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Yam (Discorea spp.) is a staple food crop in Africa that requires fertile soils and an annual rainfall of about 1,500 mm. However, in the semi-arid North-West of Burkina Faso, farmers produce yam in continuous rotation on degraded soils with annual rainfall of 610–960 mm. Understanding this local know-how can help improve yam cultivation in other regions and cropping systems in Africa. This study evaluated the productivity of this yam farming system in an interdisciplinary manner involving agronomic and economic analyses. We studied the cropping practices and socio-economic conditions of 67 households in 12 villages. We questioned farmers about their yam management schedule and inputs and we measured the yam fresh tuber yields in their fields. We sampled soils, manure and yam tubers for chemical analyses. Then, we calculated soil surface nutrient balances for N, P, and K. We found that the cropping system was characterized by densely planted ridges and relatively small size of harvested tubers. The farmers coped with degrading soils and increasing market demand by applying in average 16.2 t ha−1 of manure. About 31% of the farmers applied an average of 435 kg ha−1 of NPK fertilizer and another 24% applied an average of 300 kg ha−1 of urea. The average yam yield was 16.2 t ha−1, well above the West African average yield of 10.7 t ha−1.The yam had high value (0.59 USD kg−1) at relatively low production expenditure (0.04 USD kg−1), providing farmers the opportunity to increase and diversify incomes. Our results suggest that the development of this intensified yam production may be limited by farmer's low purchasing power of yam seed tubers, fertilizers and labor.
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INTRODUCTION

Yam (Discorea spp.) is an important staple tuber crop for about 155 million people in the tropics (Cornet et al., 2014; Frossard et al., 2017). Besides being a staple food crop, yam is a source of income for rural communities, has medicinal uses and cultural value (Frossard et al., 2017; Lebot, 2020). The yam production in Western Africa increased from 10.1 Mt in 1986 to 69.0 Mt in 2019 (FAOSTAT, 2020). An increase of the cropped surface from 1.5 million to 8.2 million ha for the same period was recorded. Since 2000, yam yields are stagnating at 10.7 t ha−1, far below the potential yield of 50 t ha−1 achieved in optimal growing conditions (Diby et al., 2011) and well below realistic on-farm yield expectancies of 20–25 t ha−1. The reasons for stagnating yam yields are manifold. The high soil fertility requirement of yam is often not met (Diby et al., 2009; Kassi et al., 2017). Successful yam production requires a soil organic carbon content of about 12–15 gC/kg (Carsky et al., 2010) and rainfall of about 1,500 mm distributed throughout 180–210 days growing season (Sonder et al., 2010; Lebot, 2020). Other reasons for low yam yields are the application of inappropriate cropping practices like the use of poor quality seed tubers, low planting density, lack of fertilization or inappropriate rate of fertilization (Ekanayake and Asiedu, 2003; Abdoulaye et al., 2015; Kiba et al., 2020). In addition, there are considerable gaps in the availability of organic amendments, market information, and low commitment of policy makers in the yam sector. Discussions with yam farmers in Burkina Faso and Côte d'Ivoire highlighted that the most important bottlenecks to yam production are the land scarcity, followed by declining soil fertility and low and erratic rainfall (Kiba et al., 2020). Furthermore, climate change may cause yam yield reduction of up to 48% by 2050 due to the combined effects of water stress and drought-induced low nitrogen mineralization and availability (Srivastava et al., 2012). Existing yam cropping practices that cope with declining soil fertility and low rainfall can provide valuable lessons for improving the productivity and sustainability of yam systems. Such yam cropping practices that work under constraining environmental conditions can be found for example in Benin (Dumont, 1977), in Cameroon (Dumont et al., 1994) and in Burkina Faso (Dumont and Hamon, 1985; Tiama et al., 2016a,b).

To our knowledge, Dumont and Hamon (1985) were the first to report on the yam cropping system in the constraining environmental conditions of Passoré, a Province in the North-West of Burkina Faso. They reported that farmers grow a local yam morphotype on hydromorphic soils to cope with low precipitation rates. Later, yam production in Passoré was studied by Tiama et al. (2016b), who characterized the morphology of imported yam morphotypes Boussa (D. rotundata) and Waogo (D. alata), as well as local yams called Nyù (D. abyssinica, D. lecardii, D. sagittifolia and/or D. semperflorens). The highest yields of 40 t ha−1 were achieved for the imported morphotype Boussa while the local morphotype yielded 25 t ha−1. In another study, Tiama et al. (2016a) stated that in Passoré, yam is grown by a small group of elderly farmers and is well appreciated by consumers. The study also reported that farmers use farmyard manure (FYM) and mineral fertilizers (MIN), namely a complex NPK and Urea.

Although studies were conducted on yam cultivation under constraining environmental conditions, they did not thoroughly describe the soil properties, the soil fertility management practices and the resulting nutrient balances. In addition, these studies rarely incorporated agronomic and socio-economic investigations in order to understand farmers' decisions and to assess the social and economic impact of these particular yam cropping practices. In this study, we use an interdisciplinary approach to understand how farmers in Passoré are able to produce yam despite unfavorable environmental conditions, and to what extent their practices affect yam yields, nutrient balances and income. We hypothesized, that (1) there are differences in farmers' practices, particularly with regard to fertilization rates and types, due to income variability; (2) whatever the cropping practice, farmers are able to make their investments profitable; (3) yam fresh tuber yields and nutrient balances are determined by the type and rate of fertilization and finally (4) there are possibilities for improved cropping practices.



MATERIALS AND METHODS


Study Area

The climate in Passoré is hot and semi-arid with an unimodal rainy season from June to September (Climate-data, 2019). Annual potential evapotranspiration is ranged between 2,550 and 2,700 mm (Trabucco and Zomer, 2019). The rainfall patterns have high temporal and spatial variability leading to years with severe droughts that limit agricultural production (Nicholson, 2013). During the study season of 2017 rainfall was 682 mm in 42 days, a value below the annual average of 775 mm recorded between 2007 and 2016 (MAAH, 2019). Rains were heavier in 2017 early in the season, but became more erratic and ended earlier than other years (AGRHYMET, 2018). Plateaus areas are dominated by red soils with exposed petroplintic horizons and shallow soils over petroplintic horizons. In the low lands, deep, occasionally hydromorphic soils are found (Sib and Sinkondo, 2002). The population of Passoré practices mainly rain fed cereal production. Some households raise livestock for sale, or grow vegetables on irrigated fields. In addition to agriculture, the population derives revenue from handicrafts, seasonal labor migration, trade, and artisanal gold mining. Due to the food deficit in Passoré, many people have to rely on buying food to supplement their dietary needs. In years with low precipitation, agricultural production decreases and food prices increase. As a result, a significant portion of the population depend on food aid (Hien et al., 2012). Livelihoods are further endangered by the increasing insecurity in the Sahel, spilling over into neighboring Passorés regions (Eizenga, 2019).



Participant Selection

Participants were selected through a four-step process. First, we explained to the development council in each village the objectives of the study and expressed the need to work with yam farmers. Second, the development council in each village held a meeting with its yam farmers to explain the objectives of the study. Third, we met with interested yam farmers after their discussions with their development councils. Finally, the fourth step was to select volunteers from among interested farmers who met the study criteria and were willing to collaborate until the end of the work. The process resulted in working with 67 yam farmers who are also heads of household (HH) in 12 villages (Figure 1). We considered a household to be a group of people living on the same farm and sharing common resources (Hien et al., 2012). Participants ranged in age from 27 to 80 years, with an average age of 52.6 years, and only 5 participants were literate.


[image: Figure 1]
FIGURE 1. The map of the study area depicts the location of the 67 yam fields and the 5 soil profiles. The villages and the numbers of participants per village are noted on the map.




Household Survey and Categorization

We held three workshops with the 67 selected farmers to discuss and collect information about their HH, farming activities, and yam production. The meetings were short and concise and we used the local language (Mooré), then translated the results into French for documentation. This approach allowed for friendly discussions with the farmers. The workshops and field visits took place from February to December 2017. Survey questions and materials are available in Supplementary Material 1.

During the workshops, participants were asked about their HH and farm conditions, such as number of people per age group, area cultivated, type and area of crops, livestock, types and amount of income and expenses. We used Wilde and SEAGA's (2001) marble method to facilitate responses to questions that elicited estimates of quantities in numbers and percentages. For example, participants were asked to divide 20 marbles according to the relative importance of different HH expenditures.

The HH were divided into three socio-economic groups (SEG), namely poor, middle and better-off as described by the FEWSNET-report on livelihoods in Passoré by Hien et al. (2012). Size of livestock holdings was chosen as an indicator for socio-economic status as rural communities often invest their economic surplus into this sector (Reardon et al., 1992; Silvestri et al., 2012). We calculated livestock units (LSU) per HH to compare different kind of livestock holdings. The LSU-factors per animal were 1.00 for cattle, horses or donkeys, 0.25 for sheep, 0.20 for goats, 0.17 for pigs and 0.01 for poultry (adapted from LBV, 1998). The thresholds for the middle and the better-off SEG were 8.47 and 21.04 LSU (Hien et al., 2012).



Farm Surveys and Calculations of Farming Expenditures

The participants were asked to provide information on inputs (e.g., seed-tubers, MIN, and FYM) and yam-related activities. Additionally, questions about the motivation to grow yam and the economics of yam production (e.g., expenditures, workload, and revenue) were asked. Cards with pictograms that reflect possible motivations were given to the participants and they were asked to choose a subset three cards and to sort the cards in order of relevance.

We considered a yam production expenditure relevant if the category was reported by at least four farmers. Expenditures were reported in West African CFA franc and converted into US Dollars (USD) by 2017s average exchange rate of 582 CFA per 1 USD (Exchange Rates, 2021).

The participants were invited to a group discussion about perceived changes in the environment as well as in yam production and marketing. During the discussion, the farmers answered open questions about reactions and adaptations to the perceived changes.



Sampling, Soil Characterization, and Yield Assessment

We conducted three visits on each farm. During these visits, we recorded yam field size, planting density, germination rate, date of tuber bulking, associated crops, staking, and pest and disease symptoms and weed abundance. The pest and disease symptoms were visually identified according to Reddy (2015). On each yam fields we established in a representative micro plot of 20 m2 (4 m * 5 m) where we recorded, plant densities and took composite soil samples made from 5 points at a depth of 0–30 cm. The soil samples were analyzed for pH (H2O), total carbon (Ctot) and nitrogen (Ntot), resin available phosphorus (Presin) and exchangeable potassium (Kexch). Details on the soil sampling, processing and analyses are described in the Supplementary Material 2.

Site-specific soil information was derived from a 1:100,000 soil map (Sib and Sinkondo, 2002) and five soil profiles description (Figure 1). The soil profiles were documented and classified according to WRB (2015). The soil profile descriptions are provided in the Supplementary Material 3.

We selected 25 micro plots from five villages (Tibli, Saaba, Seko, Goubi, Dourou) where the local yam morphotype (Nyù) was predominantly grown and where no crop was associated to yam. In addition, the willingness of the HH to cooperate and security risk (i.e., remoteness) was considered. The selected fields were made up of 14 poor, 5 middle and 6 better-off HH. On the 25 selected micro plots, we assessed the yam fresh tuber yields at the end of November 2017. The number of tubers and the average tuber weight were recorded, and yam tuber samples were taken for dry matter and nutrient content analyses. Furthermore, we took 13 FYM samples across all villages to estimate N, P, and K inputs. Details on the tuber and FYM sampling, processing and analyses are available in the Supplementary Material 2.



Nutrient Balance Calculation

We calculated 25 soil surface nutrient balances for N, P, and K as well as nutrient use efficiencies (NUE) based on the reported inputs, the achieved yields and the nutrient uptakes (FAO, 2003). Furthermore, nutrient inputs by seed tubers and atmospheric deposition by rain and Harmattan dust were estimated. Nutrient inputs from mulch were not considered, because mulching material was usually removed before complete mineralization at the end of the growing season. The soil surface nutrient balances were calculated for the i-th plot and j-th nutrient according to the following equations:
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C: concentration; D: Harmattan dust; Dep.: Deposition; DMC: dry matter content; FYM: manure; M: mass per area; MIN: mineral fertilizer; NPK: complex fertilizer; NUE: nutrient use efficiency; PD: planting density; Rain: rainfall; ST: seed tuber; U: urea; H: harvest; W: mass per unit.

Plot specific data was available for planting densities (PDi), yield and tubers (CHi, MHi, DMCHi) as well as fertilizer rates (MFYMi, MUi, MNPKi). Other values, if not declared otherwise, were chosen based on the mean results of this study. The weight of seed tubers (WST) was assumed to be 85 g with a DMCST of 30%. The DMCFYM was 94%. The nutrient concentrations (C) of dry compounds (i.e., FYM, Harmattan dust and fertilizers) are provided in Table 4. The deposition rate of Harmattan dust (MD) was estimated to be 300 kg ha−1 and the nutrient input by rain water (CPrec(j)) was considered to be 4.9 g of N, 0.6 g of P, and 2.6 g of K per ha and mm of Rain (Lesschen et al., 2007). Rainfall was assumed to be 682 mm for all fields (MAAH, 2019). The mean nutrient concentrations of the mineral fertilizers known as NPK 17-17-17 and NPK 14-17-14+6S were calculated (Table 5) and used for the nutrient balance calculations as no detailed information on the applied NPK fertilizer was available.



Statistical Analysis

Statistical analyses, namely calculations of means (M), standard deviations (SD), standard errors (SE), t-tests, pairwise comparisons of means of grouped data as well as correlation and regression analyses, were performed with Stata 12 (StataCorp LLC, USA). The analyses applied to a specific subset of the data were mentioned alongside the results in the next section. We only discuss differences with a level of significance equal or lower than 5%.




RESULTS


Characteristics of Yam Producing Households

The socio-economic data grouped by SEG are shown in Table 1. In total, 34 HH were qualified as poor, 19 as middle and 14 as better-off. Yam was the most important source of income for all HH, with an insignificant decrease of importance toward the more prosperous HH. In general, more prosperous HH had significantly higher income, more livestock and more arable land. Although statistically insignificant, more prosperous HH tended to have more members and more diversified sources of income.


Table 1. Socio-economic and yam production variables by socio-economic groups.
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Characteristics of Yam Producing Farms

Eleven farmers attested to have learned yam production from relatives. The average time in yam production was about 22 years. The motivations to produce yam were (in order of decreasing relevance): Family tradition, income generation, health aspects, the good taste of yam, the work connected to yam production, and the pride to be a yam producer (Table 1). HH in the middle SEG mentioned income generation significantly more often than other HH. Better-off farmers mentioned personal pride significantly more often than middle farmers did. The mean surface of yam field was 902 m2. The fields of poor households were significantly smaller with an average area of 741 m2 and accounted for a larger share of household arable land than the fields of the more prosperous SEGs whose fields averaged 1,014 m2. The large majority (50 participants) spent below 25% of their working time in the yam fields and only three participants spent more than 50% of their working time in the yam fields. Up to 20 HH members supported the participants in their yam-related work. Additionally, 55% of all HH hired laborers for tillage (52% of HH), ridging (31% of HH), planting (7% of HH), staking (10% of HH) and harvesting (2% of HH). Poor farmers had the lowest support of HH members and hired laborers more often than more prosperous HH. The mean workload (in days) outsourced to paid laborers was highest for the middle SEG (Table 1).

The participants attested that 29.2% of the produced tubers are used as seed tuber, 25.2% sold directly at the field, 24.5% consumed by the HH, 17% given away as gifts and 3.9% kept for other purposes, such as medicinal and ritual use.

The yam production expenditures were 0.003–0.141 USD kg−1 and averaged 0.040 USD kg−1. The mean expenses per cost category are displayed in Table 2. The most frequently mentioned expenditures were tools for field work, mainly Dabas (hoes, also used for tillage) of different sizes. The expenditures for yam production comprised in average 8% of the total expenditures of the HH (Table 1).


Table 2. Annual expenditures (USD) for yam production per hectare.
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Soil Properties in Yam Fields

Farmers attested to select sites for yam cultivation based on soil color, infiltration capacity, moisture and absence of gravel on the surface. Darker soils were preferred to lighter ones. Furthermore, suitable soils should have a rooting depth of at least 0.5 m. However, yam fields were found on various soils along the catena (Figure 2A; Table 3) and not all soil profiles revealed a rooting depth of at least 0.5 m. In the low lands, fields were on eutric Gleysols and gleyic Cambisols with large rooting depth. On the plateaus, the fields were on petric and epipetric Plinthosols with shallow rooting depth (Table 3; Supplementary Material 3). The mean chemical properties of top soils were: pH: 5.7, Ctot: 7.4 g [image: image], Ntot: 0.6 g [image: image], Presin: 3.44 mg [image: image] and Kexch: 163.4 mg [image: image]. The Ctot tended to be lower in top soils of the low lands than in top soils of the plateaus (Figure 2A).


[image: Figure 2]
FIGURE 2. (A) Top soil (0–30 cm) carbon of yam fields grouped by soil type according to the soil map of Sib and Sinkondo (2002). The letters (A, B) indicate the Tukey groups of a pairwise comparison of the means (level of significance: 5%). (B) Yam yield vs. top soil (0–30 cm) organic carbon. The gray area indicates the 95% confidence interval of the linear regression.



Table 3. Soil type and rooting depth of soil profiles.
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Yam Cropping Practices

The management of the 67 yam fields was relatively similar. In the subsequent paragraph, we synthetize the phases recorded in the yam cropping calendar as depicted in Figure 3. The numbers (1–7) relate to those phases in yam cropping.

(1) The activities start after the harvest of the preceding crop [i.e., maize (Zea mays, 29 farmers), sorghum (Sorghum bicolor, 24 farmers), rice (Oryza sativa or O. glaberrima, 9 farmers), yam (3 farmers) and ground nut (Arachis hypogaea, 2 farmers), or sweet potato (Ipomoea batatas, 2 farmers)].

(2) The fields are tilled with large hand-held hoes (Dabas). All left-overs of the preceding crops are removed from the field and large soil aggregates are broken into smaller ones. Then, ridges of 0.3–0.5 m in height are made. The distance between two ridges ranges from 1 to 1.2 m.

(3) Tubers pieces of 70–100 g are placed within 20 cm from each other. Then, stems from maize or sorghum or dried grasses are applied as mulch. The planting density recorded in the studied fields was 32,500–57,500 tubers ha−1 and averaged 42,700 tubers ha−1. The cultivated yam morphotypes registered were the local Nyù (D. abyssinica, D. lecardii, D. sagittifolia and/or D. semperflorens, 67 farmers), Boussa (D. rotundata, 40 farmers), Waogo (D. alata, 18 farmers) and Rôguin (Discorea spp., 6 farmers).

(4) Wooden stakes of ~1.6 m are placed to support each yam vine separately when they start to emerge. We recorded 18 farmers who established associated crops between the ridges at the beginning of the rains. The associated crops were ground nut (12 farmers), fabirama (Plectranthus rotundifolius, 3 farmers), maize (2 farmers) and rice (1 farmer).

(5) Throughout the rainy season, weeds are removed about twice a month.

(6) The senescence of the yam leaves and the harvest of the associated crops begins after the rains.

(7) Yam harvest starts in November or later, depending on the season and the HH needs for income or food. Remaining mulch was removed and used off-site as animal feed. The ridges are dug from one side to remove the tubers horizontally and prevent the tubers from breaking.


[image: Figure 3]
FIGURE 3. The yam management schedule depicts the state of the yam fields throughout the year and at what time of the year what tasks and activities are done.


Fertilizers are applied during ridging or planting (Table 4). All participants applied FYM, while a minority (21 farmers) applied MIN. We recorded an average of 16.2 t ha−1 FYM from cattle, sheep, goats or poultry applied in the center of the ridges. The 21 farmers added an average of 435 kg ha−1 NPK fertilizer (17-17-17 or 14-23-14+6S) during the planting of the yam. About 76% of farmers added an average of 300 kg ha−1 of urea (46%N) at tuber bulking in August. Better-off HH added more FYM per area (20.1 tha−1) than poor (16.2 tha−1) and middle HH (12.9 tha−1), but no significant difference in MIN fertilizer application was found between the SEG (Table 1). The FYM-application corresponds to an average input of 5.1 t C ha−1. However, there was no correlation found between fertilization and soil parameters: C input by FYM and Ctot (p-value: 0.38); fertilizer N input and Ntot (p-value: 0.15); fertilizer P input and Presin (p-value: 0.68); fertilizer K input and Kexch (p-value: 0.45).


Table 4. Quantities of applied fertilizer as reported by famers.
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Yam Yields and Tuber Quality

In the 25 micro plots, where yam tubers were harvested, we recorded a germination rate between 80 and 95%. The yields ranged from 6.75 to 26.8 t ha−1 and averaged 16.2 t ha−1. No significant correlation was observed between yam fresh tuber yields and soil Ctot (p-value: 0.08; Figure 2B). The 17 fields fertilized only with FYM had an average yield of 15.2 t ha−1, while the eight fields with additional MIN fertilization yielded in average 18.4 t ha−1. However, the yield difference between the fertilization practices (FYM vs. FYM+MIN) was not significant as the p-value of the one–sided t-test with unequal variance within the groups was 0.094 [t(16.1) = −1.44]. Most plants produced only one tuber, except for a few plants that produced multiple small tubers. The tuber weights ranged from 40 to 1,790 g with a field average of 450 g per tuber and 34,440 ha−1 of harvested tubers. Correlation analysis revealed a positive correlation between yield and number of tubers ha−1 (p-value: 0.002).

The average nutrient concentrations of the tubers are reported in Table 5. Correlation between soil available nutrient and the tuber nutrient concentration was only weakly significant for K (p-value: 0.07). For N (p-value: 0.48) and P (p-value: 0.19) there was no correlation.


Table 5. Elemental concentrations of tubers and inputs.
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In 25 of 67 fields, symptoms of anthracnose were observed. Symptoms of neck rot (4 cases), leaf spots (4 cases) and unspecified viral infections, probably caused by yam mosaic virus (4 cases) were also observed. When asked about the reasons of plant losses between planting and harvest, 96% of farmers named damage by stray animals, 42% drought, 22% termites, 8% diseases and 6% poor seed tuber quality.

Lastly, no correlations were observed between yam yields and management dependent factors, such as weed abundance, staking height, mulch type and mulch quantity.



Change Perception by Yam Farmers

During the workshops, farmers in all 12 villages reported that they had observed a decline in soil fertility in their lifetime. Furthermore, farmers in 2 villages mentioned that soils became lighter in color. The soil fertility decline was attributed to more severe droughts (8 villages), reduced vegetation coverage (4 villages), lack of fallows (3 villages), soil erosion by wind (1 village), and increased population (1 village).

Farmers in all villages applied FYM to increase soil fertility. Farmers started to apply FYM prior to 1990 in 3 villages, whereas in 4 villages they started in the 2000s. Overall, farmers noticed that FYM application lead to darker and more humid soil that are better suitable for yam production. In all 6 villages where the topic was discussed, farmers stated, that yam yields and the need for labor increased with FYM application. In 5 villages, farmers started to apply MIN since 2000 to increase the weight and yield of tubers to meet the demand of consumers. Farmers in 4 villages believe that yam production will persist in the future. In one village, the farmers said that yam production would be discontinued, while in 7 villages the farmers were not sure or were split in their opinion about the future of yam production. Notably, the 4 optimistic farmer groups came from villages (Séko, Mia, Goubi and Namanssa) relatively close to Arbollé, a local market center. Arguments in favor of yam production were that yam is an economically viable crop. Further, it was argued that the increasing demand may motivate more farmers to grow yam. Additionally, they hoped that investments and innovations will make yam production more efficient and less labor intensive. Pessimistic farmers said that a lack of means and available labor will lead to a decline in yam production while some believe that yam production is not profitable. Some further noticed a declining motivation of the younger population to work in the yam fields. In many cases the declining motivation was attributed to the laborious and hard tasks in yam production and increasing economic opportunities provided by other activities.



Nutrient Balances

The mean nutrient inputs and outputs, as well as overall nutrient balances and NUE per fertilization practice are shown in Table 6. The K balances were negative and averaged −15 kg K ha−1 in 68% of the fields, whether MIN was applied or not. The N balances were positive in 92% of the fields and averaged 185 kg N ha−1. The highest N surpluses were observed for fields with additional MIN fertilization and averaged 235 kg N ha−1. P balances were positive for all fields and averaged 37 kg P ha−1, regardless of the fertilization practice. No significant differences between the nutrient balances of different SEG were observed.


Table 6. Nutrient soil surface balance and nutrient use efficiency (NUE).
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DISCUSSION


Differences in Farmers' Practices

Surprisingly, it was not the better-off HH that had the largest yam fields and invested the most (including wages for laborers) into yam production, but the middle HH. It was also the middle SEG that was most motivated to grow yam for revenue. This might be explained by the observation, that the better-off HH tended to have more diversified income and were less reliant on yam production. Nevertheless, the better-off HH were able to apply more FYM per area than the other SEGs, reflecting their economic capacity, which includes larger livestock holdings and therefore higher availability of FYM. However, some of the discussed trends are ambiguous and we found no direct link between the socio-economic status of the HHs and the achieved yam yields. This indicates that other factors, such as personal skills and abilities, the quality of available land and the erratic nature of the regions precipitation are important factors that our study was not fully able to address.

Regardless of the applied practices and the achieved yields, the views on the future of yam production in Passoré seemed to be linked to the economic and demographic perspective of the famers. In tendency, younger and more prosperous farmers closer to the main road network were more optimistic. The more optimistic view maybe due to positively perceived changes, such as new farmers that started to grow yam and increasing yam demand and yam prices. Older and poorer farmers, further away from the main road network, were more pessimistic, most likely because they perceived more negatively attributed facts, such as lack of means and labor. However, our study design, in particular the self-selection in participant recruitment and focus group discussions, may lead to a biased participant selection and socially accepted responses and does not fully identify the socio-economic drivers of yam production and the related views.



Yam Profitability

Our results suggest that HH can generate considerable income from yam production. Indeed, the HH invested on average 8% of their expenditures for yam and received 33% of their income from it. Notably, the income from yam production outranks all other sources of income, including mean income from livestock (22%) and other crops (19%). The difference in expenditures for production and the price on the market reflects the high potential of cultivating yams. We calculated the average expenditure for yam production was 0.04 USD kg−1. Discussions in Saaba revealed a mean yam price of 0.59 USD kg−1. Merchant woman at the roadside in Arbollé added a margin of about 0.34 USD kg−1, resulting in a yam price for the consumers of about 0.93 USD kg−1. Additionally, we did not find very poor HH among the investigated yam farmers although this category is mentioned in the study of Hien et al. (2012) to be 37% of the HH for the whole of Passoré. This finding supports that yam is an important source of income for some HH.

Furthermore, the necessary expenditures for yam production can be relatively low if a HH can provide the necessary resources (e.g., seeds, FYM, and labor) by itself. On the other hand, the high expenditures that apply if yam seeds, fertilizers or laborer need to be paid, can limit the entry into and the expansion of yam production. These limitations can affect poorer HH in two ways: (1) because they have fewer access to FYM and HH labor and need to replace it by buying fertilizers and hiring laborer, and (2) because they have little financial means to pay for the necessary replacements.

Overall, farmers in Passoré produce yam for its cultural and economic value. The cultural value is reflected by the strong family traditions of growing yam as well as the nutritional, traditional medicinal and ritual use of the yam (Tiama et al., 2016a). The motivation to grow yam may have been further encouraged by the reported doubling of yam prices over the last 20 years. The HH invest a significant proportion of their available resources (money, manure, labor, land) into yam production to generate income. Thus, yam production in Passoré has some features of a market-oriented horticultural production system, rather than a staple crop production system.



Soils, Fertilization, Yields and Nutrient Balances
 
Soils

The low soil organic matter (SOM) content and low inherent soil fertility is a challenge in yam cropping system in Passoré. The soil profiles and the soil map (Sib and Sinkondo, 2002) show decreasing soil rooting depth with increasing position in the catena. Surprisingly, SOM of yam fields tended to increase with increasing position in the catena and decreasing soil rooting depth. Yam is known to be a organic matter demanding crop and its high nitrogen requirements induce high mineralization of SOM (Frossard et al., 2017). It is likely that this long-established yam crop has helped depleting organic matter content on the lower slopes. Finally, more intensive grazing with fewer and shorter fallows in these areas (Bationo et al., 2007) may also have influenced the tendency for organic matter depletion on the lower slopes. Indeed, on the shallow and gravelly plateau soils the cultivation was less intensive in the past (Prudencio, 1993). Thus, the relatively higher SOM levels of the plateau soils may be a remnant of the past fallow-based soil fertility management.

Other authors (Dumont et al., 2005; Tiama et al., 2016a) assert that the area of yam cultivation in Passor has shifted and probably decreased. For example, no yams were found in the Pilimpikou region, a former high yam production area, where yams were produced until the late 1970s exclusively on lowlands with gleyic or stagnant properties (Dumont and Hamon, 1985). Dumont and Hamon (1985) state that the low land sites were chosen due to increased water-availability to compensate for low rainfall. Maybe the yam cultivation area in Passoré has gradually shifted from low land to plateau soils since the 1970s. Reasons for the shift in yam cultivation may have been: (1) a gradient in soil fertility and yam yields as indicated by the Ctot-gradient (Figure 2A), (2) a general shift of yam production toward the main road networks to facilitate logistics and marketing (Ekanayake and Asiedu, 2003), (3) the competing use of the low lands, e.g., for irrigated production of vegetable crops. Alternatively, yam was grown on shallow plateau soils in the past but was not documented. It is surprising that no significant correlation was observed between yam yields and soil Ctot. This could be explained by the low differences in soil Ctot between the studied fields because most of the farmers applied FYM are similar rates. In addition, there are other differences between fields that we were unable to capture that may have diluted the influence of organic matter on yields. These include soil clay content, rainfall, pests and diseases, roaming animals and farmer skills.



Fertilization

Farmers adapted fertilization practices to counteract the perceived decline in SOM content and soil fertility. In the current study, farmers apply on average twice the FYM rate of 8.3 t ha−1 documented in the 1980s (Prudencio, 1993). The high and increasing FYM rates most likely are responses to the low levels of SOM that limit yam yields. Indeed, current average amount of C applied trough FYM corresponds to about 17% of the estimated C stocks in the top 30 cm of the soil (Kaur et al., 2002). In recent years, some farmers adopted MIN fertilization to meet the increasing demand for yam in Passoré. The adoptation of MIN application is partial, as some farmers lack the purchasing power to buy MIN or are skeptic about the quality of MIN-fertilized tubers (Tiama et al., 2018). Farmers try to apply FYM and MIN as effectively and efficiently as possible. Indeed, farmers prioritize FYM application to crops with high expected financial revenue or prestige, such as yam. On field scale, the FYM and MIN are applied next to the planting sets in the middle of the ridges to facilitate plant-uptake of nutrients as much as possible. However, the use efficiency of the applied nutrients remains limited due to the inadequate nutrient application ratios.



Yields

The achieved yam average fresh tuber yield of 16.2 t ha−1 is remarkably high compared to the 10.7 t ha−1 reported average for West Africa (FAOSTAT, 2020). Tiama et al. (2016b) reported yields of up to 25 t ha−1 for the local morphotype, suggesting that yields can be higher in years with adequate rainfall conditions. The low average number of tubers harvested (34,400 ha−1) compared to the number of tubers planted (42,700 ha−1) reflects plant losses of about 19% between planting and harvest, with most plants rarely producing more than one tuber. Farmers attributed these losses to non-germinating tubers and damage caused by stray animals, pests or diseases.

High planting density increase the need for seed tubers and the average tuber weight may decrease due to interplant competition. The reduced average tuber weight may have severe consequences on the marketable yield. For example, Rodriguez-Montero et al. (2001) found that interplant competition due to high planting densities above 22,500 ha−1 reduce the marketable yield. Thus, based on the observed planting densities we expect significant interplant competition in yam fields in Passoré. In fact, the average ratio of yield to seed tuber input in our study is 4.46 and rather low compared to values of 4.04–6.61 found in field trials in Nigeria (Law-Ogbomo and Osaigbovo, 2014). If the marketable tuber weight threshold of 400 g that Rodriguez-Montero et al. (2001) found would apply in Passoré, almost half of the yam tubers were not marketable (M: 450 g). However, this limitation does not apply, because specifically for these yams of Passoré, consumers favor the relatively small, elongated tubers. This is noteworthy, as in general Western African consumers favor large yam tubers well above 1 kg and pay higher prices for larger tubers (Cornet et al., 2014).



Nutrient Balances

There is some evidence that the yam plants in our study were not able to satisfy their high K needs (Frossard et al., 2017). Indeed, the K balances (Table 6) were negative in most fields, regardless if MIN was applied or not. Thus, much of the harvested K is derived from other sources than fertilization, most likely from soil stocks. Soil stocks could have been nurtured by substantial K imports over a long period, e.g., by K-rich Harmattan-dust and rain deposition over many years (~7 kg ha−1 year−1; Lesschen et al., 2007). Furthermore, K tuber concentration is correlated to Kexch in the soil, indicating higher uptake at higher availability. There is some evidence that the lack of K may reduce potato tuber starch content and storage quality as the conversion of sugar to starch could be reduced (Westermann et al., 1994; Marschner, 1995). Indeed, reduced storage quality of MIN-fertilized yam tubers from Passoré is discussed by Tiama et al. (2018). The fact that the reduced storage quality is linked to unmet K plant nutrition needs to be further investigated. The N balances in almost all fields are positive, indicating a general over-fertilization of N, with higher N surplus' for fields with MIN fertilization. We measured an average N-NUE of 63% while study with 15N labeled mineral fertilizer found comparably lower N recovery rates of 23–46% in D. alata (Hgaza et al., 2012). The P balance was positive for all fields, regardless of fertilization practice. This could be explained by the low P requirement of yam. Indeed, Frossard et al. (2017) reported an average P export per ton of tuber fresh matter of 0.3 kg for D alata and 0.5 kg for D rotundata while N and K exports were estimated to be about 3 and 3.5 kg, respectively, for the two yam species. However, it should be noted that the nutrient balances calculated in our study have some limitations. Indeed, nutrient pathways by losses, mulching, weeding, erosion, pests and grazing animals are neglected due to a lack of site-specific data. Furthermore, fields with associated crops were not considered, as they have more complex nutrient pathways (e.g., N fixation by legumes; Nambiar et al., 1983). But overall, the fertilization practices seem to ignore the specific nutrient need of yam because there is no specific fertilization recommendations for from the extension services and no mineral fertilizers with adequate nutrient concentrations for yam are available in the market in Passoré.




Local Adaptation

A recent study by Scarcelli et al. (2019) suggests that during the “green Sahara” period in the early Holocene, the origin and center of yam cultivation was in the basin of the Niger river that lays to the North and East of the study area, before it shifted southward. The yam cropping system in Passoré might have evolved on a separate path, decoupled from other yam cropping systems under different climatic conditions further south, as indicated by the local morphotype, the specific cropping practices and consumer preferences. The predominantly grown local yam morphotype has a relatively short vegetative period of about 185 days or even shorter in dry conditions (Dumont and Hamon, 1985) and is adapted to the short vegetation period of ~110 days (Sib and Sinkondo, 2002). Farmers plant yams early to take advantage of the first rains and make the most of those rare rains. Furthermore, the ditches between the ridges catch run-off water during rain events. The mulching decreases weed growth, increases water conservation and reduces erosion during rain events (Cooper et al., 1987; Lebot, 2020). As suited land for yam cultivation is scarce in Passoré, farmers resort to a labor and input intensive cropping system that produces small, but well appreciated, yam tubers.




CONCLUSIONS

The feature-set of the yam cropping system in Passoré allows successful yam cultivation without fallows on low fertility soils under a hot semi-dry climate. The most important features are densely planted ridges, relatively small tubers, the targeted placement of FYM and MIN, as well as the strategies for optimal water-use. In the recent past, the yam cropping system has been adapted to changing conditions to maintaining the productivity of the system. Most important adaptations were increasing FYM rates to counteract the decline of soil fertility due to low SOM levels and the application of MIN to meet increasing consumer demand. Yam can provide substantial income on the locally available resources and for some HH, it is an opportunity to increase and diversify incomes. However, its production is labor intensive and can involve significant expenditures for seed tubers, inputs and labor. Never the less, our results suggest that the productivity of the studied yam fields was limited by various factors, such as the low SOM levels, inadequate fertilization practices (especially K shortage) and lack of purchasing power for inputs. Additionally, yam production can be a risky endeavor due to the low and the erratic rainfall and the high losses due to stray animals, pests and diseases.
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Income from non agr. (%) 4%1 3+2 342 7x2

Income from gold (%) 3+2 2+2 2+2 5+3

Motivation to grow yam?®

Family tradition (%) 7545 65+7 84.+10 86+ 12

Income (%) 64£6 56+8 A 89+ 11 B 50+ 12 A
Health aspects (%) 5246 5649 53412 4314

Taste (%) 43+6 479 37 £12 43+18

Work (%) 3646 4M+8 264 11 35413

Personal pride (%) 3046 3548 B 1£10 A 4312 8
Yam production

Yam field (m?) 02:+74 741 £ 101 A 1,107 + 135 8 1,014 % 157 AB
Share of yam field (%) 1802 21£02 A 18+£08 B 09£04 B8
FYM (tha=") 162+12 162+ 16 AB 129+22 A 206 +26 B
MIN (kg ha~") 208447 252+ 66 14183 191 = 103

Time in yam prod. (%) 2+2 28+£2 21£3 28+4

HH member in yam prod. 6£05 47£07 A 66+09 B 84x10 B
Hired labourers? (%) 56+ 6 6249 47 £12 50+ 13

Laborer days, if any 158+18 127£22 A 222+3.4 B 16.6+39 AB
Yield (t ha™) 162+ 1.1 163+ 156 149+26 172424

Yam economics

Yam exp. (USD) 490+53 45476 562 10.1 478119

Share of ann. exp. (%) 81 9x2 9%2 5+2

The total number of observations is n = 67, except for laborer days (n = 37) and yield (n = 25; The notations refer to M = SE; Letters (A,B,C) indicate significant differences between
the SEG in painwise comparison of the means (sign. level = 5%).
4Indicates that the variable is @ binary variables (0 or 1); exp, expenditures; prod, production; ann, annual: agr, agriculture.
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N

298 + 183
149 £ 69
185 £ 191
6336

257 £ 136
132 + 62
162 £ 152
65+ 38

384 + 245
186 £ 73
236 + 260
6033

P

51433
19£9

37+£33

48+28

40+ 21
17+6
2721
54429

74£42
22+8
58 + 44
3B£21

K

119+ 67
181 £ 65
-15+88
191 £ 100

106 £ 56
170 + 66
-17£78
199 + 105

146 + 84
205 + 60
—1£112
172 £92

Al values in kg ha~" except for the NUE. The notation indlicates M  SD. Inputs of seed
tubers (M  SD for all fields: N: 32 = 4, P: 4 % 0, K: 40 = 5) and atmospheric deposition

(M for all fields:

K: 7) are not reported in the table. N, number of fields.
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Manure 67  16.2tha”!
NPK 21 435kgha™!
Urea 16 300kgha™'

n, number of farmers.
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gN/kg g P/kg gK/kg Source

Manure (Crvs) 160£72 25+12 66+80 This study
Urea (46%N) (Cu) 460 0 0 Fertizer labels
NPK (i) (Crex) 155.0 86.0 1287 Fertlizer labels
Harmattan dust (Cp) 3.8 08 19 Lesschen etal. (2007)
Yamtubers (Csr) 90 :£0.18 1.15+£0.19 135+ 1.8 This study

The notation indicates M = SD. The NPK (mix) comprises 50% 17-17-17 and 50% 14-
23-14+68.





OPS/images/cover.jpg
, frontiers | Frontiers in Agronomy

Interdisciplinary Assessment of
Market Oriented Yam Cultivation in
Semi-arid Burkina Faso





OPS/images/fagro-04-828305-g001.gif





OPS/images/math_7.gif
*100%

e -,
FYM; + MIN,





OPS/images/fagro-04-828305-g002.gif
[P

o A e ot






OPS/images/math_4.gif





OPS/images/math_3.gif





OPS/images/math_6.gif
Harvestjj = Mp; * DMCry; # Cr; (j)





OPS/images/math_5.gif
Mp *Cp (j) + Rain * Cpre (j)






