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Abstract

:

Since the paper by Giller et al. (2009), the debate surrounding the suitability of conservation agriculture (CA) for African smallholders has remained polarized between proponents and opponents. The debate also gave rise to a few studies that attempted to identify the “niche” where CA would fit in the region, but the insight offered by these studies has been limited. In this paper, we first analyze the rationale of adoption where it occurred globally to define “drivers” of adoption. Our analysis suggests that CA has first and foremost been adopted under the premises of being energy-saving (time and/or power), erosion-controlling, and water-use efficient, but rarely to increase yield. We then define the niche where CA fits, based on these drivers of adoption, as systems where (1) the energy available for crop establishment is limited and/or costly (including labor and draft power); (2) delayed planting results in a significant yield decline; (3) yield is limited or co-limited by water; and/or (4) severe erosion problems threaten the short- to medium-term productivity of farmland. In Eastern and Southern Africa, this niche appears rather large and likely to expand in the near future. When implemented within this niche, CA may still be limited by “performance challenges” that do not constitute drivers or barriers to adoption, but limitations to the performance of CA. We argue that most of these performance challenges can (and should) be addressed by agronomic and socio-economic research, and provide four examples where the International Maize and Wheat Improvement Center (CIMMYT) and its partners have been successfully alleviating four very different challenges through research and development (R&D) in Eastern and Southern Africa. Finally, we describe an iterative and multi-scale R&D approach currently used by CIMMYT in Eastern and Southern Africa to overcome challenges associated with the implementation of CA by African smallholders. This approach could also be useful for other complex combinations of technologies aiming at sustainable intensification.
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1. Introduction


Conservation agriculture (CA) is defined as the simultaneous application of minimal soil disturbance, permanent soil cover through a surface mulch of crop residues or living plants, and crop rotations [1]. In Eastern and Southern Africa, CA has been intensively promoted for more than a decade as a means to increase crop productivity while conserving soil and water. However, since the paper by Giller and colleagues [2], the debate surrounding the suitability of CA for African smallholders has remained polarized between proponents and opponents [3].



The debate also gave rise to few studies that attempted to identify the “niche” where CA would fit in the region. Tesfaye and colleagues [4] delineated recommendation domains in Ethiopia, Kenya and Malawi where CA investment should be prioritized. They used three biophysical variables—soil texture, surface slope, and rainfall—and three socioeconomic variables—market access, human density (as a proxy of market demand) and livestock population densities—in their work. These variables, however, were selected on the assumption that CA is first and foremost a yield-increasing set of principles: the three biophysical variables were selected based on a literature search on yield response to CA in Africa, and two of the socioeconomic variables were selected assuming that CA would lead to an increase in farm production (market access and human density as a proxy of market demand). However, CA seldom increases yield in the short term and yield increase is rarely a motivation to adopt CA (see Section 2).



Andersson and N’Souza [5], adapting a framework from Sumberg [6], made another attempt to understand the barriers to CA adoption. They distinguished adoption constraints (i.e., “goodness-of-fit” between the innovation and the potential users) from prerequisite conditions (i.e., contextual factors that cannot be influenced by the innovation-development process). Prerequisites refer mainly to (1) the accessibility by the target group of potential users of the inputs necessary to implement a particular innovation; (2) the existence of demand for the output of the innovation; and (3) the conduciveness of the environment for the particular innovation [6]. Therefore, the notion of a prerequisite for the particular case of CA implicitly assumes that the innovation will lead to an increase in input use and in output production, i.e., intensification. As already mentioned, CA may not primarily be a yield-increasing set of principles in the short-term. Moreover, this framework is only useful for well-defined, homogeneous technologies, but not for the very polymorphous basket of technologies promoted as CA in Africa (ranging from dibble stick planting, to manual planting basins, to semi-permanent raised beds shaped with a local plough, to the use of chisel-tine rippers and imported Brazilian implements pulled by draft animals [7,8,9]). These different seeding technologies have very different input requirements and need very different supporting environments, making generalization difficult. Finally, focusing on barriers to adoption is very much a technology-centered approach (even though the authors ironically call for less technology-centered approaches when it comes to CA research and development (R&D) and more consideration for the context): it looks at the specifications of the technologies and lists all the possible factors that could lead to poor performance.



In this paper, we favor an approach that emphasizes the rationale of adoption where it occurred (rather than the hypothetical causes for non-adoption everywhere else) and learn from these successful examples with the aim to define “drivers” of adoption. In addition to these factors that condition whether adoption takes place or not, we identify “performance challenges” that do not constitute drivers or barriers to adoption, but limitations to the performance of CA. We argue that most of these performance challenges can (and should) be addressed by agronomic and socio-economic research.



Below, we first look at drivers of adoption globally (i.e., what motivates farmers to adopt CA). Landscapes or farms where at least one of these drivers is found could be defined as part of the niche where CA fits. Outside of these landscapes or farms, CA may not be a priority under the current context. In a second section, we look at performance challenges, which are often confused with barriers to adoption. Agronomy can propose solutions to alleviate these challenges. We strongly feel that it is the role of research to not only document these challenges, but to turn them into research questions that lead to the development of innovations (technical or institutional) to overcoming them. Our opinion thus points to the need for more research efforts and resources to be channeled towards development of appropriate solutions to identified challenges and less towards simply pointing at these challenges. Various cases from the experience of the International Maize and Wheat Improvement Center (CIMMYT, www.cimmyt.org) and its partners in Eastern and Southern Africa are used to illustrate this section. In a third section, we describe an R&D approach—iterative and multi-scale—used by CIMMYT and its partners in Eastern and Southern Africa to overcome challenges associated with the implementation of CA by African smallholders.




2. What Drives CA Adoption? A Simple Approach to Target CA


The vast majority of CA adoption (more than 95% of the area under no tillage) has occurred in the Americas, Australia, Russia and China, where it is practiced on large-scale mechanized farms [10]. In these farming systems, the reduction in fuel (and machinery cost) has been a major incentive to adopt CA [11]. Indeed, although this depends on site-specific soil properties (e.g., texture, soil moisture), reduced or no tillage cuts energy requirements by about half compared to moldboard or disc ploughing [12]. Therefore, it appears that CA has mostly been adopted in the world as an energy saving technology, and that adoption has been driven by the need to establish crops with as little energy as possible.



Energy is the product of power by time. A lower energy demand could thus enable the use of smaller and cheaper power sources [13]. It could also reduce the time needed for land preparation and seeding, a major benefit in agroecologies characterized by a short optimum planting window (i.e., where the yield potential declines dramatically with delayed planting). In the Indo-Gangetic Plains, early planting has been a major driver of adoption of no-tillage for wheat [14]. Indeed, delayed planting of wheat after mid-November in this agroecology results in a loss of potential yield of 1% to 1.5% day−1, while no-tillage allows for wheat to be planted one to three weeks earlier than conventional crop establishment methods [14]. Early planting also reduces the risk of terminal heat stress [15]. Interestingly, in this rice-wheat farming system, no-tillage has mostly been adopted for wheat, but rarely for rice, for which similar incentives do not seem to exist [10].



In addition to energy savings for crop establishment, a major driver for CA adoption in the US and Brazil—the first and second country in the world, respectively, in terms of area managed under CA—has undoubtedly been erosion control. In the US, adoption of less intensive tillage practices started in the Great Plains region, following severe wind erosion problems during the mid-1930s “Dust Bowl” [16]. In Brazil, CA adoption started in the State of Paraná (Southern part of Brazil) in the 1970s, primarily as a response to severe erosion problems [17,18]. Similarly, lower cost of crop establishment is evidently part of what drove CA adoption in Australia—the fourth country in the world in terms of area managed under CA—but the primary driver of adoption in part of the country appears to be soil moisture management, at least in the regions of New South Wales and Queensland [19].



This brief analysis suggests that CA has first and foremost been adopted globally under the premises of being energy-saving (time and/or power), erosion-controlling, and water use efficient. The primary motivation of CA adopters has rarely been to increase yield, except perhaps where water is a major limiting factor or where delayed planting leads to severe yield penalties. In most situations, yield increase has been a side effect of CA, occurring after several years of gradual physical, chemical and biological improvement of soils. Thus, it is not surprising that global analyses of large data sets (as the one conducted recently by Pittelkow and colleagues [20]) find that CA tends not to increase yield: yield increase may simply not be the primary purpose of adopting CA. Such analysis would be more enlightening if they included e.g., energy use efficiency or rainwater use efficiency as target variables, and e.g., planting date as independent variables.



Although adoption in still low in the region, Eastern and Southern Africa does not appear to be an exception to this global trend: CA has been found to equally be energy-saving, erosion controlling and water-use efficient in the region. Firstly, except in the case where adoption has been accompanied by a change in power source (in particular, where adopters shift from animal draft power to human muscle power), CA dramatically reduces the time needed to establish a crop (Figure 1), as the number of operations required to prepare the land (and the intensity of these operations) is reduced. As a consequence, CA adopters in the region tend to plant their crop earlier than farmers using conventional land preparation: 12–23 days earlier in Zimbabwe [21]. Similarly, in Zimbabwe, the time of planting was found to be more important than the type of tillage in explaining the performance of different CA systems, with a 5% yield reduction per week planting was delayed [22].
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Figure 1. Comparison of the average time required for conventional land preparation and conventional planting of maize (land preparation using an animal drawn maresha and planting by hand), for conventional planting of maize only (following conventional land preparation), and for direct seeding of maize using a 2BFT-100 seeder powered by a 15 HP two-wheel tractor in an untilled land in Hawassa Ethiopia (source: [23]). 
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Secondly, in dry environments of Eastern and Southern Africa, CA generally improves rainwater use efficiency (Figure 2).
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Figure 2. Comparison of rainwater use efficiency of maize during five consecutive seasons for conventional practice and conservation agriculture in Zimuto, Zimbabwe (source: calculated from [24]). 
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Thirdly, CA reduces water runoff and soil losses, even with moderate slopes (Figure 3), if sufficient quantities of crop residues are retained as surface mulch. In Zimbabwe, extensive studies in the 1990s clearly demonstrated the efficiency of CA in controlling sheet erosion on both sandy and clayey soils [25].
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Figure 3. Comparison of (a) the cumulated water runoff and (b) the soil loss for conventional practice and conservation agriculture during the 1994/95 season in Hatcliffe, Zimbabwe, on a Fersiallitic clay soil with a 4.5% slope (source: [26]). 
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The niche where CA fits, from the understanding of what drives its adoption globally, is characterized by systems where (1) the energy available for crop establishment is limited and/or costly (including limited and/or costly labor and draft power); (2) delayed planting results in a significant yield decline (this point being a particular case of the previous); (3) yield is limited (or co-limited) by water; and/or (4) severe erosion problems threaten the short- to medium term productivity of farmland. Other technologies apart from those based on CA principles could be used to control erosion and increase water use efficiency (e.g., physical soil and water conservation structures [27], agroforestry [28], drought resistant genotypes [29]), but there are little alternatives to CA when it comes to minimizing the energy required to establish a crop. Therefore, we see constraint/cost of energy at land preparation/planting as a primary driver of CA adoption, and water-limited yield and severe erosion problems as secondary drivers.



How large is this niche in Eastern and Southern Africa? Firstly, many farming systems in the region are characterized by farm power shortage, including for land preparation and seeding [13]. This is the result of stagnating—or even declining—numbers of tractors (a result of the collapse of tractor hire schemes, which were popular up the 1990s) and numbers of draft animals (a result of increasing biomass shortage, diseases such as the East Coast Fever, and/or recurring droughts) in many countries. Human muscle power has also declined in many countries of the region as a result of an ageing and feminizing farming population (a consequence of rural-urban migration) and the HIV/AIDS pandemic, which has dramatically reduced the available labor force on-farm. Secondly, about 20% of Africa is characterized by strong to extreme water erosion [30]. In Eastern and Southern Africa, the Eastern African Highlands represent an extensive area considered a hotspot of erosion-induced soil degradation [31]. Thirdly, crop production is limited by water (or co-limited by nutrients and water) in large parts of Eastern and Southern Africa [32]. Therefore, in opposition to Giller and colleagues [2] who concluded that “CA is inappropriate for the vast majority of resource-constrained smallholder farmers and farming systems” in Eastern and Southern Africa, we argue that the niche where it fits in the region is large. The low adoption of CA in the region may thus reflect more poor targeting than unsuitability of CA. This niche is also likely to expand in the near future as (1) the cost of energy for farming operations is likely to increase (increasing cost of fuel [33]; increasing cost of maintaining draught animals due to feed shortage [34]; and increasing cost of labor due to rural-urban migration [35]); (2) the area affected by erosion is likely to expand as farming is moving into more marginal areas [36]; and (3) the area where yield is limited by water is likely to increase as a result of climate change, particularly in Southern Africa [37,38]. However, in large parts of this niche, the performance of CA is limited by other challenges. Below, we present case studies at different scales (plot-scale, farm-scale and landscape-scale) illustrating how CIMMYT and its partners are developing technical and institutional innovations to overcome some challenges that may be observed when implementing CA in the region.




3. Overcoming Challenges through Research and Development: Some Examples


The cases below only aim at illustrating how adaptive research can be used to overcome challenges when and if they arise during the implementation of CA. They were only selected to illustrate a diversity of possible challenges and their solutions: this choice implies by no means that the challenges selected are to be expected whenever CA is implemented in the region.



3.1. Adapting Nitrogen Management to CA Systems


The adoption of CA drastically modifies N dynamics compared with conventional practices. Firstly, reduced or no tillage leads to lower N release from the mineralization of soil organic matter compared to ploughing [39]. Secondly, the retention of dead plant material with a wide C:N ratio (such as cereal residues) may lead to temporary N immobilization, even when retained as surface mulch and not incorporated in the soil [40]. As a result, N stress is commonly observed early in the season in CA systems leading to depressed plant vigor and growth [41]. Indeed, in a trial conducted in Zimuto Communal Area, Zimbabwe, the chlorophyll content (the “greenness” of a maize plant is a proxy for its N status) early in the season was found to be lower for maize in the CA treatment compared to maize in the conventional treatment when fertilized in a similar way (Figure 4a). However, from about 50 days after emergence to maturity, the trend was inversed, with maize in the CA treatment having higher chlorophyll content than maize in the conventional treatment (Figure 4a). CA may not lead to an increase in the crop N demand, but it appears to affect the timing of this demand (as illustrated by the two different curves in Figure 4a), seemingly with a higher demand early in the season and a lower demand later on.



However, N is a highly mobile nutrient and its availability to the crop is affected by rainfall amount and distribution (both highly variable in Eastern and Southern Africa) as well as water dynamics (e.g., surface run-off, evaporation) making recommendations on N fertilization for crop production in general and in CA systems specifically, challenging. SPAD (Single Photon Avalanche Diode) meters could be used to monitor the crop N status, but these devices are expensive, and their wide use by extension agents and other service providers is therefore unlikely in the near future. A cheaper alternative to predict in-season crop N requirements is the use of hand-held sensors measuring the Normalized Difference Vegetation Index (NDVI) of the crop canopy [41]. The company Trimble recently designed a “pocket” hand-held NDVI sensor, commercially available for a price of about US$500 per unit (Figure 4b). Equipped with such a device, a single extension agent could advise dozens of farmers on optimal N management at any time during the cropping season [42]. Based on this assumption, CIMMYT and its partners are currently calibrating the Trimble pocket hand-held NDVI sensor for maize and wheat in various agroecologies of Eastern and Southern Africa.
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Figure 4. (a) Extent of SPAD (Single Photon Avalanche Diode) units–proxy of the chlorophyll content—measured on maize leaves under conventional practice and under conservation agriculture during the 2013/14 season in Zimuto, Zimbabwe (source: [43]); and (b) the “pocket” hand-held NDVI sensor from Trimble [44] (photo courtesy of Trimble Navigation). 
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3.2. Adapting Water Management to CA Systems


The adoption of CA drastically modifies soil water dynamics compared with conventional practices (e.g., infiltration, runoff, evaporation). This modification often affects crop production positively in areas where water is a major limiting factor, such as large parts of Southern Africa [45]. Elsewhere, it may have neutral or even negative consequences for crop production. Although the retention of an organic mulch generally improves water infiltration and reduces evaporation and runoff, it may also exacerbate problems of waterlogging in high rainfall areas, thus depressing plant growth [46]. Conversely, with the retention of insufficient quantities of crop residues as surface mulch, which is common in Eastern and Southern Africa where productivity is low and where there are several competing uses for crop residues [47], CA may lead to lower rainwater infiltration and lower yield, particularly on soils that are prone to crusting and compaction [48], until the physical properties of the soil are improved. This, however, can take several years.



In such contexts (negative effect of surface mulching or insufficient quantities of crop residues available for mulching), CA systems have to be adapted for the water balance to be improved and the short-term crop productivity not to be affected negatively. This can be achieved by purposefully increasing the surface rugosity in these systems. For example, CIMMYT, Mekelle University, and other partners adapted a CA system in Northern Ethiopia based on semi-permanent raised beds, reshaped every year with the traditional maresha plough ([9]; Figure 5a). Tef (Eragrostic tef (Zucc.)Trotter), a major crop in this part of Ethiopia, is a short cereal for which grain cannot be harvested without harvesting the major part of the straw as well. Thus, when the preceding crop is tef, the quantity of biomass retained as mulch is insignificant. In such cases, however, results from a long-term experiment (on a slope of 3%) demonstrate that semi-permanent raised beds reduce water runoff by more than half compared to conventional practices (Figure 5b). Similar adaptations have been made in other parts of Eastern and Southern Africa to minimize runoff and maximize infiltration in CA systems with little or insignificant quantities of surface mulching. For example, planting basins—commonly used in hand-hoe based CA systems of Southern Africa—have been found to improve water harvesting and increase the soil moisture content compared to conventional land preparation in Zimbabwe and Zambia [49]. Similarly, through a study conducted across semi-arid areas of Ethiopia, Kenya, Tanzania and Zambia where little or no surface mulch was retained, Rockström and colleagues [50] consistently found that opening rip-lines—created by using an animal drawn modified plough or a chisel-tined ripper—increased water infiltration compared with conventional practices and led to higher maize and tef yields.
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Figure 5. (a) Wheat planted on semi-permanent raised beds reshaped every year with the tradition maresha plough in Gum Selesa, Northern Ethiopia; and (b) cumulated runoff in 2007, 2011, and 2013 following conventional tillage and using semi-permanent raised beds in Gum Selesa, Ethiopia, with the retention of insignificant quantities of biomass in the semi-permanent raised bed as the preceding crop during these years was tef (source: [9]). 
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The examples above demonstrate that CA principles should only be viewed as a means to an end. It is important to focus on processes (in this case, water infiltration) rather than technologies (surface mulching). When the primary driver of CA adoption is increasing water use efficiency, increasing soil moisture is not enough: additional moisture should translate into productivity gains and/or stability. However, this is not always the case. In Southern Ethiopia, CIMMYT and the Ethiopian Institute of Agricultural Research found that CA significantly increased the quantity of soil water under sole maize at the time of harvest (Figure 6a). However, no significant difference was found in maize yield between these two treatments (Figure 6b): the extra rainwater harvested and stored in the CA treatment was not converted into extra grain. In comparison, when a legume intercrop (common bean) was included in the CA treatment, soil moisture at maize harvest time was significantly lower than in the sole maize CA treatment, implying that more soil water was used by the crops (Figure 6b), and an additional grain yield (maize and bean) of about 2 t·ha−1 was harvested.
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Figure 6. (a) Soil moisture at maize harvest; and (b) total grain yield (maize and bean) for sole maize under conventional practice (CONV), for sole maize under conservation agriculture (CA) and for maize-bean intercropped under conservation agriculture in 2013 in Hawassa, Ethiopia (source: [51]). 
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3.3. Controlling Pests in CA Systems


Stem borers are the most damaging insect pests for cereals in Africa [52]. Crop residues carry over larval populations form one season to the next. Annual crop rotation is an effective control method, but this practice is rare in most of Eastern and Southern Africa. Alternative recommended control methods involve removal, destruction or burying (through tillage) of crop residues. Therefore, the retention of crop residue as surface mulch and the suppression of tillage, two pillars of CA, may increase the population of stem borers. In Southern Ethiopia, where the stem borer species Busseola fusca (Fuller) is a main cause of maize yield losses, CIMMYT and Wageningen University are testing low-cost management options that stimulate the population of natural enemies of stem borers (predators and parasitoids). Through this research, perennial elements of the farming landscape—such as hedgerows and ensete (Ensete ventriculosum (Welw.) Cheesman) fields—have been proved to act as reservoirs of generalist predators such as rove beetles (Figure 7a) and ants (Figure 7b), as well as parasitoid wasps (data not shown).



Building on this preliminary data, CIMMYT and Wageningen University are testing various landscape configurations to advise on the design of farming landscapes that are pest suppressive, thanks to the judicious reorganization of maize fields and perennial elements, alleviating a major challenge to CA in the area. A similar approach could be used elsewhere in the region, where CA has been found to increase the abundance of certain pests, such as white grubs (larvae of Phyllophaga ssp. and Heteronychus spp.) in Mozambique and Malawi [24].
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Figure 7. (a) Average number of rove beetles captured during a 72 h period in yellow pan traps located in maize fields 1 m, 10 m and 30 m of an ensete field; and (b) average number of ants captured during a 72 h period in pitfall traps located in maize fields 1 m, 10 m, and 30 m of a dense hedgerow (Source: [53]). 
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3.4. Sharing Biomass in CA Systems


Competition between soil mulching and livestock feeding has been stated as one of the main challenges to CA implementation in Africa, which is dominated by mixed crop-livestock systems [47]. Although CA systems can be adapted to perform satisfactorily—in the short-term—with minimum quantity of residue retained as mulch (see Section 3.2), regular inputs of organic material are needed in the long-term to maintain soil organic matter. As animal manures and plant biomass (other than crop residue) are both scarce and bulky (their collection, transport and application are labor-intensive, constraining their use as amendment), and as crop residues represent the most abundant organic material available to farmers [54] while their retention in situ does not require any labor, solutions have to be devised for crop residues to be shared—in the long-term—between the livestock and the soil.



CIMMYT and the University of Addis Ababa have recently analyzed an example of collective action where a community implemented farmland exclosure i.e., the application of year-round zero-grazing in farmland [55]). The implementation of this institutional (rather than technological) innovation resulted in more standing biomass in the farmland, in the form of trees (and grass on the contours to a lesser extent). Thus, more tree biomass could be used as livestock feed (Figure 8a), releasing significant crop residues to be retained in the field: the proportion of crop residue retained in the fields within the farmland exclosure was double that in neighboring fields open to aftermath grazing (Figure 8b), after eight years of implementation of farmland exclosure. Moreover, because more wood was available, livestock dung was less used as fuel and more as soil amendment. Compared with the neighboring farmland open to aftermath grazing, the soil organic matter content in the topsoil was almost double in the farmland exclosure, and the mean tef yield was about 70% higher. Interestingly, these shifts in biomass utilization did not affect negatively livestock density and productivity, which both remained similar inside and outside the farmland exclosure.
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Figure 8. (a) Composition of the biomass fed to livestock in open farmland (i.e., subject to aftermath grazing) and in farmland exclosure (i.e., where livestock is excluded throughout the year); and (b) distribution of crop residue by use in farms in open farmland and in farmland exclosure (source: [55]). 
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This example illustrates that competition for crop residues in mixed crop-livestock systems is not a barrier to the adoption of CA, but a challenge that can be overcome through appropriate interventions, such as farmland exclosure. Baudron and colleagues [56] and Mupangwa and Thierfelder [57] have highlighted a number of additional interventions that can reduce crop residue tradeoffs for African smallholders and concluded that the question should not be “if”, but “how” crop residues can fulfill the need of both the soil and the livestock.





4. The Need for an Iterative, Multi-Scale Approach


The four cases above (Section 3) illustrate the importance of focusing on processes (e.g., N dynamic, water infiltration, dynamics of pests and their natural enemies, impact of grazing) rather than technologies (e.g., reduced or no tillage, surface mulching). In Eastern and Southern Africa, CA has too often been promoted as a goal in itself, and too rarely as a means to an end (and when it did, it was often promoted as a means to the wrong end, such as the promotion of CA to increase yields, which inevitably takes 2–5 cropping seasons until a significant yield benefit is observed, Thierfelder and colleagues [58] except where water is a major limiting factor or where delayed planting leads to severe yield penalties). The success or failure of CA interventions should not be measured by the intensity of tillage or by the quantity of surface mulch in the target area, but by the impact of the intervention on e.g., cost of production, erosion control and water productivity. This implies that attention should be placed on understanding who the target groups (“clients” of the innovation) are, and what their demand is (e.g., performance, cost, labor demand), similarly to the design-specification process used in the industrial and commercial sectors [6].



The four cases also illustrate the importance of an iterative approach. As biophysical processes are being modified by the adoption of CA, new challenges emerge (e.g., buildup of the populations of residue-borne pests, see Section 3.3) as well as new opportunities (e.g., additional available soil moisture, see Section 3.2), both calling for the adoption of new innovations (e.g., stimulation of the populations of natural enemies of pests, inclusion of an additional crop to increase rainwater productivity), which in turn bring additional challenges and opportunities. This calls for mechanisms to enable interaction, collective learning and adaptive management between farmers and other stakeholders who are key to bring about the desired change (e.g., private sector, development institutions, extension services, and local policy makers). This can be provided by multi-stakeholder innovation platforms, which have become increasingly popular in agricultural R&D [59].



The four cases above also illustrate the importance of a multi-scale approach (Section 3.1 and Section 3.2 describe processes at plot-scale, Section 3.3 describes a process at farm-scale and Section 3.4 describes a process at landscape-scale). Processes at a given scale both control and are controlled by higher scaled processes (i.e., “panarchy”; [60]). For example, pest control at farm-level is an emerging property arising from nurturing natural enemies in some patches of the farm (see Section 3.3). Conversely, residue retention in a given plot is conditioned by grazing arrangement at landscape-level (see Section 3.4). This implies that research needs to target each of these scales with adequate approaches and methods. We see the role of research at plot-level as designing (and re-designing) innovative systems; at farm-level as adapting to the local socio-ecological context of different farm types; and at landscape/community level as accompanying scaling-out/up (Figure 9). Below, we describe each of these iterative steps, as used by CIMMYT and its partners in Eastern and Southern Africa.
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Figure 9. Schematic representation of a proposed iterative and multi-scale research and development approach for conservation agriculture and other complex combinations of technologies aiming at sustainable intensification. 






Figure 9. Schematic representation of a proposed iterative and multi-scale research and development approach for conservation agriculture and other complex combinations of technologies aiming at sustainable intensification.



[image: Environments 02 00338 g009]





Design. Following a diagnostic conducted within the multi-stakeholder innovation platform, and highlighting constraints and opportunities of the current farming systems, specifications of the desired innovation should be spelt out (e.g., performance, cost, labor demand, skills needed). Researchers may then design new systems, based in these specifications, their expertise and experience and knowledge from other locations (innovation de novo, [61]). The point here is to enable researchers to express their creativity, and generate a diversity of systems that meet the specifications and perform well from a biophysical point of view, before “fusing” academic knowledge with local knowledge. For such fusion to take place, we feel it is important for researchers to first “make an offer” of technological innovations and demonstrate these innovations in controlled environments. Confronting academic and local knowledge too early could limit the “creativity” of researchers (participatory “lock in”): broadening the range of what is possible is a fundamental role of research. Controlled environment (such as in on-farm experiments) also allow for detailed measurements to be taken, in order to better understand underlying mechanisms (e.g., nutrient dynamics, soil biology). Data on these processes can also be used for the calibration of mechanistic models and run “virtual experiments” [62]. It is also useful for these trials in controlled environment to be run as long-term ones, for biophysical constraints to be identified in the trials before they occur on adopting farms, and for effective anticipation of challenges.



Adaptation. The farm-scale is a critical scale for R&D, as this is the scale at which decisions (in terms of adoption and resource allocation) are made. It is also the scale where innovative systems are being adapted through co-construction between academic and local knowledge [61]. Besides studying this process of adaptation and what Brown [63] has described as “fusion knowledge, neither strictly local or traditional, nor external or scientific”, the role of research in this phase is to understand how innovative cropping systems fit in existing farming systems. Tradeoffs are conspicuous in African smallholder farms, which are generally resource-constrained. Understanding how the adoption of CA modifies these trade-offs is thus fundamental (e.g., [64]). Understanding the way farmers combine different technologies [65] and the sequence of this adoption (described as a “ladder” by Aune and Bationo [66]) is another research area of prime importance at this scale. The question of which farms to work with is a crucial one. Ensuring that the selected farms are representative of the overall population is important for the sake of replicability, and this can be achieved by selecting a stratified sample of farms based on a typology of farms. Typologies have become “fashionable” in the recent few years and various methodologies, all with their strengths and their weaknesses, are commonly used to delineate typologies, from (quantitative) statistical methods [67] to (qualitative) participatory methods involving experts and farmers [68]. Working with “positive deviants” [69], who would be described as “statistical outliers” for a particular farm type, could yield additional insight.



Scaling-up/-out. Ultimately, adoption of innovations “at scale” is the goal of any R&D intervention. “Scaling-out” is the spread of the innovation from farmer to farmer, within a particular landscape, while “scaling-up” is the institutional expansion that accompanies the geographical spread of the innovation [70]. Scaling-out/up is relatively downstream on the R&D continuum. Nonetheless, research has a crucial role to play in this phase, to serve as a catalyst for and to better understand the social processes that accompany the spread of innovation, and to propose interventions within multi-stakeholder innovation platforms that foster collective action (see Section 3.4 for example) and new partnerships (e.g., with the private sector). In addition, new research questions arise from the change of scale (related to e.g., delivery systems of inputs, enabling policies and institution), what Coe and colleagues [71] call research “in” development.



Monitoring, Evaluation and Learning. The iterative approach depicted on Figure 9 calls for a continuous monitoring and evaluation of the innovations being designed, adapted and scaled out/up, and a continuous learning. Multi-stakeholder innovation platforms are well designed for such process, which must be markedly participatory. The process should also be multi-scale–as what makes the best resource management within a CA system (e.g., allocation of crop residue to soil mulching vs. livestock feeding) depends on the scale at which trade-offs are analyzed [64]—and multi-criteria, to capture the economic, environmental and social dimensions of CA. The MESMIS (Spanish acronym of the Framework for Assessing the Sustainability of Natural Resource management Systems) offers an interesting framework to achieve such a multi-scale and multi-criteria monitoring and evaluation [72]. MESMIS is designed to evaluate the performance of complex systems in an interdisciplinary and participatory manner. It is primarily a tool for system re-design that has been well tested in developing countries. It is also purposefully designed for cyclic processes such as the one proposed here (Figure 9). The cycle includes six steps, with the first three steps aiming at characterizing the system and the last three steps aiming at integrating information and making a decision about the management of the system: (1) definition of the evaluation object; (2) determination of the critical points; (3) selection of diagnostic criteria and indicators; (4) measurement and monitoring of indicators; (5) presentation of results; and (6) conclusions and recommendations.




5. Conclusions


Delineating the niche where CA fits in African smallholder farming systems has become a burning issue. We argue that previous studies focusing on the topic have offered limited insights and may have approached CA from the wrong angle. They assumed CA to increase yield in the short-term (which only occurs in rare cases: where yields are strongly limited by water or where delayed planting leads to severe yield penalties) and confused challenges to CA (for which R&D can offer solution) for being barriers to adoption. When understanding CA as being an energy-saving, erosion-controlling, and water use efficient set of principles, the niche where CA fits in Eastern and Southern Africa appears large, and increasing. We recognize the low adoption of CA in the region, but argue that it may be more the result of poor targeting than of the unsuitability of CA for farmers in the region. However, applying CA in any part of this niche requires local adaptation, which can be achieved through multi-stakeholder innovation platforms, supported by an iterative, multi-scale R&D approach as described in this paper.







Acknowledgments


This research was conducted under the CGIAR Research Programs MAIZE, WHEAT and CCAFS. Their financial and logistical support is gratefully acknowledged. Special thanks go to Regina Hlatwayo, Bisrat Getenet, Girma Moges, Solomon Admasu, Haekoo Kim, and Anne de Valença for providing unpublished data.




Author Contributions


The original idea of the paper was the first author’s. All authors contributed data and contributed to the writing of the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Food and Agriculture Organization of the United Nations, Agriculture and Consumer Protection Department, Conservation Agriculture. Available online: http://www.fao.org/ag/ca/ (accessed on 18 June 2015).

	



Giller, K.E.; Witter, E.; Corbeels, M.; Tittonell, P. Conservation agriculture and smallholder farming in Africa: The heretics’ view. Field Crops Res. 2009, 114, 23–34. [Google Scholar] [CrossRef]

	



International Conservation Agriculture, Ken Giller’s Paper on Conservation Agriculture. Available online: https://conservationag.wordpress.com/2009/12/01/ken-gillers-paper-on-conservation-agriculture/ (accessed on 18 June 2015).

	



Tesfaye, K.; Jaleta, M.; Jena, P.; Mutenje, M. Identifying potential recommendation domains for conservation agriculture in Ethiopia, Kenya, and Malawi. Environ. Manag. 2015, 55, 330–346. [Google Scholar] [CrossRef] [PubMed]

	



Andersson, J.A.; D’Souza, S. From adoption claims to understanding farmers and contexts: A literature review of Conservation Agriculture (CA) adoption among smallholder farmers in southern Africa. Agric. Ecosyst. Environ. 2014, 187, 116–132. [Google Scholar] [CrossRef]

	



Sumberg, J. Constraints to the adoption of agricultural innovations. Is it time for a re-think? Outlook Agric. 2005, 34, 7–10. [Google Scholar] [CrossRef]

	



Baudron, F.; Mwanza, H.M.; Triomphe, B.; Bwalya, M. Conservation Agriculture in Zambia: A Case Study of Southern Province; African Conservation Tillage Network: Nairobi, Kenya; Centre de Coopération Internationale de Recherche Agronomique pour le Développement: Montpellier, France; Food and Agriculture Organization of the United Nations: Rome, Italy, 2007. [Google Scholar]

	



Johansen, C.; Haque, M.E.; Bell, R.W.; Thierfelder, C.; Esdaile, R.J. Conservation agriculture for small holder rainfed farming: Opportunities and constraints of new mechanized seeding systems. Field Crops Res. 2012, 132, 18–32. [Google Scholar] [CrossRef]

	



Araya, T.; Nyssen, J.; Govaerts, B.; Baudron, F.; Carpentier, L.; Bauer, H.; Lanckriet, S.; Deckers, J.; Cornelis, W. Restoring cropland productivity and profitability in Northern Ethiopia drylands after nine years of resource-conserving agriculture. Exp. Agric. 2015. [Google Scholar] [CrossRef]

	



Friedrich, T.; Derpsch, R.; Kassam, A. Overview of the Global Spread of Conservation Agriculture. Field Actions Sci. Rep. 2012, (Special Issue 6). Available online: http://factsreports.revues.org/1941 (accessed on 6 November 2012). [Google Scholar]

	



Kassam, A.; Friedrich, T.; Shaxson, F.; Pretty, J. The spread of Conservation Agriculture: Justification, sustainability and uptake. Int. J. Agric. Sustain. 2009, 7, 292–320. [Google Scholar] [CrossRef]

	



Lal, R. Carbon emission from farm operations. Environ. Int. 2004, 30, 981–990. [Google Scholar] [CrossRef] [PubMed]

	



Baudron, F.; Kahan, D.; Sims, B.; Justice, S.; Rose, R.; Mkomwa, S.; Kaumbutho, P.; Sariah, J.; Nazare, R.; Moges, G. Re-examining appropriate mechanization in Africa: Two-wheel tractors, conservation agriculture, and private sector involvement. Food Security 2015, in press. [Google Scholar] [CrossRef]

	



Erenstein, O.; Laxmi, V. Zero tillage impacts in India’s rice-wheat systems: A review. Soil Tillage Res. 2008, 100, 1–14. [Google Scholar] [CrossRef]

	



Joshi, A.K.; Mishra, B.; Chatrath, R.; Ferrara, G.O.; Singh, R.P. Wheat improvement in India: Present status, emerging challenges and future prospects. Euphytica 2007, 157, 431–446. [Google Scholar] [CrossRef]

	



Lal, R.; Reicosky, D.C.; Hanson, J.D. Evolution of the plow over 10,000 years and the rationale for no-till farming. Soil Tillage Res. 2007, 93, 1–12. [Google Scholar] [CrossRef]

	



Bolliger, A.; Magid, J.; Amado, J.C.T.; Skóra Neto, F.; de Fatima dos Santos Ribeiro, M.; Calegari, A.; Ralisch, R.; de Neergaard, A. Taking Stock of the Brazilian “Zero-Till Revolution”: A Review of Landmark Research and Farmers’ Practice. Adv. Agron. 2006, 91, 47–110. [Google Scholar]

	



Bernoux, M.; Cerri, C.C.; Cerri, C.E.P.; Neto, M.S.; Metay, A.; Perrin, A.S.; Scopel, E.; Razafimbelo, T.; Blavet, D.; De C. Piccolo, M.; et al. Cropping systems, carbon sequestration and erosion in Brazil: A review. Agron. Sustain. Dev. 2006, 26, 1–8. [Google Scholar] [CrossRef]

	



Llewellyn, R.S.; D’Emden, F. Adoption of No-till Cropping Practices in Australian Grain Growing Regions; Australian Government, Grains Research and Development Corporation: Kingston, Australia, 2010.

	



Pittelkow, C.M.; Liang, X.; Linquist, B.A.; van Groenigen, K.J.; Lee, J.; Lundy, M.E.; van Gestel, N.; Six, J.; Venterea, R.T.; van Kessel, C. Productivity limits and potentials of the principles of conservation agriculture. Nature 2015, 517, 365–368. [Google Scholar] [CrossRef] [PubMed]

	



Nyamangara, J.; Mashingaidze, N.; Nyaradzo Masvaya, E.; Nyengerai, K.; Kunzekweguta, M.; Tirivavi, R.; Mazvimavi, K. Weed growth and labor demand under hand-hoe based reduced tillage in smallholder farmers’ fields in Zimbabwe. Agric. Ecosyst. Environ. 2013, 187, 146–154. [Google Scholar] [CrossRef][Green Version]

	



Nyagumbo, I. A review of experiences and developments towards Conservation Agriculture and related systems in Zimbabwe. In No-Till Farming Systems; Goddard, T., Zoebisch, M.A., Gan, Y.T., Ellis, W., Watson, A., Sombatpanit, S., Eds.; World Association of Soil and Water Conservation: Bangkok, Thailand, 2008; Special Publication No. 3; pp. 345–372. [Google Scholar]

	



Moges, G.; Kelemu, F.; Getenet, B.; Derbie, Y. Farm Mechanization and Conservation Agriculture for Sustainable Intensification. Progress on Objective 1. In Proceedings of the Second Review and Planning Meeting, Hawassa, Ethiopia, 9–13 February 2015.

	



Thierfelder, C.; Mutenje, M.; Mujeyi, A.; Mupangwa, W. Where is the limit? Lessons learned from long-term conservation agriculture research in Zimuto Communal Area, Zimbabwe. Food Security 2015, 7, 15–31. [Google Scholar] [CrossRef]

	



Vogel, H.; Nyagumbo, I.; Olsen, K. Effects of tied ridging and mulch ripping on water conservation in maize production on sandveld soils. Maize Research for Stress Environments. In Proceedings of the Eastern and Southern Africa Regional Maize Conference, Harare, Zimbabwe, 28 March–1 April 1994.

	



Nyagumbo, I. The effect of three tillage systems on seasonal water budgets and drainage of two Zimbabwean soils under maize. PhD Thesis, University of Zimbabwe, Harare, Zimbabwe, 2002. [Google Scholar]

	



Vohland, K.; Barry, B. A review of in situ rainwater harvesting (RWH) practices modifying landscape functions in African drylands. Agric. Ecosyst. Environ. 2009, 131, 119–127. [Google Scholar] [CrossRef]

	



Sileshi, G.; Akinnifesi, F.K.; Ajayi, O.C.; Chakeredza, S.; Kaonga, M.; Matakala, P.W. Contributions of agroforestry to ecosystem services in the Miombo eco-region of eastern and southern Africa. Afr. J. Environ. Sci. Technol. 2007, 1, 68–80. [Google Scholar]

	



Bänziger, M.; Setimela, P.S.; Hodson, D.; Vivek, B. Breeding for improved abiotic stress tolerance in maize adapted to southern Africa. Agric. Water Manag. 2006, 80, 212–224. [Google Scholar] [CrossRef]

	



Oldeman, L.R. The global extent of soil degradation. In Soil Resilience and Sustainable Land Use; Greenland, D.J., Szabolcs, I., Eds.; CAB International: Wallingford, UK, 1994; pp. 99–118. [Google Scholar]

	



Lal, R. Soil erosion impact on agronomic productivity and environment quality. Crit. Rev. Plant Sci. 1998, 17, 319–464. [Google Scholar] [CrossRef]

	



Mueller, N.D.; Gerber, J.S.; Johnston, M.; Ray, D.K.; Ramankutty, N.; Foley, J.A. Closing yield gaps through nutrient and water management. Nature 2012, 490, 254–257. [Google Scholar] [CrossRef] [PubMed]

	



Day, J.W., Jr.; Hall, C.A.; Yáñez-Arancibia, A.; Pimentel, D. Ecology in Times of Scarcity. BioScience 2009, 59, 321–331. [Google Scholar] [CrossRef]

	



Tegebu, F.N.; Mathijs, E.; Deckers, J.; Haile, M.; Nyssen, J.; Tollens, E. Rural livestock asset portfolio in northern Ethiopia: A microeconomic analysis of choice and accumulation. Trop. Anim. Health Produc. 2011, 44, 133–144. [Google Scholar] [CrossRef] [PubMed]

	



Woodhouse, P. Technology, environment and the productivity problem in African agriculture: Comment on the World Development Report 2008. J. Agrar. Chang. 2009, 9, 263–276. [Google Scholar] [CrossRef]

	



Mugagga, F.; Kakembo, V.; Buyinza, M. Land use changes on the slopes of Mount Elgon and the implications for the occurrence of landslides. Catena 2012, 90, 39–46. [Google Scholar] [CrossRef]

	



Lobell, D.B.; Burke, M.B.; Tebaldi, C.; Mastrandrea, M.D.; Falcon, W.P.; Naylor, R.L. Prioritizing climate change adaptation needs for food security in 2030. Science 2008, 319, 607–610. [Google Scholar] [CrossRef] [PubMed]

	



Cairns, J.E.; Sonder, K.; Zaidi, P.H.; Verhulst, N.; Mahuku, G.; Babu, R.; Nair, S.K.; Das, B.; Govaerts, B.; Vinayan, M.T.; et al. 1 Maize Production in a Changing Climate: Impacts, Adaptation, and Mitigation Strategies. In Advances in Agronomy; Academic Press: Waltham, MA, USA, 2012; volume 114, chapter 1. [Google Scholar]

	



Giller, K.E.; Cadisch, G.; Ehaliotis, C.; Adams, E.; Sakala, W.D.; Mafongoya, P.L. Building soil nitrogen capital in Africa. In Replenishing Soil Fertility in Africa; Special Publication No. 51; Buresh, R.J., Sanchez, P.A., Calhoun, F.G., Eds.; Soil Science Society of America: Madison, WI, USA, 1997. [Google Scholar]

	



Abiven, S.; Recous, S. Mineralisation of crop residues on the soil surface or incorporated in the soil under controlled conditions. Biol. Fertil. Soils 2007, 43, 849–852. [Google Scholar] [CrossRef]

	



Verhulst, N.; Govaerts, B. The Normalized Difference Vegetation Index (NDVI) GreenSeekerTM Handheld Sensor: Toward the Integrated Evaluation of Crop Management. Part A: Concepts and Case Studies; CIMMYT: El Batan, Mexico, 2010. [Google Scholar]

	



Ortiz-Monasterio, J.I.; Raun, W. Reduced nitrogen and improved farm income for irrigated spring wheat in the Yaqui Valley, Mexico, using sensor based nitrogen management. J. Agric. Sce. Camb. 2007, 145. [Google Scholar] [CrossRef]

	



Hlatwayo, R.; Rugare, J.; Thierfelder, C.; Cairns, J.E. Genotype by management system interaction in maize (Zea mays L.). Crop Science 2015. in preparation. [Google Scholar]

	



Trimble, Transforming the way the world works. GreenSeeker Handheld Crop Sensor. Available online: http://www.trimble.com/Agriculture/gs-handheld.aspx?tab=Product_Overview (accessed on 18 June 2015).

	



Thierfelder, C.; Wall, P.C. Investigating Conservation Agriculture (CA) Systems in Zambia and Zimbabwe to Mitigate Future Effects of Climate Change. J. Crop Improv. 2010, 24, 113–121. [Google Scholar] [CrossRef]

	



Thierfelder, C.; Wall, P.C. Effects of conservation agriculture techniques on infiltration and soil water content in Zambia and Zimbabwe. Soil Tillage Res. 2009, 105, 217–227. [Google Scholar] [CrossRef]

	



Valbuena, D.; Erenstein, O.; Homann-KeeTui, S.; Abdoulaye, T.; Claessens, L.; Duncan, A.J.; Gérard, B.; Rufino, M.C.; Teufel, N.; van Rooyen, A.; van Wijk, M.T. Conservation Agriculture in mixed crop–livestock systems: Scoping crop residue trade-offs in Sub-Saharan Africa and South Asia. Field Crops Res. 2012, 132, 175–184. [Google Scholar] [CrossRef]

	



Baudron, F.; Tittonell, P.; Corbeels, M.; Letourmy, P.; Giller, K.E. Comparative performance of conservation agriculture and current smallholder farming practices in semi-arid Zimbabwe. Field Crops Res. 2012, 132, 117–128. [Google Scholar] [CrossRef]

	



Mupangwa, W.; Twomlow, S.; Walker, S. The influence of conservation tillage methods on soil water regimes in semi-arid southern Zimbabwe. Phys. Chem. Earth 2008, 33, 762–767. [Google Scholar] [CrossRef]

	



Rockström, J.; Kaumbutho, P.; Mwalley, J.; Nzabi, A.W.; Temesgen, M.; Mawenya, L.; Barron, J.; Mutua, J.; Damgaard-Larsen, S. Conservation farming strategies in East and Southern Africa: Yields and rain water productivity from on-farm action research. Soil Tillage Res. 2009, 103, 23–32. [Google Scholar] [CrossRef]

	



Admassu, S.; Muluneh, G.; Kim, H.K.; Zemede, A.; Baudron, F.; Kanampiu, F. Sustainable intensification options provided by conservation agricultural practices in a bimodal rainfall agro-ecology. Field Crops Res. 2015. in preparation. [Google Scholar]

	



Kfir, R.; Overholt, W.A.; Khan, Z.R.; Polaszek, A. Biology and management of economically important lepidopteran cereal stem borers in Africa. Annu. Rev. Entomol. 2002, 47, 701–731. [Google Scholar] [CrossRef] [PubMed]

	



De Valença, A. Perennial Landscape Elements as Reservoirs of Natural Enemies. Abundance and Diversity Assessment of Maize Stemborer Natural Enemies along Perennial Landscape Elements in Hawassa, Southern Ethiopia. Internship MSc., Organic Agriculture, Wageningen University, Wageningen, The Netherlands, 2 February 2015. [Google Scholar]

	



Lal, R. World crop residues production and implications of its use as a biofuel. Environ. Int. 2005, 31, 575–584. [Google Scholar] [CrossRef] [PubMed]

	



Baudron, F.; Mamo, A.; Tirfessa, D.; Argaw, M. Impact of farmland exclosure on the productivity and sustainability of a mixed crop-livestock system in the Central Rift Valley of Ethiopia. Agric. Ecosyst. Environ. 2015, 207, 109–118. [Google Scholar] [CrossRef]

	



Baudron, F.; Jaleta, M.; Tegegn, A.; Oriama, O. Conservation Agriculture in African mixed crop-livestock systems: Expanding the niche. Agric. Ecosyst. Environ. 2014, 187, 171–182. [Google Scholar] [CrossRef]

	



Mupangwa, W.; Thierfelder, C. Intensification of conservation agriculture systems for increased livestock feed and maize production in Zimbabwe. Int. J. Agric. Sustain. 2014, 12, 425–439. [Google Scholar] [CrossRef]

	



Thierfelder, C.; Chisui, J.L.; Gama, M.; Cheesman, S.; Jere, Z.D.; Bunderson, W.T.; Eash, N.S.; Ngwira, A.; Rusinamhodzi, L. Maize-based conservation agriculture systems in Malawi: Long-term trends in productivity. Field Crop Res. 2013, 142, 47–57. [Google Scholar] [CrossRef]

	



Kilelu, C.W.; Klerkx, L.; Leeuwis, C. Unravelling the role of innovation platforms in supporting co-evolution of innovation: Contributions and tensions in a smallholder dairy development programme. Agric. Syst. 2013, 118, 65–77. [Google Scholar] [CrossRef]

	



Walker, B.; Gunderson, L.; Kinzig, A.; Folke, C.; Carpenter, S.; Schultz, L. A handful of heuristics and some propositions for understanding resilience in social-ecological systems. Ecol. Soc. 2006, 11, 13. Available online: http://www.ecologyandsociety.org/vol11/iss1/art13/ (accessed on 22 May 2015). [Google Scholar]

	



Meynard, J.M.; Dedieu, B.; Bos, A.B. Re-design and co-design of farming systems. An overview of methods and practices. In Farming Systems Research into the 21st Century: The New Dynamic; Darnhofer, D., Gibbon, D., Dedieu, B., Eds.; Springer: Dordrecht, The Netherlands, 2012. [Google Scholar]

	



Affholder, F.; Tittonell, P.; Corbeels, M.; Roux, S.; Motisi, N.; Tixier, P.; Wery, J. Ad hoc modeling in agronomy: What have we learned in the last 15 years. Agron. J. 2012, 104, 735–748. [Google Scholar] [CrossRef]

	



Brown, K. Three challenges for a real people-centred conservation. Glb. Ecol. Biogeogr. 2003, 12, 89–92. [Google Scholar] [CrossRef]

	



Baudron, F.; Delmotte, S.; Corbeels, M.; Herrera, J.M.; Tittonell, P. Multi-scale trade-off analysis of cereal residue use for livestock feeding vs. soil mulching in the Mid-Zambezi Valley, Zimbabwe. Agric. Syst. 2015, 134, 97–106. [Google Scholar] [CrossRef]

	



Teklewold, H.; Kassie, M.; Shiferaw, B. Adoption of multiple sustainable agricultural practices in rural Ethiopia. J. Agric. Econ. 2013, 64, 597–623. [Google Scholar] [CrossRef]

	



Aune, J.B.; Bationo, A. Agricultural intensification in the Sahel—–The ladder approach. Agric. Syst. 2008, 98, 119–125. [Google Scholar] [CrossRef]

	



Tittonell, P.; Muriuki, A.; Shepherd, K.D.; Mugendi, D.; Kaizzi, K.C.; Okeyo, J.; Verchot, L.; Coe, R.; Vanlauwe, B. The diversity of rural livelihoods and their influence on soil fertility in agricultural systems of East Africa—A typology of smallholder farms. Agric. Syst. 2010, 103, 83–97. [Google Scholar] [CrossRef]

	



Kebede, B. Community wealth ranking and household surveys: An integrative approach. J. Dev. Stud. 2009, 45, 1731–1746. [Google Scholar] [CrossRef]

	



Pant, L.P.; Hambly Odame, H. The promise of positive deviants: bridging divides between scientific research and local practices in smallholder agriculture. Knowledge Manag. Dev. J. 2009, 5, 160–172. [Google Scholar] [CrossRef]

	



Douthwaite, B.; Kuby, T.; van de Fliert, E.; Schulz, S. Impact pathway evaluation: An approach for achieving and attributing impact in complex systems. Agric. Syst. 2003, 78, 243–265. [Google Scholar] [CrossRef]

	



Coe, R.; Sinclair, F.; Barrios, E. Scaling up agroforestry requires research ‘in’ rather than ‘for’ development. Curr. Opin. Environ. Sustain. 2014, 6, 73–77. [Google Scholar] [CrossRef]

	



López-Ridaura, S.; Masera, O.; Astier, M. Evaluating the sustainability of complex socio-environmental systems. The MESMIS framework. Ecol. Indic. 2002, 2, 135–148. [Google Scholar] [CrossRef]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
Runoff (mm yr?)

-@-Conventional pral
-O-Conserv:

(a)

ation agriculture

150

«(b)

T s
5
= 4
3 3
3z 2
3
1
0
200 250 o 50

Date (day after the 1°* of October)





nav.xhtml


  environments-02-00338


  
    		
      environments-02-00338
    


  




  





media/file11.png
Soil moisture (%)

32

31

30

29

28

27

(a) —@— Sole maize CONV
—@—Sole maize CA

-0 -Maize-Bean CA

0-15 15-30 >30
Depth (cm)

Total grain yield (t ha)

12 -

10

(b}

Sole maize
CONV

Sole maize CA Maize-bean CA





media/file1.png
Time (hour ha)

120

100

80

60

40

20

Conventional
land
preparation +
planting

1

Conventional
planting
(manual)

Direct seeding
(single pass)





media/file16.png
(Re)Design

Monitoring, Evaluation, & Learning

Farm
Landscape Scaling-
Community out/up






media/file2.png
Rainwater use efficiency

(kg grain mm-) -
)

©O B N W A~ U1 O N O O

-@-Conventional practice

-O-Conservation agriculture

T T T 1

2009 2010 2011 2012 2013





media/file13.png
60 -
0
0
0
0
0
0 -

sdeu jjejud ul
painided sjue jo JoquinpN

—
©

g

| | I I I I | | I
©O © ©0 © © O © © o
0 ~ o (Tp) < on (o] i

sdeay ued mojjoA ul

painided saj32aq anoJ Jo JaquinN

30

10
Distance to dense hedgerow (m)

30

10
Distance to ensete field (m)





media/file7.png
SPAD measurement

50

40

30

20

10

(a)
| -O-Conservation agriculture
-O-Conventional practice
20 40 60 80

Date (day after emergence)






media/file9.png
O Semi-permanent raised beds

@ Conventional tillage





media/file10.png
Soil moisture (%)

—@—Sole maize CONV
—@—Sole maize CA
-0 -Maize-Bean CA

Total grain yield (t ha')

(b)

Sole maize  Sole maize CA Maize-bean CA
CONV





media/file5.png
Runoff (mm yr?)

90
80
70
60
50
40
30
20
10

-@-Conventional practice

-O-Conservation agriculture

(a)

50

100

150

(b
. | (b)
T 51
>
B o4
PREER
°
5 21
v
1_
T 1 0_ T T T |
200 250 0 50 100 150 200 250

Date (day after the 1% of October)





media/file15.png
Livestock feed

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

C Other
B Tree biomass
B Crop residue

Open farmland Farmland
exclosure

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Use of crop residue

(b)

Open farmland

Farmland
exclosure

0O Compost
&l Fuel

O Livestock
fodder

@ Aftermath
grazing

B Retained in
the field






media/file12.png
sdexy jejud uy
painydes sjue jo JaquinN

(a)

2 ©9 9 2@ @ @ © © ©
® KR & 1B ¥ & & =

sdesy ued mojjaA up
painided s3)393q 3A0J J0 JaquINN

Distance to dense hedgerow (m)

Distance to ensete field (m)





media/file3.png
Rainwater use efficiency

[
o
J

(kg grain mm1)

9 - -@-Conventional practice

8 -O-Conservation agriculture
7

6

5

4

3

2

1

0 . ; !

2009 2010 2011 2012

2013





media/file0.png
Time (hour ha)

120

100

80

60

40

20

Conventional
land
preparation +
planting

Conventional
planting
(manual)

Direct seeding
(single pass)





media/file17.png
Farm

Landscape
Community

(Re)Design

, & Learning |

Scaling-
out/up

Monitoring, Evaluation





media/file14.png
Livestock feed

Open farmland

Farmland
exclosure

Use of crop residue
@
Q
X

Open farmland

Farmland
exclosure

0O Compost
D Fuel

QLivestock
fodder
@ Aftermath
razinj
W Retained in
the field






media/file8.png
Osemi
Conventional til

ermanent raised beds

F
£





media/file6.png
SPAD measurement

Date (day after emergence)





