms for example feed on biomass and incorporate it in the soil. The mix of 

clay particles and organic matter in their casts creates aggregates where soil organic 

carbon is stabilized (Six et al., 2002). Moreover they build permanent burrows down 

the soil profile, which can facilitate plant roots growth deeper into the soil profile 

(Kemper et al., 2011) and favour water infiltration. Biological activity was shown to be 

increased under CA compared to conventional tillage. Results from Zimbabwe showed 

higher earthworm, termite and beetle larvae densities under CA as compared to 

conventional ploughing (Nhamo 2007). In Monze, Zambia higher earthworm 

populations under CA than conventional tilled plots were recorded (Thierfelder & 

Wall, 2010b). Reasons for this increase are diminished soil disturbance (thus 

permanent burrows are less destroyed and less worms killed), the availability of more 

organic matter to feed on (residues), and increased soil moisture (because of the higher 

infiltration). 

Water infiltration and moisture retention 

In the previous paragraphs increased water infiltration has been mentioned as a 

consequence of improved soil structure and biological activity. Water infiltration in CA 

system is also improved by the presence of crop residues or mulch on the soil surface. 

In rainfall limited Western Mexico Scopel et al. (1999) found that already small 

quantities of mulch (1.5 t ha-1) increased rainwater storage by 50 % and reduce losses 

through evaporation resulting in improved crop water availability by 30 % and yields 

by up to 50 %. Results from a modelling approach with data from semi-arid Mexico 
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showed that water loss and risks of crop failure is reduced while yields are increased 

with the application of small amounts of surface residue (Scopel et al., 2004). In 

Zimbabwe Mupangwa et al. (2007) showed that residues kept on the soil surface slow 

and reduce run-off increasing water infiltration.  

The results from this thesis showed increased water infiltration under CA as 

compared to the traditional tillage-based cropping systems across the study area. 

Similar results were found by a number of studies in Southern Africa (e.g. Ngwira et al., 

2013b; Thierfelder et al., 2012; Thierfelder et al., 2013b; Thierfelder et al., 2013c; 

Thierfelder & Wall, 2012). Thierfelder & Wall (2009) not only showed increases in 

infiltration under CA, they also measured higher soil moisture contents under CA 

throughout the seasons. Although sampling methodology in the current thesis did not 

allow for a direct comparison between yield and time to pond (the used proxy for 

infiltration) data we believe that in the drought prone, rainfed cropping system studied 

an advantage in water infiltration is one of if not the main reason for the observed 

yield increases. 

Impacts of crop rotations (or crop associations) 

The quality of retained residues combined with more diverse cropping sequences 

increases retention of soil C (Drinkwater et al., 1998), what entails all the benefits 

associated with higher soil C levels discussed above. Crop rotations can have positive 

impacts on the availability of other nutrients in the soil. Biological N fixation by the 

symbiotic relationships of legumes and Rhizobium spp. for example can enhance the 

N pool available for subsequent crops (e.g. Peoples & Craswell, 1992) and are 

promoted to enhance productivity of resource poor farmers (Snapp et al., 2002). Snapp 

& Silim (2002) found 30 % higher production as a consequence of pigeon pea-

intensified systems in Malawi and 55 % higher yields in a doubled-up pigeon pea 

system (a double row of pigeon pea intercropped with three maize rows) as compared 

to traditional low density intercrops in Kenya. Crops grown in rotation can also 

positively impact the yields of subsequent crops maybe by relocating nutrients within 

the soil profile due to different rooting depths (Thierfelder & Wall, 2010b). Hartemink 

et al. (1996) found more effective subsoil nitrate utilization for maize grown in rotation 

with a sesbania (Sesbania sesban (Jacq.) W. Wight) fallow than monocropped maize in 

Kenya. Practicing crop rotations or crop associations can positively influence yields 

also by contributing to reduce pest and diseases. Oswald et al. (2002) for example 

found intercropping to reduce the incidence of witchweed (Striga spp.) in western 

Kenya. Weed control through crop rotations with cover crops has been proposed as 
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an alternative for smallholders with limited access to herbicides (Khanh et al., 2005). 

Crop rotations are an integral part of CA systems to avoid negative impacts from pests 

and necrotrophic diseases that can survive thanks to the residues left on the soil 

surface (Baudron et al., 2012a). 

ADOPTABILITY 

 

Figure 4: At farm or landscape scale: factors influencing adoption. Socio-economic (e.g. 
family structure, external revenue) and political (e.g. land tenure security, markets) aspects are 
taken into account. There still is a background, representing the given environmental (soil and 
climate) and historical context of the area studied. 

The assessment of CA as a cropping system for Southern Africa has been discussed 

above from an agronomic point of view – at field scale, highlighting the biophysical 

potential of CA to positively influence soil properties and thus increase productivity. 

Changing perspective – moving to the farm scale and higher – this section discusses 

how agronomic decisions at farm level are influenced by the socio-economic context 

of the study area. This is a necessary step as the benefits of any given technology can 

only be reaped if it is actually implemented. In the case of CA in Southern Africa the 

potential to increase yields and positively influence soil properties (in the long term) 
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discussed previously will not benefit smallholder farmers if the wider context of their 

agricultural activity is not conducive to CA adoption.  

Figure 4 displays the zooming-out to this higher scale, showing some drivers 

identified to influence CA adoptability in Zimbabwe. The case study on “farmer CA 

adoption” (chapter 3) showed that the knowledge about CA is not sufficient for its 

adoption. Moreover the socio-economic context of farmers in the case study areas 

within Zimbabwe is leading them to extensify their production, thus they are only 

marginally, if at all, interested in intensifying their production through CA. This 

extensification drive was previously observed by Baudron et al. (2012a) in Dande 

Communal Area in the Zambezi Valley, northern Zimbabwe. Limited cash, labour 

peaks, low output and high input prices and risk aversion were identified as factors 

explaining the extensification strategy pursued by smallholders, further the availability 

of relatively fertile land (population density was reported to be relatively low at 17 

persons km-2) was mentioned as an enabling circumstance (Baudron et al., 2012a). This 

thesis found the same drivers to still be dominant and CA “inhibiting” even when 

population densities are much higher. Population densities in the investigated 

Resettlement Areas and Madziwa Communal Area were 65 and 172 persons km-2, 

respectively. In Zambia, Umar et al. (2014) found smallholders practicing CA to aim 

their production at securing household consumption and minimising the risks of not 

being able to secure a minimum level of livelihood. Instead of profit maximisation, 

utility maximisation was observed, where one of the elements of utility discussed by 

Umar et al. (2014) was “avoidance of drudgery” associated with the planting basins CA 

technology by only practicing CA on some of the fields. Snapp & Silim (2002), 

researching on farmer preferences in legume traits in Malawi, found “labour saving” to 

be among the most important farmer criteria when assessing legume traits Soil fertility 

was found to be a minor component among the criteria mentioned by farmers, 

although the survey was done within a sample of farmers that had volunteered to test 

soil fertility management practices (Snapp & Silim, 2002). These examples, from the 

same countries in Southern Africa that have been part of the study area investigated in 

this thesis, all list labour considerations as an important factor in smallholder farmers’ 

assessment of new technologies and stress the complexity of the set of criteria 

smallholders consider. Researches, but also donors, too often focus only on yield and 

profitability or soil fertility parameters forgetting the wider context within which 

agricultural productions takes place and how that context ultimately decides if a 

technology will have impact or not. Nederlof & Dangbegnon (2007) presented 

experiences from farmer oriented research for development and pointed out that in 

the very first steps of participatory-research (the negotiating phase between donor and 
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research organization) a number of decisions were made without involving the 

ultimate beneficiaries (farmers), resulting in a lack of ownership of the project activities 

and the development of effective (e.g. high yielding) but not acceptable technologies. 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 

Among the biophysical benefits of CA, water infiltration and yield increases were 

observed across Southern Africa. In view of the needed increases in global food 

production and a changing climate these benefits are fundamental and a promotion of 

CA desirable. Furthermore, if, as Wall et al. (2013) stated, the best option for 

sustainable production of field crops, which are currently available, are CA systems 

and “the alternative of continuing with soil tillage […] is very unhealthy, especially for 

the farm families of the future who will depend on the ever degrading soils” 

promotion of CA is a must. Nevertheless, the wider socio-economic and political 

context into which agricultural production is embedded impacts technology adoption. 

In the case of CA in Southern Africa this impact has been observed to be negative and 

CA adoption limited. Promotion of CA can be pushed further because of its 

biophysical benefits, and governments can embrace it “on paper” but if nothing is 

done to address the challenges arising from the social, economic and political 

landscape the impact will be limited. 

Further research could be focussed on the processes that explain the impact of 

CA on soil properties and productivity and the accurate quantification of each 

principles contribution to the systems performance. Or it could focus on enlarging the 

options of sustainable agriculture practices available to smallholder farmers. Umar et al. 

(2014) observed that CA farmers in Zambia combined tillage and cropping systems to 

minimize the risk of crop failures; farmers did not see CA as an overall superior system 

but as a further option to address their food security challenge. Therefore to have an 

impact on soil degradation and global productivity, research might focus on providing 

as many sustainable options as possible, leaving it to the farmers to pick and assemble 

them how it best suits their needs. 

However, I would rather advocate for more attention to be given to 

understanding how the context is impacting CA adoption and more importantly what 

interventions can work in what circumstances in order to be able to stimulate CA 

adoption and adaptation. In Malawi, for example, demonstration trial work together 

with input packages (incl. herbicides), provided on credit by the NGO Total Land 

Care (TLC), seems to have positively influenced uptake of CA. The same projects and 
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collaboration between demonstration trial work and TLC are ongoing in Angonia 

(Mozambique) nevertheless impact on CA adoption appears to be weaker. This is 

perhaps due to lower population density in Mozambique. Or maybe due to the fact 

that reaching the output markets is a bigger issue for Mozambiquian smallholders and 

thus increasing production is not as attractive. Or perhaps this slower adoption is 

explained by some other factors or a combination of factors. Without investigating 

what the reasons for adoption or non-adoption are there is little chance to be able to 

highlight bottlenecks and try to address them. 
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AP P E N D I X  

A. SOIL CARBON MIXED MODEL ANALYSES RESULTS FOR ALL 

DEPTH LAYERS 

In Chapter 2 results from a mixed model analysis of soil carbon stocks in 0-30 cm soil 

depth are reported. The same linear mixed-model was run for each sampled depth 

layer (0-10, 10-20, 20-30 and 30-60 cm) separately and results are summarized in the 

Tables A1-A4. Each table reports results from one depth layer in the four specific 

treatment comparisons that were investigated: (a) CPPMLR vs. CADSMLR (37 

validation trials), (b) CPMLR vs. CAMLR (24 validation trials), (c) CPRFM vs. CAMLI 

(41 validation trials) and (d) CPM vs. CAM (23 validation trials). The model used was: 

����?� = D + 5��"����� + ("�� + EFGH + IJKFLJGFMN GOFJK + P 

Where:  

Cx refers to the C stock of depth layer x (Cx has been log-transformed to fit the 

assumption of normal distribution and decrease the impact of outliers on the 

models results), 

µ is the overall mean effect,  

Treatment is the effect of the treatments under observation, 

Sand is the effect of soil Sand concentration, 

Site is the effect of the site in which the single validation trials are found 

Validation trial is the effect of the single validation trial and 

ε is the error associated with the sites and farmers, which is assumed to be 

normally and independently distributed, with mean zero and homoscedastic 

variance (σ2). 

The components in bold are the random effects in the model. 

  

To cover unvanted header 
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Table A1: A) Mean and standard error of C stocks (Mg ha-1) as well as B) Mixed model output 
for the 0-10 cm sampling depth of the four treatment comparison investigated. 

 
CPPMLR vs. 
CADSMLR 

CPMLR vs. 
CAMLR 

CPRFM vs. 
CAMLI 

CPM vs. 
CAM 

A     Descriptive statistics 

 mean std.err. mean std.err. mean std.err. mean std.err. 

CA 11.4 1.4 17.6 1.7 11.4 0.8 16.4 1.0 

CP 10.1 1.4 16.2 1.2 11.6 0.7 16.6 1.2 

B     Mixed model output 

fixed effects (coefficient, standard error and leve l of significance) 

 Coef. std.err.  Coef. std.err.  Coef. std.err.  Coef. std.err.  

Treatment 0.216 0.041 *** 0.060 0.076 ns 0.015 0.057 ns 0.009 0.059 ns 

Sand -0.012 0.008 ns -0.027 0.008 *** -0.027 0.009 ** -0.026 0.007 *** 

µ 2.972 0.684 *** 4.924 0.671 *** 4.529 0.705 *** 4.867 0.606 *** 

random effects (SD) 

Site -0.398 -1.985 -1.637 -2.228 

Valid. trial -1.659 -2.072 -1.427 -1.814 

ε -1.746 -1.339 -1.362 -1.608 

N 74 46 81 46 

ll -15 -17 -35 -9 

aic 42 45 83 30 

bic 56 57 97 41 

Table A2: A) Mean and standard error of C stocks (Mg ha-1) as well as B) Mixed model output 
for the 10-20 cm sampling depth of the four treatment comparison investigated. 

 
CPPMLR vs. 
CADSMLR 

CPMLR vs. 
CAMLR 

CPRFM vs. 
CAMLI 

CPM vs. 
CAM 

A     Descriptive statistics 

 mean std.err. mean std.err. mean std.err. mean std.err. 

CA 9.3 1.3 15.1 1.4 10.6 0.7 14.6 1.2 

CP 8.2 1.2 13.7 0.9 11.1 0.9 14.0 1.0 

B     Mixed model output 

fixed effects (coefficient, standard error and leve l of significance) 

 Coef. std.err.  Coef. std.err.  Coef. std.err.  Coef. std.err.  

Treatment 0.197 0.046 *** 0.066 0.068 ns 0.002 0.055 ns 0.036 0.060 ns 

Sand 0.006 0.007 ns 0.006 0.012 ns -0.012 0.008 ns -0.014 0.010 ns 

µ 1.221 0.653 . 2.088 0.948 ns 3.209 0.583 *** 3.654 0.837 *** 

random effects (SD) 

Site 0.028 -2.451 -1.364 -1.608 

Valid. trial -1.269 -1.214 -1.118 -1.405 

ε -1.617 -1.448 -1.401 -1.594 

N 74 48 81 46 

ll -32 -22 -42 -16 

aic 77 56 97 44 

bic 90 67 111 55 
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Table A3: A) Mean and standard error of C stocks (Mg ha-1) as well as B) Mixed model 
output for the 20-30 cm sampling depth of the four treatment comparison investigated. 

 
CPPMLR vs. 
CADSMLR 

CPMLR vs. 
CAMLR 

CPRFM vs. 
CAMLI 

CPM vs. 
CAM 

A     Descriptive statistics 

 mean std.err. mean std.err. mean std.err. mean std.err. 

CA 8.1 1.3 13.4 1.3 10.1 0.8 13.1 1.2 

CP 7.4 1.2 11.5 0.9 10.8 0.8 13.1 1.3 

B     Mixed model output 

fixed effects (coefficient, standard error and leve l of significance) 

 Coef. std.err.  Coef. std.err.  Coef. std.err.  Coef. std.err.  

Treatment 0.111 0.057 . 0.153 0.053 ** -0.058 0.059 ns 0.004 0.071 ns 

Sand 0.002 0.008 ns 0.002 0.010 ns -0.01 0.009 * -0.025 0.009 ** 

µ 1.411 0.716 * 2.182 0.730 ** 3.613 0.671 *** 4.402 0.755 *** 

random effects (SD) 

Site 0.031 -1.912 -1.158 -1.381 

Valid. trial -1.174 -1.050 -0.989 -1.575 

ε -1.405 -1.697 -1.335 -1.424 

N 74 48 80 46 

ll -43 -19 -50 -19 

aic 99 50 111 51 

bic 113 61 125 62 

Table A4: A) Mean and standard error of C stocks (Mg ha-1) as well as B) Mixed model output 
for the 30-60 cm sampling depth of the four treatment comparison investigated. 

 
CPPMLR vs. 
CADSMLR 

CPMLR vs. 
CAMLR 

CPRFM vs. 
CAMLI 

CPM vs. 
CAM 

A     Descriptive statistics 

 mean std.err. mean std.err. mean std.err. mean std.err. 

CA 19.4 3.0 31.5 3.8 28.4 2.4 33.9 3.9 

CP 18.5 3.4 26.4 2.3 30.0 2.4 33.1 4.1 

B     Mixed model output 

fixed effects (coefficient, standard error and leve l of significance) 

 Coef. std.err.  Coef. std.err.  Coef. std.err.  Coef. std.err.  

Treatment 0.097 0.053 . 0.109 0.053 * -0.080 0.062 ns 0.034 0.069 ns 

Sand 0.004 0.007 ns -0.003 0.010 ns -0.014 0.009 ns -0.014 0.010 ns 

µ 2.108 0.677 ** 3.465 0.741 *** 4.341 0.686 *** 4.448 0.777 *** 

random effects (SD) 

Site 0.062 -1.224 -1.064 -1.323 

Valid. trial -1.145 -0.966 -0.927 -1.108 

ε -1.493 -1.699 -1.284 -1.453 

N 72 48 80 46 

ll -40 -22 -54 -25 

aic 92 56 119 62 

bic 105 67 134 73 
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B. EVALUATION OF SOIL NUTRIENT STOCKS IN ON-FARM TRIALS 

COMPARING CONVENTIONAL PRACTICE TO CONSERVATION 

AGRICULTURE SYSTEMS IN SOUTHERN AFRICA 

Introduction 

In addition to C, H and O that plant mainly take up through the air, 17 chemical 

elements are essential for plant growth and need to be found in appropriate quantities 

in the soil, among those nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), 

magnesium (Mg) and zinc (Zn) (Mengel & Kirkby, 2001). 

Tillage and rotations were shown to influence extractable (Melich 3) nutrient 

concentrations of P, K and Ca as well as pH in the soil profile up to a depth of 20 cm 

(Houx et al., 2011). The biggest differences between no-till and tilled systems occur in 

the top 5cm of the soil profile, where increased amounts of extractable P, K and Zn 

where found (Franzluebbers & Hons, 1996). Increased total N in the top 5cm has 

been reported from conservation agriculture (CA) trials in Mexico (Castellanos-

Navarrete et al., 2012), whereas Mazvimavi et al. (2008) observed higher total N 

(Kjeldahl method) and total P (Murphy-Liley method) in the top 20cm of the soil 

profile in CA trials in Zimbabwe. Another important change reported by various 

authors is the stratification of nutrients in the soil profile observed in no-till systems 

(Dimassi et al., 2013; Houx et al., 2011; Tabaglio et al., 2009; Wyngaard et al., 2012). 

In this study the effect of CA on available N, P, K, Ca, Mg, Zn and sodium (Na) 

stocks as well as on soil pH was investigated. The main hypotheses were that (1) 

nutrient stocks (Mg ha-1) increase under CA and these increases are linked to increased 

soil carbon; (2) the stratification of nutrients is more pronounced under CA than the 

tillage-based conventional practices (CP). 

Materials and Methods 

Between June and September 2011 soil sampling of four depth layers (0-10, 10-20, 

20-30 and 30-60 cm) was performed on 125 validation trials across Malawi, 

Mozambique, Zambia and Zimbabwe. At each validation trial a CA and a CP 

treatment were sampled. Composite soil samples (6 sub-samples per treatment) were 

collected using an auger. Undisturbed soil core samples (one point for each treatment) 

were collected using an Eijkelkamp sample ring kit (07.53.SE) with closed ring holder 

(https://en.eijkelkamp.com). Coarse plant residues were removed from the soil 

surface before sampling. Soil samples were air dried and the following key indicators 

were measured: 
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• Bulk density (BD): calculated as dry weight of the undisturbed soil core 8g) 

divided by core volume (cm3). 

• Total nitrogen (N): determined on a <0.595 mm sample analyzed through dry 

combustion (Nelson and Sommers, 1982) on a CE Elantech/Thermo 

Scientific Flash EA 1112 C/N Analyzer, Rodano, Italy. 

• Plant available nutrients (P, K, Ca, Mg, Zn and Na): extracted by the Mehlich 1 

method (Mehlich, 1953). Five ml, <2mm dry soil was mixed with 20 ml 

extraction solution; shaken for 5 minutes then filtered. The filtrate was 

analyzed by inductively coupled plasma (ICP) atomic emission spectroscopy on 

a Perkin-Elmer 5300 DV ICP, Waltham, Massachusetts, USA. (Detection 

limits were 0.1 mg kg-1). 

• Soil pH: measured on a TPS- WP-80D Dual pH –MV meter in combination 

with Labfit AS-3010 D Dual pH Analyzer, (robotic analyzer), Perth, Australia. 

A scoop 10 g of <2 mm soil was mixed with 10 ml deionized water and 

allowed to sit 30 minutes. 

Analogous to the carbon stock calculations of Chapter 2 other element stocks 

were calculated using the following formula described by Ellert & Bettany (1995). 

�:;:<:=> = )��) ∗ +,? ∗ 5 ∗ 10000 ∗ 0.001 

Where: 

Melement is the element mass per unit area (Mg ha-1) 

conc is the element concentration (kg Mg-l) 

BDx is the field bulk density (Mg m-3) of depth layer x 

T is the thickness of soil layer (m) 

10 000 is the amount of m2 in one hectare (m2 ha-l) 

0.001 is the conversion factor from kg to Mg (Mg kg-1) 

Thereafter – again following the same approach as done for carbon stocks in 

Chapter 2 – a linear mixed-model approach (Restricted Maximum Likelihood 

(REML)) was used to test if the practice of CA significantly influences stocks of other 

elements and soil pH within the groups of sites that presented the same specific 

treatments (CPPMLR vs. CADSMLR, CPMLR vs. CAMLR, CPRFM vs. CAMLI and 

CPM vs. CAM). These treatment comparisons reflect the difference in conventional 

practice and in tested CA options across the study area. The models used were: 

���T?� = D + 5��"����� + ("�� + EFGH + IJKFLJGFMN GOFJK + P 
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and 

/0? = D + 5��"����� + ("�� + EFGH + IJKFLJGFMN GOFJK + P 

Where:  

Ex refers to the element stock of depth layer x (log-transformed to fit the 

assumption of normal distribution and decrease the impact of outliers on the 

models results), 

pHx refers to the soil pH of depth layer x 

µ is the overall mean effect,  

Treatment is the effect of the treatments under observation, 

Sand is the effect of soil Sand concentration, 

Site is the effect of the site in which the single validation trials are found 

Validation trial is the effect of the single validation trial and 

ε is the error associated with the sites and farmers, which is assumed to be 

normally and independently distributed, with mean zero and homoscedastic 

variance (σ2). 

The components in bold are the random effects in the model. 

 

Results 

Figure B1 displays the range of nutrient concentrations (mg g-1) measured across the 

study area.  

Table B1 shows in which treatment comparison group and for which depth layer 

CA practice was found to have an influence on the respective element stock or pH. 

The results for soil C (from chapter 2 and appendix A) are incorporated as a reference. 

It was found that the response of N, P and K stocks was similar with what was 

observed for C stocks). That is an increase of the nutrient stock in the top 30 cm of 

soil. The influence was more pronounced for the 0-10 cm depth layer, suggesting a 

stratification effect. Zinc stocks were not included in Table B1 as Zn concentration 

measurements close to the detection limit (Figure B2) and a high number of missing 

values might affected the output.  
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Figure B1: Range of nutrient concentrations (mg g-1) in the soil from 125 validation trials 
across Southern Africa. Results from both, conservation agriculture and conventional practice 
treatments, were included to draw the boxplots and not separated as the differences were 
minimal. NB multiple y-axes are used. 

 

 

Figure B2: Zinc concentration in CP vs. CA plots for the 0-30 cm soil depth. The dashed line 
displays the detection limit of the used soil analysis method. 
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C. AGGREGATE DISTRIBUTION  

Table C1 was developed for chapter 1, however excluded from the final version 

submitted for publication. 

Aggregate distribution (AggD) was determined through dry sieving by rotary 

sieve. Mean Weight Diameter was calculated as the sum of the soil on each sieve 

multiplied by the mean sieve size of that particular sieve (Kemper & Rosenau, 1986). 

Table C1: Averages per site for aggregate distribution of topsoil (0-10cm depth) in 15 on-farm 
sites across Mozambique and Zimbabwe; 2010/11cropping season. 

 
 Fertilized Non-fertilized 

Site N CA CP  SED CA CP  SED 

CADSMLR vs. CPPMLR  
Chavakadzi 4 3.06 2.54 * 0.140 

  
 

 
Hereford 8 3.07 3.03  0.485 

  
 

 
Chikato 10 0.67 0.65  0.024 

  
 

 
Madziwa 3 0.49 0.47  0.019 

  
 

 
Musami 6 0.66 0.82  0.201 

  
 

 
CAMLR vs. CPMLR  
Maguai 4 2.09 1.44 . 0.259 1.68 2.39  0.400 

Malomwe 6 0.89 0.82  0.079 0.88 0.97  0.055 

Nhamizinga 5 0.71 0.72  0.052 0.71 0.71  0.038 

Ulongue 4 1.49 1.48  0.092 1.32 1.45  0.164 

Lamego 5 0.98 0.69  0.296 1.10 0.86  0.344 

CAM vs. CPM  
Gimo 7 1.20 1.88 * 0.239 

  
 

 
Nzewe 5 1.47 1.51  0.127 

  
 

 
Nhamatiquite 3 0.88 0.74  0.137 0.87 0.79  0.058 

Pumbuto 5 0.69 0.75  0.059 0.63 0.75  0.061 

Vunduzi 3 0.82 0.74 * 0.015 0.83 0.91  0.136 

Values in bold are significantly greater than the counterpart treatment  
signif. codes:  0.001 ‘***’, 0.01 ‘**’, 0.05’*’and 0.1’.’ 
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