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Abstract

:

Conservation Agriculture (CA) is promoted by research and development (R&D) agencies to sustainably intensify agricultural systems with the goals of improving food security and livelihoods and adapting food systems to global climate change. Despite the many benefits of CA, there are few farmers around the world that have simultaneously implemented all facets of the strategy. In part, this reflects the challenges in applying, adapting, and understanding this complex and multi-dimensional agricultural innovation in the context of diverse farming systems. In this paper, we applied an integrated framework that combines bioeconomic simulation, risk analysis, adoption theory, and impact assessment to investigate how various combinations of CA components (no-tillage, soil cover, crop diversification, plus growing a new crop or variety) performed over a 10-year period in representative farms in a central Mexican case study. We found significant differences in profit, net value, downside risk, and risk-aversion cost between double-component scenarios (and improved CA to a lesser extent) and all other scenarios, which suggested that disaggregating CA into smaller component packages could increase farmer adoption in risky contexts. Our findings provided valuable insights on CA feasibility and could help establish policy and reporting metrics. The study highlighted the need for employing a range of research tools to understand the relative value of agricultural innovations and to identify and reduce trade-offs and uncertainty in farming systems.
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1. Introduction


Conservation Agriculture (CA) systems contribute to food security, improve livelihoods, and help farmers tackle climate change [1]. CA is defined by the FAO as “a farming system that promotes minimum soil disturbance (i.e., no-till or minimal tillage farming), maintenance of a permanent soil cover and diversification of crop species. It enhances biodiversity and natural biological processes above and below the ground surface, which contribute to increased water and nutrient use efficiency and improved and sustained crop production” [2].



Researchers have investigated the potential to intensify under-performing agricultural land through innovations such as CA, particularly among global smallholder operations [3,4,5,6,7,8]. CA’s ability to function in the world’s diverse contexts and production systems attests to its adaptability. CA can also generate substantial economic and environmental benefits under marginal conditions, particularly by enhancing climate change resilience. Recent meta-analyses confirmed that CA strategies favoured the drier regions of the globe—such as central Mexico—and increased organic carbon in soil and crop yield by helping retain soil moisture [9,10,11]. In southern Africa, CA maize and wheat yields have seen increases up to 50% over six years, relative to conventional agriculture [5]. Dryland maize in central Mexico averaged gains of 38–48% over 9 to 10 years [5,12]. Also, large cost savings can result from increased labour efficiency and reduced automation when moving from conventional systems to CA with only minimal land preparation and direct seeding [13].



Although the potential for these interventions has been recognised, their success has been limited [3,10,14,15,16]. Many factors can contribute to the overall low adoption rates of innovation in agriculture. High risk levels, a lack of economic drivers or incentives, broader social constraints, the level of farmer engagement, or combinations of these can all impact the likelihood of farmers implementing new innovations [17,18,19,20]. Other factors—such as alternative technologies being available as supplements, complements or replacements, either simultaneously or sequentially—may also affect the speed and level of adoption [21,22]. Adoption is particularly problematic for complex sustainable intensification technologies, such as CA, which have multiple components and potential effects in a variety of dimensions resulting in large outcome variability [13,23]. These also frequently present a learning curve and require initial technical assistance or minimal start-up investment for longer-term benefits [23]. In the context of this paper, CA is defined as a series of recommendations that enable farmers to produce more with less, and the resource-conserving behaviour provides a pathway to sustainably intensifying production on existing farmland. However, so-called sustainable practices often have both beneficial and adverse effects on the environment, ranging from measurable yield gains from improved soil condition to broader impacts on air quality and biodiversity [13] that fall outside the scope of this study.



Assessing the full impact of CA is challenging given the complex, context-specific and multi-dimensional nature of the innovation and the systems in which farmers implement it. For example, changes in crop yield impact the production of stubble—the remnants of the plants after harvest—which can have multiple uses depending on various factors such as quantity, quality, and value. Crop stubble can be sold as fodder or retained. In the latter case, it can be incorporated in the soil, used as ground cover, fed to livestock, or burned [24]. Moreover, the relative role of crop residues, or stubble, can change, as they may be a better source of income than grains in very dry years, but not in wetter years, potentially complicating the long-term adoption of CA. The fate of crop stubble can be further influenced by crop choice. All of these factors and actions have consequences in terms of resource trade-offs and the allocation of farm inputs, feed, labour, machinery, capital, and sometimes water and land as well. Increasing agricultural production and hastening the shift towards intensified systems often require a well-planned mechanisation strategy that also fits with the multiple goals of farm sustainability, profitability, and resilience; meanwhile, they are limited by local supply, infrastructure, and the farmers’ socioeconomic context [25].



There is a growing trend towards integrated systems approaches that more effectively harness key stakeholder interactions, promote synergies and minimize trade-offs for resource-use-efficiency, scale innovations, and enable potential adoption and positive impact [7,26,27,28,29,30,31]. Sadras et al. argued that overlooking resource trade-offs, scaling/adoption drivers, and context-specificity in crop research often lead to over-optimistic projections, experimental shortcomings, and irrelevant (controlled-environment) agronomy [32]. Overlooking the socioeconomic and risk contexts further limits the closure of yield and profit gaps [33].



For this study we used a case study within central Mexico, a dry-climate region with high potential for CA implementation outcomes [11]. For three decades, CA has been variously adapted to and promoted in Mexico’s prevailing maize-based agriculture sector in an effort to increase productivity [4,5,8,12,13,25,34,35,36,37]. One goal of the efforts is to improve the national average maize yield of 2.9 t/ha [38], significantly lower than the world’s average of 5.1 t/ha [39], thereby contributing to the country’s agricultural self-sufficiency and national food security [40]. Even though Mexico is one of the top 10 maize producers in the world [41] and maize is the nation’s staple crop—representing over 50% of the caloric intake for the poorest sectors of the population [42]—the country still imports one-third of its maize, the second highest maize import rate in the world [43].



The objective of this study was to gain insight into the feasibility of CA and help to set and adjust reference criteria towards decision recommendations by exploring the economic value of adopting CA practices in the case study area. The selected area is composed of traditional smallholder farming systems near the central Mexican city, Guanajuato. CA in the region has been variously supported under the MasAgro research initiative, supported by the Government of Mexico and coordinated by the International Maize and Wheat Improvement Center (CIMMYT) [44,45]. The initiative seeks to increase farmer income and the productivity of maize and wheat in Mexico by implementing research collaborations, as well as by developing and promoting the use of improved seeds, sustainable technologies, and farming practices [46,47,48].



In this study, we compared the current conventional production system in the region (baseline) with nine scenarios of various combinations of three CA components (no-tillage, soil cover, and crop diversification), as well as an improved maize variety and a novel legume crop to further explore the robustness and flexibility of the system. In the process, we used Value-Ag [49], an integrated framework using Commonwealth Scientific and Industrial Research Organization (CSIRO) models that combines bioeconomic simulation, risk analysis, adoption theory, and impact assessment to demonstrate how agroecological and socioeconomic drivers determine the relative advantage of CA strategies in the case study. This study specifically addressed the following three questions:




	
How do various combinations of no-tillage, soil cover, and crop diversification affect the profitability and the downside risk of the whole farm over time, given farmer risk aversion?



	
What is the net value impact of adopting alternative options of CA?



	
What are the relative benefits of introducing a new maize variety and alternative legume crops to an existing CA field setup?








This study intended to quantify the profit-risk profile and net value of the various CA components to enable farmers, researchers, funders/and policy makers to make more informed and strategic decisions in regard to adopting the innovation and prioritising research and investment while fostering a more results-focused culture.



The paper is structured as follows. Section 2 provides an overview of the study area, modelling approach and analysis design. Section 3 presents and discusses modelling results and future research opportunities, leading to the conclusions and policy implications in Section 4.




2. Materials and Methods


2.1. Case-Study Context


The study area was located in southern Guanajuato, part of the Bajío region of central Mexico (Figure 1). The region’s elevation is around 1750 m above sea level and the area is characterized by a dry season between November and April with an average daily temperature of 20–25 °C. It also has a wet season between June and September with an average monthly precipitation of 100–200 mm. Substantial irrigation in the broader Bajío region is mainly carried out on medium-scale farms (greater than 5.0 ha) [24].



The study area was primarily composed of rain-fed smallholder agriculture, which often integrates maize production with livestock. Problems arising from competing demands for crop residue, soil degradation, and low economic profitability are prevalent in these systems [35]. Rainfed maize grown in the smallholder farms of central Mexico is often a mixture of native (criollo) and improved (creolised) landrace varieties [50,51]. The conventional system of agriculture in the region has a high level of heterogeneity in terms of farm size, herd size, crop intensity, level of mechanisation, labour availability, initial endowment, and reliance on off-farm income, among other factors. The degree to which commodities are produced for their consumption or for sale in local markets or larger markets is another differentiator.



Zepeda et al. aggregated Guanajuato rural farms into six main production unit typologies (T, n = 480): T1, peri-urban with high female participation (15.6%); T2, rural in poverty with female participation (22.9%); T3, commercial and ageing (6.0%); T4, mechanised with young families (17.7%); T5, diversified with young professionals (12.3%); and T6, agriculture with limited resources (25.4%) [52,53]. Appendix A Table A1 contains a summary description of all typologies. For this analysis, we focused on T6, the most representative farm typology in the study area. There were 122 T6 farms, representing more than a quarter of the 480 farms surveyed in the typology study. T6 farms also displayed the most geographic uniformity, as almost all T6 farms are located in the plains of southern Guanajuato and had good CA potential overall. In contrast to the other typologies, T6 farmers have limited resources and farm a typical, average-sized farm of less than 4 ha with low livestock numbers (enough to capture key crop-livestock trade-offs without hindering CA adoption), a low level of mechanisation, and limited irrigation. These farms are run by ageing families (more than 90% male, with an average age of 60.9) with high economic dependence on family (63%), and who generate their income from agriculture and livestock relying on hired labour (58%) as well as from off-farm work (34%). These farmers potentially have both the need and willingness to adopt new technologies or learn new skills to intensify their farms.




2.2. The Value-Ag Framework


In this paper, we applied an integrated model framework, Value-Ag [49,54], to quantify the likely economic value of implementing variations of CA over 10 years for representative rain-fed smallholder farmers in central Mexico, and predict their multi-year adoption, thereby also informing local and regional agri-food system value chains and farmer communities. Value-Ag is a micro-level bioeconomic modelling framework, and it is part of a rich history of bioeconomic models [55] that have attempted to capture technology choice in dynamic, complex agri-food systems by focusing on their interactions in each context. The Value-Ag framework (Figure 2) effectively combines different tools and their outputs at different scales: (i) whole-farm profit simulated with the Integrated Analysis Tool (IAT) [56]; (ii) risk and uncertainty metrics borrowed from a Profit-Risk-Utility Framework (PRUF) [33,54]; (iii) adoption predicted by the Smallholder ADOPT (Adoption and Diffusion Outcomes Prediction Tool) [57,58]; and (iv) impact assessment through an out-scaled Net Present Value (NPV) analysis [49].



2.2.1. Profit


As illustrated in Appendix B Figure A1, the IAT integrates data and outputs from a farm-household economic module (labour, capital), a ruminant growth module, and a separate crop/forage simulation model such as APSIM [59] or another growth model. Alternatively, the user may enter annual yield data for crop grain and crop/forage biomass (e.g., from experimental trials or relevant literature). Monjardino et al. provided more detail on the integration of the IAT in the Value-Ag framework [49]. McDonald et al. described the IAT in full, including mathematical structure and assumptions [56].




2.2.2. Risk


Erenstein et al. and Pannell et al. identified risk and risk aversion as important influences on smallholder farmers adopting CA [5,60], as risk management is a major driver of farm-household decision making [61]. Underpinned by rainfall and yield variability, the risk profile of a scenario was established through a combination of standard deviation (SD) and the coefficient of variation (CV) of the 10-year average net profit, probability of a positive net profit [p(π ≥ 0)], and conditional value at risk of the lowest 10% of net profits (CVaR0.1) as a measure of downside risk. Calculation of p(π ≥ 0) and CVaR0.1 were performed with the @RISK software [62]. Additionally, the Value-Ag analysis accounted for the likelihood that risk-averse smallholder farmers may have been willing to sacrifice some expected income (risk premium) to reduce the probability of below-average income [61]. Hence, average net profit was adjusted for risk through the calculation of a risk premium linked to one of five levels of farmer risk aversion (0 = no risk aversion, i.e., a risk-neutral decision-maker; 1= low risk aversion; 2 = moderate risk aversion; 3 = high risk aversion; 4 = very high risk aversion). The maximum cost of risk aversion for each scenario is the difference between the risk-neutral profit and the risk-adjusted profit for very high aversion to risk.




2.2.3. Adoption


Value-Ag employs Smallholder ADOPT to generate predicted adoption outcomes in the years following the introduction of the innovation. While not aiming to specifically capture all possible factors influencing the rate of adoption in smallholder innovation systems [63], the ADOPT framework presented users with 22 questions about commonly influential factors of adoption. Users answered these questions via a choice of Likert-scaled responses, and the responses were given a value that fed into a series of formulas that provided numeric predictions for Peak Adoption Level and Time to Peak Adoption. The predictions were then used to generate an S-curve that approximated the characteristics of the cumulative adoption of an innovation in practice.




2.2.4. Impact


The farm-scale annual net profit outputs for the baseline and the innovation scenarios were transferred from the IAT into the Value-Ag platform, where the results of each simulation trial were summarised as the NPV of annual net profit over 10 years using a real discount rate (3.0% in this case study). The principal economic criterion used to compare the innovation scenarios with the baseline was the net value of the innovation, calculated as the difference between the NPV of annual net profit of each innovation scenario and the baseline scenario of a typical farm with no innovation. The net value of the innovation varied according to the climate conditions and resulting yields in each scenario throughout the analysis. The last stage in the Value-Ag approach involves three steps. First, out-scaling the farm economic benefit by multiplying the annual net profit outputs of the baseline and the innovation scenarios by the number of farms covered by the project. Second, overlaying the annual net values of innovation (i.e., the difference between annual farm net profits with and without innovation) over a given period with the annual data points extracted from ADOPT’s predicted diffusion curve (as described in Section 2.2.3), establishing the net value of the adopted innovation for the entire smallholder population targeted by the project case study. Third, calculating the predicted profit impact of the innovation across the target farmer population (i.e., the percentage change between the out-scaled net value of the innovation relative to the out-scaled NPV of the annual net benefit of the baseline).



Overall, the integration of the different scales of the component models—farming system (IAT) and farmer population (Smallholder ADOPT)—is best conducted within farm typologies, as discussed in 2.1, although assuming a relatively homogeneous farmer population (e.g., village) with similar exposure to the innovation is possible [54].




2.2.5. Research Workshops


The application of Value-Ag to this case study involved a series of research workshops at CIMMYT headquarters in Mexico between November 2019 and February 2020. Various collaborating team members and other researchers (10–15 per workshop) attended these workshops and subsequent online meetings throughout 2020. The team contributed to IAT parameterisation, calibration, and validation for this case study, and aided in establishing adoption predictions for the CA-based scenarios using Smallholder ADOPT. Supplementary Materials Table S1 provides further details on the research workshops.



Input data points were drawn from several sources to populate the IAT. Price and cost data, production input levels, labour requirements, and family expenses were derived from a combination of baseline survey reports of households located in the target communities [52,53,64], databases [44,65], government historical records [38,66], research literature [4,5,8,12,13,25,34,35,36,37], unpublished data [67,68,69], as well as local expert input from CIMMYT researchers. Validation of the modelled baseline scenario relative to the actual historical baseline was conducted via expert and stakeholder assessment of the system represented, as well as through relevant literature and data review.





2.3. Scenario Analysis


2.3.1. Baseline Scenario


The IAT was parameterised to simulate whole-farm resource flow over 10 years (2011–2020) for a conventional, rain-fed smallholder farm that grows maize and sorghum in central Mexico. Most maize in Mexico is cultivated on rainfed fields smaller than 5 ha [40]. As mentioned in Section 2.1, this study focused on farm typology T6, representing roughly a quarter of all farms in the state of Guanajuato. They are particularly common in southern Guanajuato (Figure 1). The baseline scenario is summarised in Table 1 and described below. The currency used in the analysis is the Mexican peso (MXN). At the time of writing, 1.0 MXN = 0.050 US dollars (USD).



Land and crops: A conventional maize and sorghum system was grown on a large proportion of the case study farm of 4.2 ha, assuming 3.8 ha of arable land and 0.4 ha (~10%) was occupied by buildings, yards, pathways, etc. Of the arable farmland area, based on clay soil types, 1.8 ha was sown to maize and 1.8 ha sown to sorghum. Annual rain-fed (temporal) maize and sorghum yields for the spring-summer cycle (ciclo Primavera-Verano, PV) were sourced from government agricultural records [66] between 2011 and 2020. The 10-year average yield was 2.68 t/ha for maize (CV = 0.19) and 2.41 t/ha for sorghum (CV = 0.28) based on a mix of criollo and creolised varieties [50,51]. Sale prices were assumed at 3.8 MXN/kg for maize and sorghum and 11 MXN/kg for beans, based on 10-year trends [70,71]. Farmers sold nearly 70% of the crop stubble in the baseline case at an average fixed price of 1.0 MXN/kg. This research assumed that the remaining 0.2 ha of the arable area was used for horticulture (e.g., 0.05 ha carrots, 0.05 ha mixed beans, 0.05 ha pumpkin/calabaza) for sale and/or home consumption (amounting to a fixed gross margin income of 12,163 MXN/year from horticulture for all scenarios), and an extra 0.05 ha of unspecified minor crops, trees, and grasses. These peripheric enterprises—which operate independently of the main crop and livestock modules—use simple average yields and prices, but also add proportionality to the scenario effects and accuracy to the farm labour pool.



Livestock and feed: Consistent with the low livestock numbers in the region, the whole-farm simulation was assumed to start with the equivalent of four B. taurus cattle for sale and milk production, including for home consumption. Maize crop residues (stubble) underpin traditional mixed crop-livestock systems in Mexico [35]. In the baseline system, 30% of the maize and sorghum stubble sustained the cattle during the dry season (a variable supply based on annual grain yields and a harvest index (HI) of 0.43/0.40) [72]. Commonly-used feed supplements (molasses, blood meal, fish meal, and chicken manure-based pollinaza) and oat straw and alfalfa fodder purchased on-demand (at a cost of 35–50 MXN per 30 kg bale) [73] were also used to sustain the cattle, along with low-quality native grassland (e.g., on unused land or along roadsides). Overall, feed availability (underpinned by yields, costs and labour) determined the simulated herd performance in terms of calves born, milk production, and beef turnoff over time.



Agronomy and machinery: The baseline scenario was assumed to be a conventional farming system which, given the T6 farmer profile, largely depends on machine hire for land preparation and tillage and subsequent planting, fertilising, and spraying. For dry-land conditions, a fertiliser nitrogen-phosphorus (N–P) formula mix (ammonium sulphate/urea/DAP) was commonly applied to maize and sorghum, split over two applications (4270 MXN/ha per crop). Typically, one application of selective herbicide costs 1350 MXN/ha per crop. Operational costs were based on default labour rates described below. The following rules applied to the baseline land preparation and planting [74]:




	
Every two to three years subsoil working;



	
Annual land preparation: ploughing, two harrowing passes, optional ridging;



	
Annual minimal planting, sometimes planting pass and fertilisation pass;



	
Minimum five machine passes at an average of 800 MXN/ha per activity totalling 4000 MXN/ha/year, including operator and fuel costs for each activity.








Household and labour: In line with the farm typology T6, the farm was modelled for a household with an ageing couple and a child (grandchildren often live or stay with grandparents). Each adult worked 240 days per year at an off-farm job at an average rate of 150 MXN/day. Farm labour was hired on-demand at 130–180 MXN/day for teenagers and adults. The baseline assumed 10,000 MXN in annual farm overhead costs, including 5000 MXN for general farm maintenance and services and 1000 MXN in electricity costs. The simulation was initialised with 60,000 MXN cash on hand and 3000 MXN in monthly living expenses.




2.3.2. Innovation Scenarios


The baseline scenario was modified using nine variations of the CA system. All scenarios were rain-fed and underpinned by traditional maize-sorghum crop rotation, plus a legume crop in CA and crop diversification (CD)-based scenarios (beans in Scenarios 2, 5, 7–9; grass pea Lathyrus sativus L. in Scenario 10). Maize was based on a criollo and creolised variety mixture in all scenarios except in Scenario 9, which used a generic hybrid variety. The 10 scenarios analysed in this study are described below and in Table 1:




	
Baseline: the current system



	
CA: Conservation Agriculture (no-tillage, soil cover, crop diversification)



	
NT: No-Tillage



	
SC: Soil Cover



	
CD: Crop Diversification



	
NT + SC: No-Tillage and Soil Cover



	
NT + CD: No-Tillage and Crop Diversification



	
SC + CD: Soil Cover and Crop Diversification



	
CA + NewVar: Conservation Agriculture with a new maize variety



	
CA + NewLeg: Conservation Agriculture with a new legume crop








While the basic model structure remained unchanged—including most initial assumptions of farm capital labour, crops, and livestock—key changes were made to reflect each scenario in terms of: (a) crop yield and area; (b) the inclusion of beans in the crops (10-year average yield 1.16 t/ha, CV = 0.36); (c) stubble fate (sold vs. retained for incorporation, ground cover, or livestock feed); (d) land preparation and associated labour requirements; (e) the number of machine passes; (f) the cost of machine hire; (g) the number of herbicide applications; (h) the number of fertiliser applications; and (i) other changes, e.g., the cost of seeds and price of grain, HI, and growing season.



As shown in Table 1, most practices were assumed to have an incremental positive effect on crop yield over 10 years. The exception was NT, due to mixed trial results and the reported yield gains mostly occurring in hybrid maize. While it is difficult to define the stepwise increment of yield since it depends on multiple and complex factors—including water availability, soil health, and agronomic management [37]—a 10-year incremental yield boost of 15–30% for maize, 10–20% for sorghum, and 15% for legumes was assumed in this study, based on average figures found in unpublished or preliminary field data from Guanajuato (ciclo PV, 2019). There were also annual yield gains of up to 3.0% and 1.5% pa in maize and sorghum/beans, respectively [75]. For reference, significant improvements in maize yields of up to about 50% have been observed in long-term CA field experiments under rain-fed conditions across central Mexico [12,37].



Each scenario was also underpinned by an assumed fate of crop stubble residues, ranging from a sold/retained ratio of 80/20 in SC and NT + CD to 30/70 in the CA scenarios. Stubble retained for soil cover varied between nil (baseline and NT/CD-based scenarios) and 63% in the CA scenarios. Of the stubble produced, 0–30% was fed to livestock across all scenarios. Variation in these values was likely to occur and could be further tested in sensitivity analysis.



Transitioning from conventional agriculture to CA in this region assumed a doubling in herbicide use in all scenarios, except SC, at a total cost of 2700 MXN/ha per crop, plus the cost of application. The assumption was that SC limits weed infestation and contributes to the reduced germination of uncovered weeds. However, increased herbicide usage in most scenarios could impact biodiversity. Insecticide use in legume crops is uncommon in the study region, possibly due to lower pest incidence at high altitude (1750 m) [76] and was excluded from the analysis. Relative to the baseline, 20% less N was applied to maize and sorghum in all scenarios with a N-fixing legume crop at a cost of 3416 MXN/ha [75], except hybrid maize (CA + NewVar).



In addition, the implementation of CA practices represents a drastic reduction in land preparation (and labour). CA includes the following considerations [36]:




	
A maximum of two or three machinery passes (depending on the CA practices applied) at an average cost of 2400 or 3600 MXN/ha/year. An increase from 800 MXN to 1200 MXN per pass relative to the conventional system accounts for likely higher hire costs under CA and more difficult passage with soil cover;



	
Initial land preparation works for full CA conversion (subsoil work, ploughing, two harrowing, one bed-making pass) at an average cost of 4000 MXN/ha (year zero, lasting 15–20 years);



	
In NT conditions, farmers conduct subsoil works approximately every eight years at a cost of 1000 MXN/ha.








Scenario 9 (CA + NewVar) offered an opportunity to quantify the economic impact of a new generic maize hybrid variety in the CA context. Hybrids offer farmers higher yields but imply a recurring higher seed price. On average, the cost of hybrid maize seed is three and five times higher than creolised and criollo varieties, respectively [77], so a four-fold increase in the cost of seed (15 MXN/kg) was assumed in the CA + NewVar scenario, while the sale price was left unchanged relative to the baseline. Hybrids yield more than landraces and CIMMYT recorded average yield increases of 73% under CA in Guanajuato [65], and we took this into consideration in this scenario (5.8 t/ha, CV = 0.40). Also, maize productivity can be raised significantly when hybrids are combined with judicious fertiliser use and good agronomy [78], so a higher fertiliser rate was applied to the CA + NewVar relative to the CA scenario. Beyond increases in seed cost, grain yield, and fertiliser use (Table 1), other changes are likely to occur between criollo/creolised and hybrid maize varieties. These can include the length of their respective growing seasons, harvest index, grain quality, and chemical use, but these were not considered here.



We added Scenario 10 (CA + NewLeg) to the analysis to demonstrate the flexibility of the framework in accommodating diverse changes to the systems, such as replacing traditional beans with a new legume crop to complement the CA system based on grass pea. Opportunities for grass pea to contribute to the sustainable intensification of traditional systems are currently under investigation in Mexico, because the plants are very hardy dual-purpose legume crops that are well adapted to dryland conditions, have high nutritional value, and produce good biomass in the winter months [79,80,81,82,83]. They can also be used as high-quality forage for livestock [84]. In addition, grass pea offers considerable potential in crop rotation, improving soil fertility and reducing the amount of disease and weed populations (from increased crop competition), hence reducing production costs [85]. Encouraged by long-running breeding efforts to stabilise yields and reduce toxicity to the neurotoxin β-ODAP in grass pea-based diets [85,86,87,88,89], Lathyrus species are gaining interest as legume crops in Mediterranean-type environments [90] and production is increasing globally [81,82,83,91].



Based on trial data from central Mexico [67,68,69] and local agronomic expertise [92], grass pea was represented in the IAT simulation through the following changes relative to the bean crop and summarised in Table 1: annual grain yields 1.5–2.5 t/ha (CV = 0.18) and straw yields 6.0–8.0 t/ha (HI of approx. 0.31) over the 2011–2020 period; 4% N in grain, based on a 25% crude protein content [68,69]; likely growing season November through April under Guanajuato’s conditions; seed density of 80 kg/ha at a cost of 5.0 MXN/kg; no chemicals typically applied in the fast-growing winter cycle; 50 kg DAP recommended in rainfed low-yielding ecologies; long-term incremental yield gains of 15% from CA benefits could apply to this legume crop as well. Based on limited available global market data for the grass pea (mostly from the largest producing countries, Bangladesh, Nepal, India, and Ethiopia), the average price was estimated at 0.50 USD/kg [93], or 10 MXN/kg of grain (and 1.0 MXN/kg of baled forage), assuming there is a market deep enough to absorb the produce.






3. Results and Discussion


The results and discussion of the application of each Value-Ag tool to the case study are presented as follows: 3.1, whole-farm profitability from the IAT; 3.2, risk and risk aversion using PRUF; 3.3, adoption prediction using Smallholder ADOPT; 3.4, Value-Ag based impact assessment; 3.5, implications of assessing the economic value of CA technologies; and 3.6, future research opportunities. Combinations of undisturbed, covered-soil, and diverse crops had an impact on whole-farm profitability and downside risk over time, given farmer risk aversion, adoption rates, and changes in crop type and variety. Key economic and risk results for the baseline and the innovation scenarios are presented in Table 2.



3.1. Whole-Farm Profitability


Based on key assumptions outlined in Section 2.3, the disaggregated results for all possible combinations of CA components, shown in Table 2 and Figure 3, indicated that the two-component scenarios with a legume crop (NT + CD and SC + CD) outperformed all other scenarios analysed, with an average farm net profit of around 29,000 MXN pa. NT + SC was also profitable, but to a lesser degree. This does not mean that these practices are better or more stable in the long run, but they offer greater potential to initiate the transition process to more sustainable farming practices. The improved CA scenarios performed considerably better than the standard CA, with hybrid maize and grass pea boosting CA profits by 58% (CA + NewVar) and 51% (CA + NewLeg). The findings are more of a reflection on hybrid maize and grass peas, thereby supporting the role of crop improvement and underlining ample opportunity for crop diversification to facilitate intensification of agricultural systems. SC was the least profitable of the innovation scenarios, with a 21% gain relative to the baseline, despite the largest savings in labour costs (14%), at least in this context. While the analysis was underpinned by the assumption that the various practices were perfectly implemented and achieved their goal, in reality, when not guided, farmers may implement only what they perceive to be the innovation (e.g., reduced tillage instead of no-tillage), or disturb subsoil too often in CA conditions, or have cattle grazing in a CA field—all of which would likely deliver suboptimal results. Conversely, conventional systems may rely on better practices than those assumed in the study baseline, such as mixes of criollo/creolised and hybrid maize varieties, and/or some irrigation enabling double cropping.



Overall, the benefits of the innovation scenarios were accrued from improvements in crop and livestock production and cost savings in overheads, machinery hire, purchased fodder, labour hire, and other inputs, while mitigating risk (lower SD and CV, higher CVar0.1 and p(π ≥ 0)) (Table 2). The cost-saving benefits of conservation practices, including NT, are well documented (e.g., [5]). For current assumptions, the highest net value of all innovation scenarios was generated for NT + CD and SC + CD (>200,000 MXN), followed by CA + NewVar, CA + NewLeg, NT + SC and CA (>100,000 MXN), compared with lower net values for NT, CD, and SC (Table 2). These results support the case for equal consideration of agronomic research and technical support beyond yield gains when promoting new crop varieties.



The share of revenue growth in the innovation scenarios that came from direct sale and consumption of crop grains increased by up to 2.6% for conventional maize (CA), up to 6.3% for sorghum (CA + NewLeg), and 119% for hybrid maize (CA + NewVar) on a per-hectare basis (although a significant rise in input costs resulted in lower crop gross margins relative to the baseline). It should be noted that all scenarios with crop diversification (CA, CD, NT + CD, SC + CD, CA + NewVar, CA + NewLeg) implied moving from a two-way area split to a three-way split, resulting in a reduction in area from 1.8 ha (for maize and sorghum each) to 1.2 ha for each rotational crop, including maize, sorghum and a legume crop—with the legume making a significant contribution to the farm bottom line (12,067 MXN for beans and 23,294 MXN for grass pea) (Table 2).



We showed livestock management to be a profitable activity that could continue to play a key role in the long-term viability of mixed smallholder farming systems. The underlying assumption is that the farmer/trader buys low-cost cows that can be fattened and then sold at a profit. Compared with the baseline, cattle gross margins increased by up to 21% and calf births increased by 4.3% in several scenarios (Table 2). The reduction of up to 12% in cattle gross margin in the CA scenarios was due to the high retention of crop residue on the field, otherwise used for fodder.



A major driver of farm profitability in the two-component scenarios was a 31% reduction in the cost of purchased fodder relative to the baseline, due to a combination of increases in maize and sorghum yields and biomass production, integration of a legume crop with high-quality stubble and, above all, more efficient stubble management (Table 2). CD had the highest fodder costs due to 80% of crop stubble being sold (Table 1 and Table 2).



Moving from conventional to almost any conservation variation assumes a reduction in machinery passes on the field due to reduced tillage [13] and consequently reduced machine hire costs, which resulted in lower overhead costs (by up to 16%). This had a significant positive impact on the farm bottom line (Table 2). Most scenarios required 9% more labour relative to the baseline, matching the wider expectation that farm intensification—while improving efficiencies—will put extra pressure on labour resources. Adequate mechanisation planning could be needed to counterbalance this conflict [94].



Moving from traditional varieties and crops—such as criollo/creolised maize and beans—to the more productive hybrid maize and grass peas improved the profitability of CA relative to the other scenarios. However, these scenarios were not tested with the new variety and crop options in this study. Likewise, introducing irrigation could potentially benefit the CA package through increased yield [8] or yield stabilisation under climate change scenarios [40]. It should be noted that this does not always result in higher yields compared with conventional practices in irrigated conditions [4].



Small-scale maize farmers may expect economic gains from combinations of reduced tillage, retention of sufficient residues, and appropriate rotations, compared with the common practices of heavy tillage before seeding, monocropping, and crop residue removal. The simulation captured key whole-farm trade-offs, based on trialled CA benefits in this region, including up to 30% maize yield increases over 10 years, higher crop and cattle revenue, and larger cost-savings in fodder, labour, and machinery hire. Smaller benefits from CA relative to conventional systems captured in other economic studies with a focus on Africa are likely justified by lower assumed yield gains from CA [16,60], as well as a lack of whole-farm analyses accounting for machinery hire and/or crop-livestock trade-offs, especially since a major constraint of full CA adoption is livestock ownership, which affects residue retention on/in the field instead of removal as baled fodder [24]. Likewise, previous Value-Ag studies around the introduction of a legume crop—either in rotation with a traditional rice crop in Southeast Asia [54] or in intercropping with maize in South Africa (unpublished results)—generated lower profit gains (26–40%) but did not consider other CA components besides crop diversification.




3.2. Downside Risk and Farmer Risk Aversion


As indicated in Section 2.2.2, all innovation scenarios had the positive effect of reducing CVar0.1 (or downside risk) significantly, relative to the baseline. This was especially true in the poorer growing seasons (e.g., 2015 and 2019) where stable livestock performance and feed system offset rainfall-dependent losses in crop yields. Other key drivers of financial risk mitigation included lower overhead/machinery costs (in CA- and NT-based scenarios), and more reliable gross margins (hybrid maize and grass pea) (Table 2). CVar0.1 was reduced for all other innovation scenarios over 10 years by between 32% (SC) and around 230% (CA+ scenarios). The probability of break-even, p(π ≥ 0), varied between 61% (baseline) and 100% (CA+ scenarios). The CV of net profit decreased from 3.46 in the baseline to 0.21 (94%) in CA + NewLeg, suggesting a significantly reduced risk, or increased resilience in most cases (Table 2, Figure 4). Importantly, key trade-offs between profit and risk were identified across the analysed scenarios, and these are expected to change with each case study.



The results so far assumed a farmer with a risk-neutral behaviour (i.e., nil risk aversion). Accounting for four levels of risk aversion (low, moderate, high, very high), we found that the highest risk-adjusted profit was achieved across all risk aversion levels by the NT + CD and SC + CD scenarios (Figure 5), closely followed by CA + NewVar and CA + NewLeg. Similarly, NT + SC, CA and NT generated positive risk-adjusted profit for all levels of risk aversion. CD ranked next with a positive profit achieved for a neutral- to low- risk-averse farmer. Additionally, while SC broke even in risk-neutral conditions, it was too risky for any risk-averse farmer in this context (Figure 5). The maximum cost of risk aversion significantly varied from 2184 MXN (CA + NewLeg) and 8623 MXN (NT + CD) to 50,493 MXN (SC). These results suggest that improved CA and two-component packages are less risky than single practices or standard CA, and could become the preferred option of more risk-averse farmers. Thus, they could be potentially appealing options to all types of farmers.



The opportunity to provide evidence on which practices are more likely to reduce risk or boost the net profit of farms increases the likelihood of risk-averse farmers adopting conservation practices [60,95]. Likewise, the knowledge that non-action (baseline) or reluctance to step away from conventional practices (out of fear of change) poses at least and equal risk to farmers is very valuable in the case-study context.




3.3. Peak Adoption and Time to Peak Adoption


While the official CA adoption records for Guanajuato only date back to 2012 [65], the innovation was first implemented 30 years ago with early trials taking place at the Centro de Desarrollo Tecnológico Villadiego in Valle de Santiago in 1988 and 1990 [96]. The implicit slow transition to sustainable farming in the region confirms that the adoption of conservation practices is a gradual and dynamic process [15,97]. Given limited information on the long-term adoption of most CA components in the region (and negligible adoption of newly introduced crops like the grass pea), workshop participants used Smallholder ADOPT to generate predictions of future Peak Adoption and Time to Peak Adoption for all innovation scenarios (Figure 6a). For example, 28% of the representative farm type (T6) in southern Guanajuato could adopt CA with a productive legume such as the grass pea (CA + NewLeg) on their farm within 10 years; it would take 20 years to reach 35% Peak Adoption. Table S2 summarises the results from Smallholder ADOPT, along with all questions and the responses that were chosen for each innovation scenario based on group consensus.



It is worth noting that the relative advantage for the target farmer population was unchanged across scenarios (Q1–6) as population characteristics and attitudes (e.g., risk orientation) were not assumed to be substantially influenced by typical project interventions. Some responses remained subjective, however, such as the relative upfront cost of CA machinery (Q14), which can be larger than expected due to extra security requirements in the specific area of intervention or supply and demand issues linked with the particularities of specific CA machinery, like direct seeders, residue management equipment, or precision fertilisers. This could hinder further adoption of CA in the region, which has low adaptive manufacturing infrastructure and bad distribution channels that complicate access to these more specialised mechanical solutions. The ease and convenience of CA (Q22) can also be perceived through a social lens, considering factors such as tradition, neighbour opinion (even aggression due to straw burning), and other economic impacts including youth migration and local labour availability [98]. Additionally, while there is a relative advantage of the innovations in terms of social cohesion, human and animal health, the environmental footprint generated, and the information gap (which is captured to some extent in Qs 16–20), the full potential and long-term impacts of CA-based practices in situ remain difficult to quantify.



We showed partial adoption validation using actual data (rain-fed, ciclo PV) from a total surveyed farm area of less than 2000 ha (i.e., with and without the innovation) implementing CA (using criollo and improved/hybrid maize) and crop diversification (using various crop types, including legumes) in Guanajuato over nine years (2012–2020) [65]. A similar period of the analysis confirmed a growing trend in the region to adopt CA practices, along with improved maize varieties (Figure 6b). However, the surveyed area was less than the total farmed area in southern Guanajuato and may also not directly equate to the number of farmers adopting these technologies. Additionally, reduced tillage has been widely adopted (67%) in the broader, partly irrigated Bajío region of Mexico [24], where improved soil moisture conditions better suit no or reduced tillage [9]. Adoption validation data will inform ongoing calibration of Smallholder ADOPT.



Overall, selected bundles of conservation practices (NT + CD, NT + SC, SC + CD, CA + NewVar,) would be the most likely to be adopted by the farmers identified in this case study, although it would take two to five years longer to reach Peak Adoption relative to single subsets (NT, SC, CD). This research’s findings aligned with Canales et al. who suggested that complementarities between conservation practices may enhance the benefits from adoption and thus the speed of adoption over time [22]. It is crucial to note that with potential changes in rainfall, farm resources and management, commodity prices, and farmers’ attitudes, the relative scale and speed of adoption of interventions would be expected to change further [16,22].




3.4. Impact Assessment


Combining the annual net values and the adoption curves within Value-Ag resulted in a more accurate estimation of the net value of each innovation scenario for the targeted 122 smallholder farmers in the case study area. The predicted lower rate of adoption of each innovation scenario resulted in significant differences in profit impact with full adoption vs. predicted adoption. The expected value generated by each scenario can be summarised as the profit impact of the innovation with predicted adoption (see Section 2.2.4), ranked as follows: 145% NT + CD, 140% SC + CD, 98% CA + NewVar, 75% NT + SC, 72% CA + NewLeg, 41% CA, 25% NT, 24% CD, and 1.7% SC.



Even though conservation practices were found to increase farm profitability and resilience over the 10-year period investigated, the region-wide value of intensifying this central Mexican mixed system will depend on how many target farmers adopt these practices and to what extent. Clearly there is a need for long-term commitment and program continuity to sustain farmer support and promote innovation uptake across the region over several years.




3.5. Implications of Assessing the Value of CA Technologies


For the representative farm (T6) in southern Guanajuato, the double-component scenarios NT + CD and SC + CD performed better than the CA packages, and much better than the single scenarios in terms of farm profitability, risk mitigation—across all five levels of farmer risk aversion—and overall net value. The profit impact of the innovations with predicted adoption averaged 120% in the two-component scenarios, 70% in the CA-based scenarios, and 17% in the single scenarios. These findings could inform CA-related investment decisions by the government of Guanajuato, for example, by justifying the need for technical assistance over the years. They could also help inform decision making by building on the gradual progress of implementing one innovation—or a component thereof—and subsequently changing the system to include other innovations, such as new crops or varieties, farm machinery, precision agriculture technologies, or even irrigation.



This analysis supports the idea that CA should not be promoted as a one-size-fits-all solution and that there is a real benefit in disaggregating the CA package into smaller components to better suit diverse agroecological and socioeconomic contexts, as well as different attitudes to risk [60]. It also provided insight into why farmers often adopt the elements of packages like CA in a selective, partial way or do so stepwise over time [15].



We found that livestock ownership—which is associated with residue retention and fodder requirements—and the cost of and access to machinery hire were the main factors that hindered further adoption of CA. Likewise, introducing a new maize variety or alternative legume crop to an existing CA program could significantly increase its value to farmers. However, adoption rates of new varieties and crops are often compromised by lack of awareness, lack of seed access, and high seed prices [24,99].



It is worth noting that positive results occurred despite a number of environmental benefits not being explicitly quantified in the economic risk analysis—although they are captured in predicted adoption outcomes through Smallholder ADOPT Q18 and Q19—such as reduced soil erosion and greenhouse gas (GHG) emissions (e.g., fuel savings, less residue burning, N fertilizer efficiency) [13]. Conversely, there are potential impacts on biodiversity from higher chemical use that could detract from the positive results. A more complete evaluation of the identified conservation practices would be especially relevant for individual components of CA that may be unattractive options in some contexts, given that there likely are needs to couple a surface cover strategy and a reduction of fodder availability with zero-tillage or direct seeding equipment to potentially reap the full agroecological benefits.



Relative to existing evaluation options, Value-Ag can provide: a structured analysis framework for quantification of the impact of innovations on farm productivity, profitability, and resilience; a platform to out-scale these changes across the case-study area based on predicted adoption outcomes; and explicit insights into bioeconomic and socioeconomic trade-offs to improve the design/delivery of intensification options, the engagement of project proponents in R&D evaluation, and the building of research capacity.



Finally, we acknowledge a potential limitation of the study: the results were strictly dependent on the data assumptions underpinning key farm parameters. Nevertheless, this study provided valuable insights that could improve farm productivity and profitability while reducing risk exposure from a range of CA-based scenarios in a smallholder system in central Mexico. It also offered a novel platform to evaluate scaling strategies across Mexico and other regions according to predicted adoption outcomes.




3.6. Future Research Opportunities


This study and the multi-disciplinary team that performed it identified some gaps and opportunities for potential future research:




	
Explore changes in intervention levels and “what-if” scenarios via further scenario and sensitivity analysis at both farm and regional scales. An analysis of the changes in key farm parameters could include grain yields, stubble fate, herd numbers, labour supply, produce prices, and input costs. These, for example, could be a part of new scenario analyses focusing on irrigation, climate change, machine innovation and availability, livestock trade, price shock, or government subsidies. Likewise, changes in key adoption parameters as a result of farm simulation outputs, such as linking risk attitudes to farmer risk aversion metrics, could influence adoption outcomes [49].



	
Characterise wrongfully or partially implemented CA practices and innovations via sensitivity analysis of key parameters (e.g., stubble fate, degree of tillage/subsoil work).



	
Evaluate the performance of the new maize variety (generic hybrid) and legume crop (grass pea) across all scenarios and transient farming systems, not just CA. Specific new maize varieties promoted by CIMMYT and other legume crops in the context of CA and disaggregated scenarios should also be evaluated.



	
Apply a similar approach to the other five farm typologies (T1–T5) identified for Guanajuato [53], as well as to other smallholder contexts across Mexico and beyond. This can help explore how geography, farm size, resources, attitudes to risk, time horizons, irrigation, and market access may impact different conservation practices.



	
Improve the scaling process by exploring potential synergies with other relevant tools, such as CIMMYT’s Scaling Scan that determines the potential to scale [100].



	
Assess the strengths and weaknesses of the Value-Ag approach relative to comparable modelling tools (e.g., TradeOff Analysis-MultiDimensional, TOA-MD) [101] in terms of their performance in quantifying whole-farm profit, risk, adoption, and impact in context-specific conditions.



	
Expand the approach to include additional components for modelled scenarios that reflect the ecosystem services and sustainability factors of the farming systems (e.g., soil carbon accounting, GHG accounting, biodiversity index, land condition index). It could also reflect other factors relating to employment or fee-for-service provisions around farm, including machinery and postharvest services.



	
Expand the approach by using individual household data and aggregating at the end, instead of using average parameters of the farm typology. This Monte Carlo approach will provide not only the expected outcomes but also information on the bandwidth of outcomes.










4. Conclusions


The Value-Ag analytical framework was used to investigate how profit-risk trade-offs, farmer risk aversion, and adoption drivers are likely to impact a range of CA practices to intensify a representative smallholder crop-livestock farm in central Mexico. We were also able to demonstrate the relative value of disaggregating the CA package to suit specific agroecological and socioeconomic conditions. For this case study, two-component and improved CA scenarios were the clear winners in terms of farm profitability and stability, as well as the overall net value given adoption predictions. NT + CD and SC + CD had the highest profit impact overall. Beyond that, the large difference in the cost of risk aversion between these scenarios and most of the others indicated that disaggregating CA into smaller component packages and including a more productive crop/variety will likely increase farmer adoption in riskier contexts.



Our study further demonstrated the potential to learn, not only from where benefits may be greatest, but also where risk and uncertainty can most readily be mitigated. Higher volatility in terms of seasonal rainfall and commodity prices, lower availability of capital and farm labour, reduced market access, and threatened food security are examples of where uncertainty can be mitigated in this way. The complex interplay of these and other factors has a crucial role in determining the economic value of the various components of CA and their likelihood of being adopted, together and separately. Based on this Guanajuato case-study, prioritising livestock and stubble management, a mechanisation strategy, and technical support beyond yield gains when promoting new crops and varieties, along with the gradual implementation of practices, would likely maximise the value from investments in CA in the region. More broadly, our results supported the need for employing a context-specific, system-based approach that quantifies the complex trade-offs and best informs farmer decisions and the strategic prioritisation of research investment in technological change in target geographies around the world.
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Table A1. Typology of rural production units–Guanajuato 2019 (Source: adapted from [52]).
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Variables

	
Unit

	
T1

	
T2

	
T3

	
T4

	
T5

	
T6






	
Structural

	
Altitude

	
Meters

	
1835

	
2007

	
1824

	
1728

	
1788

	
1764




	
Distance to town (>10 k hab.)

	
Km

	
5.8

	
11.5

	
8.5

	
7.1

	
8.2

	
5.6




	
Average daily wage

	
MXN

	
166

	
170

	
146

	
156

	
162

	
147




	
Women participation in local agriculture

	
%

	
0.8

	
0.8

	
0.3

	
0.1

	
0.5

	
0.2




	
Youth participation in local agriculture

	
%

	
1.0

	
0.8

	
0.8

	
0.9

	
0.9

	
0.6




	
Average farm area

	
Hectare

	
3.6

	
3.5

	
9.0

	
6.5

	
5.0

	
3.7




	
Irrigation use (0-nil, 4-high)

	
Index

	
0.9

	
0.3

	
1.8

	
1.3

	
1.6

	
1.0




	
Household size

	
People

	
2.7

	
3.1

	
2.1

	
3.3

	
4.1

	
2.4




	
Ownership of large livestock (0-nil, 4-high)

	
Index

	
0.5

	
3.3

	
2.1

	
2.1

	
0.8

	
0.2




	
Ownership of small livestock (0-nil, 4-high)

	
Index

	
0.1

	
0.9

	
0.3

	
0.3

	
0.2

	
0.1




	
Machinery ownership

(0-nil, 6-high)

	
Index

	
3.2

	
2.6

	
5.1

	
5.0

	
4.3

	
2.9




	
Manual tools

	
Number

	
5.8

	
7.5

	
7.6

	
8.3

	
5.5

	
6.8




	
Animal-powered tools

	
Number

	
0.0

	
0.7

	
0.9

	
0.3

	
0.0

	
0.1




	
Mechanical tools

	
Number

	
1.7

	
1.2

	
4.8

	
5.5

	
2.5

	
0.8




	
Economic

	
Household income

	
MXN

	
74,597

	
46,539

	
191,209

	
128,979

	
151,175

	
85,557




	
Agriculture income

	
%

	
93.3

	
37.9

	
83.7

	
84.7

	
65.2

	
85.5




	
Livestock income

	
%

	
2.3

	
27.4

	
5.9

	
8.3

	
2.5

	
2.0




	
Remittances income

	
%

	
0.9

	
7.9

	
5.6

	
1.4

	
4.6

	
5.2




	
Other income

	
%

	
1.3

	
8.0

	
1.3

	
2.8

	
25.8

	
3.2




	
Off-farm labour (>6 h)

	
%

	
17.2

	
24.0

	
26.4

	
30.1

	
26.2

	
33.9




	
Labour hire

	
%

	
16.4

	
22.6

	
24.0

	
33.8

	
46.4

	
58.0




	
Agriculture production self-consumption

	
%

	
1.5

	
21.3

	
3.2

	
3.5

	
2.4

	
1.6




	
Access to financial services (0-nil, 1-high)

	
Index

	
0.0

	
0.0

	
0.1

	
0.2

	
0.0

	
0.1




	
Social

	
Family economic dependence

	
%

	
46.1

	
50.0

	
77.0

	
23.6

	
28.9

	
62.7




	
Family average age

	
Age

	
53.2

	
52.7

	
66.0

	
41.8

	
40.4

	
60.9




	
Women in farm

	
%

	
41.0

	
48.4

	
40.8

	
51.5

	
52.4

	
44.8




	
Women in agriculture

	
%

	
69.3

	
61.4

	
30.5

	
17.8

	
36.5

	
8.2




	
Meat consumption

	
Times/week

	
1.9

	
1.4

	
2.6

	
2.5

	
2.7

	
2.1




	
Constant annual income

	
Months

	
2.4

	
6.8

	
4.9

	
5.9

	
8.5

	
5.4




	
Household savings

	
%

	
3.1

	
2.8

	
12.4

	
6.5

	
11.3

	
11.7




	
Farm population below poverty level

	
%

	
50.9

	
63.5

	
46.3

	
43.4

	
47.7

	
56.4




	
Risk aversion (0-nil, 1-high)

	
Index

	
0.4

	
0.4

	
0.4

	
0.3

	
0.3

	
0.3
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Figure A1. Framework of the Integrated Analysis Tool (IAT) (Source: adapted from [56]). 
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Figure 1. Geographical location of the focus of the research case study: representative farms (T6, red marks) in the State of Guanajuato (green area), central Mexico (gray inset) (Source: adapted from [52]). 
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Figure 2. The Value-Ag framework combines whole-farm profit and risk at the farm level with broader adoption and short-cycle impact of an agricultural innovation to estimate its likely value. 
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Figure 3. IAT-simulated annual farm net profit in the 10-year period of 2011–2020 for the baseline and all innovation scenarios analysed for the representative farm (T6) in southern Guanajuato, with 95% confidence band marking in gray, assuming a t-distribution of scenario estimates per year as a sample of a larger population of observations (df = 9). 
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Figure 4. Risk return profile (scale shown in MXN pa) of the baseline and nine innovation scenarios measured in terms of average net profit and downside risk (CVar0.1) over the 10-year period analysed (2011–2020) for the representative farm (T6) in southern Guanajuato. For illustration purposes, downside risk is represented similarly to net profit (e.g., high values = high profit/risk, low values = low profit/risk). 
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Figure 5. Average risk-neutral profit (gray bars) and associated risk-adjusted profit for the 10 scenarios across four levels of farmer risk aversion (low–yellow bars; moderate–blue bars; high–green bars; and very high–orange-brown bars) for the representative farm (T6) in southern Guanajuato. Scenarios are ranked by risk-neutral profit. 
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Figure 6. Adoption prediction and validation results: (a) Predictions of Peak Adoption and Time to Peak Adoption for all innovation scenarios using Smallholder ADOPT among the representative farms (T6) in southern Guanajuato; (b) Adoption level as a proportion of total surveyed area of rain-fed agriculture (ciclo PV) implementing CA (using criollo maize and improved/hybrid maize) and crop diversification in Guanajuato (Source: [65], in the context of a 30-year adoption process despite no adoption records available until 2012). 
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Table 1. Key model parameters used in the whole-farm simulation for the representative farm (T6) in southern Guanajuato and changes in modelling parameters between the baseline and nine innovation scenarios with various combinations of conservation agriculture (CA), no-tillage (NT), soil cover (SC), crop diversification (CD), new hybrid maize variety (NewVar) and new legume crop (NewLeg) concerning crop rotation, percent incremental yield change over the 10 years, stubble fate (sold or retained, incorporated, ground cover, or livestock feed), seeding (conventional or direct), number of machine passes and machine hire cost, number of herbicide and N-P fertiliser applications, and other changes relative to baseline or CA (for CA+ scenarios).
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	Scenario
	Crop Rotation-Area (ha)
	Crop Yields t/ha + % Change

over 10 Years
	Stubble Fate
	Seeding/Ploughing
	No. of Machine Passes
	Cost to Hire Machinery

MXN/ha/Year
	No. of Herbicide

Applications per Crop
	No. of N-P Fertiliser

Applications per Crop
	Other Changes Relative to Baseline/CA





	Baseline
	Maize—1.8

Sorghum—1.8
	2.68 2.41
	69% sold

1% incorp.

30% feed
	Conv./Yes
	5
	4000
	1
	2
	



	CA
	Maize—1.2

Sorghum—1.2

Beans—1.2
	+30% +15% 1.16 +15%
	30% sold

63% cover

7% feed
	Direct/No
	2
	2400 (+single 4000

on 15 years)
	2
	1
	20% lower N in maize/sorghum



	NT
	Maize—1.8

Sorghum—1.8
	0% 0%
	50% sold

50% incorp.
	Direct/No
	2
	2400 (+single 1000

in year 8)
	2
	2
	



	SC
	Maize—1.8

Sorghum—1.8
	+15% +10%
	50% sold

38% cover

12% feed
	Direct/Yes
	3
	3600
	1
	2
	



	CD
	Maize—1.2

Sorghum—1.2

Beans—1.2
	+15% +10% 1.16
	80% sold

10% incorp.

10% feed
	Conv./Yes
	5
	4000
	2
	1
	20% lower N in maize/sorghum



	NT + SC
	Maize—1.8

Sorghum—1.8
	+15% +10%
	50% sold

50% cover
	Direct/No
	2
	2400
	2
	2
	



	NT + CD
	Maize—1.2

Sorghum—1.2

Beans—1.2
	+15% +10% +0%
	80% sold

20% incorp.
	Direct/No
	2
	2400
	2
	1
	20% lower N in maize/sorghum



	SC + CD
	Maize—1.2

Sorghum—1.2

Beans—1.2
	+30% +20%

+15%
	50% sold

50% cover
	Direct/Yes
	3
	3600
	2
	1
	20% lower N in maize/sorghum



	CA + NewVar
	Hybrid Maize—1.2

Sorghum—1.2

Beans—1.2
	5.67 +30% +15% +15%
	30% sold

63% cover

7% feed
	Direct/No
	2
	2400 (+single 4000

on 15 years)
	2
	1
	4x hybrid seed cost, 20% lower N in sorghum,



	CA + NewLeg
	Maize—1.2

Sorghum—1.2

Grass pea—1.2
	+30%

+15%

2.03 + 15%
	30% sold

63% cover

7% feed
	Direct/No
	2
	2400 (+single 4000

on 15 years)
	2

(0 in GP)
	1
	Nov-Apr,

lower HI,

higher seed cost, 20% lower N in maize/sorghum
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Table 2. Average economic and risk-neutral results from the IAT simulation and NPV analysis for the baseline and nine innovation scenarios for a representative farm (T6) in southern Guanajuato over the 10-year period analysed (2011–2020).
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Indicator

	
Baseline

	
Innovation Scenario




	
Average 10-Years Results

(per annum, pa)

	
CA

	
NT

	
SC

	
CD

	
NT + SC

	
NT + CD

	
SC + CD

	
CA + NewVar

	
CA + NewLeg






	
Maize gross margin (MXN pa)

	
7900

	
4991

	
5470

	
8174

	
4817

	
5744

	
4817

	
4991

	
17,688

	
4935




	
Sorghum gross margin (MXN pa)

	
6239

	
3729

	
3809

	
6404

	
3693

	
3974

	
3693

	
3784

	
3729

	
4261




	
Legume gross margin (MXN pa)

	
0

	
12,250

	
0

	
0

	
12,067

	
0

	
12,067

	
12,250

	
12,250

	
23,294




	
Horticulture gross margin (MXN pa)

	
12,163

	
12,163

	
12,163

	
12,163

	
12,163

	
12,163

	
12,163

	
12,163

	
12,163

	
12,163




	
Cattle gross margin (MXN pa)

	
30,438

	
29,782

	
36,861

	
29,405

	
36,484

	
36,321

	
36,688

	
36,688

	
29,070

	
26,696




	
Average male liveweight (kg pa)

	
269

	
265

	
272

	
271

	
275

	
270

	
270

	
270

	
278

	
267




	
Calves born (no. pa)

	
2.3

	
2.4

	
2.4

	
2.3

	
2.3

	
2.4

	
2.4

	
2.4

	
2.3

	
2.2




	
Purchased fodder (MXN pa)

	
38,480

	
33,252

	
29,564

	
38,123

	
45,943

	
26,410

	
26,486

	
26,486

	
35,046

	
33,388




	
Hired labour

(MXN pa)

	
4488

	
4875

	
4875

	
3861

	
4875

	
4875

	
4875

	
4875

	
5502

	
4875




	
Overhead costs (MXN pa)

	
10,000

	
8400

	
8400

	
9600

	
10,000

	
8400

	
8400

	
9600

	
8400

	
8400




	
Average farm net profit (MXN pa)

	
3773

	
16,389

	
15,464

	
4563

	
8407

	
18,518

	
29,667

	
28,915

	
25,953

	
24,685




	
SD of net profit

	
13,058

	
9422

	
10,308

	
11,988

	
9453

	
10,876

	
11,805

	
11,888

	
12,365

	
5192




	
CV of net profit

	
3.46

	
0.54

	
0.66

	
2.11

	
1.08

	
0.59

	
0.37

	
0.38

	
0.48

	
0.21




	
Prob. of break-even p(π ≥ 0) (%)

	
61%

	
96%

	
94%

	
64%

	
84%

	
95%

	
99%

	
99%

	
100%

	
100%




	
Downside risk (CVaR10) (MXN)

	
−19,144

	
−15

	
−3298

	
−12,995

	
−11,134

	
−1599

	
10,505

	
9637

	
25,953

	
24,685




	
NPV of annual net profit (MXN)

	
32,278

	
137,493

	
128,106

	
36,986

	
67,175

	
154,905

	
248,715

	
242,297

	
215,606

	
208,726




	
Net value of innovation (MXN)

	

	
105,216

	
95,828

	
4709

	
34,897

	
122,627

	
216,438

	
210,019

	
183,329

	
176,448

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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 (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agronomy-11-01214


  
    		
      agronomy-11-01214
    


  




  





media/file8.jpg





media/file11.png
Baseline
30,000

CA+Newleg

CA+NewVar

NT

m Net profit

1 Downside risk

SC+CD Sl

NT+SC






media/file6.jpg





media/file13.png
Average risk-neutral/risk-adjusted profit

(MXN)

40,000

20,000

-20,000

-40,000

-60,000

-80,000

. I-._h.h-.----

= =
‘ 1 ;H NT NT+SC CA+Newleg CA+NewVar SC+CD NT+CD

m Neutral

HLow

Scenarios

® Moderate

m High

= Very high





media/file10.jpg
Netprofit
= Downsiderisk






media/file7.png
~

\ |2A3] WiD4 j \ [ELE] \cco\m&\tm.\o&/

Value-Ag \

Agricultural
innovation

i






media/file12.jpg
s st

P61, ii





media/file9.png
Annual Net Profit (MXN pa)

50,000

25,000+

- 25,0001

&

-,

.
N

CA+NewVar
CA+Newleg

o L B
=
3
+
(%))
O

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year





media/file14.jpg
2599559835388

FELCER LRI TEiEl]

o)





media/file5.png
Latitude

Guanajuato (MX)

100.5°W 100.0°W

102.0°W 101.5°W 101.0°W
Longitude

T6 Type <& farm with limited resources





media/file15.png
>
o
b3

Adoption level (%)
v
o
X

w
o
ES

20%

10%

o%

ssssse NT+CD
«eeess SC4CD
sssnes NT+SC

e CA+NewVar

gy C A+ Newleg

—

PR i o o s ot ISR

-----—-------a --SC

7 8 9 10 11 122 13 14 15 16 17 18 19 20
Time to Peak Adoption (years)

(a)

Proportion of area surveyed (%)

o N M N YW N B0 2 NM T N YW N OO O N M 9o o o
2 8 88883838 8888388888833 38 8¢ B g g
™ o o M e - = o= o NN N AN NN NN N N N N N NN ~N NN
Years
— CA (criollo maize) ~ =———CA (improved maize) - - - Crop diversification

(b)

2020





media/file3.png
y

&

INPUTS
Climate & soil

Household data

management
Prices

Costs

~

On/off-farm labour

Crop & livestock

=Y

Integrated Analysis Tool (IAT)

Livestock

Animal
husbandry

Forage/Stove
yield

)

’ Home consumption

. /

/ OUTPUTS \

Animal outputs
Fodder balance

Labour balance

Cash flow

Net farm profit

[ Feasible/most profitable strategy }

\Household incomty






media/file0.png





media/file4.jpg





media/file2.jpg
Integrated Analysis Tool (IAT)

INPUTS.

Uvestodk
vield

Climate & soil
Household data
On/off-farm labour

Crop & livestock
‘management

Prices

Costs.

outpuTs
Animal outputs
Fodder balance
Labour balance
Home consumption
Cash flow.
Net farm profit

Household income.

Feasible/most profitable strategy






