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Through symbiotic biological nitrogen fixation (BNF), grain legumes, such as groundnuts, can enhance soil nitrogen (N) and be an important source of N fertility, as well as a critical component of human nutrition and food security. Because legumes obtain N from soil N stocks as well as BNF, legume residues are key to capturing potential N benefits for soils, which may contribute to increased yields and food production. Here, we conducted a detailed survey at household and field level within a six-village corridor along the western boundary of Kibale National Park (KNP) in western Uganda. We focused on groundnut production and residue management practices and soil organic carbon (SOC) and total N (TN) in fields managed by 100 different households. We also determined SOC and TN in adjacent uncultivated KNP soils. We tested for relationships between socioeconomic factors and farmer groundnut management practices. We calculated a partial N balance and estimated potential N benefits under three scenarios for groundnut BNF. Within the study area, groundnut residue management varied greatly with 51% of surveyed farmers retaining residues on fields through spreading or incorporation, and 49% removing residues, either by transfer to banana groves or burning. Groundnut population density was relatively high with 43% of fields having >30 plants m−2. Despite providing net N inputs of up to 27 kg N ha−1, there was no observed effect of groundnut residue management practices on SOC, TN, or soil C:N ratios. Compared to uncultivated KNP soils, groundnut fields had lower mean levels of SOC and TN and wider C:N ratios. These values are consistent with cultivated soils; however, losses of SOC and TN were lower compared to losses previously reported for conversion from tropical forest to agricultural use. We found that farmer valuation and perception of groundnut residues were influential factors in residue management practices. Overall, we estimated that groundnut residues have the potential to contribute to SOC and TN stocks if retained in the field, but, conversely, removal will result in sizable losses. We find that both environmental and social contexts must be considered when recommending legumes for N provisioning services.
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INTRODUCTION

Nutrient depletion is a primary factor in soil degradation and low and declining crop yields across sub-Saharan Africa (SSA) (Stoorvogel and Smaling, 1990; Tully et al., 2015a). Among countries in SSA, Uganda experiences some of the highest rates of land degradation, resulting in lower agricultural productivity (Stoorvogel and Smaling, 1990; Wortmann and Kaizzi, 1998; Nkonya et al., 2005). Compared to global averages, inorganic fertilizer use across SSA is very low at 16 kg ha arable land−1 year−1, and it is extremely low in Uganda at 1.8 kg ha arable land−1 year−1 (World Bank, 2016). In Uganda, inorganic fertilizer accessibility, availability, and affordability is limited for smallholder farmers (Omamo, 2003). Organic inputs are often the main option for smallholder farmers and are a potentially more environmentally sustainable nutrient source. However, resource-limited farmers often find organic fertilizers, such as animal manure or compost, challenging to obtain or employ, especially at recommended amounts (Nandwa and Bekunda, 1998). Similarly, farmers face multiple pressures and trade-offs with crop residues, which in addition to being organic inputs, are frequently used as livestock feed and cooking fuel, among other purposes (Erenstein et al., 2015; Tittonell et al., 2015; Valbuena et al., 2015). Nationally, only 15% of Ugandan households reported adding organic or inorganic fertilizers or pesticides to common beans (Phaseolus vulgaris L.), and only 14% added these inputs to maize (Zea mays L.) (UBOS, 2013).

Nitrogen (N) is most often the main limiting nutrient for plant growth and crop yields (Sanchez et al., 1997). In natural ecosystems and low-input cropping systems such as those found across SSA, legumes can play a vital role in N provisioning. Legumes access N from the atmosphere via biological N fixation (BNF) to support growth and the production of high protein grains and N-rich residues (Snapp et al., 1998; Giller, 2001). Legume residues can supply immediate and short-term N to subsequent crops, as well as contribute to long-term N and soil fertility by stimulating microbial biomass production, nutrient cycling and maintenance of or gains in soil organic matter (SOM) (McDonagh et al., 1993; Toomsan et al., 1995; Promsakha Na Sakonnakhon et al., 2005; Srichantawong et al., 2005; Franke et al., 2018; Kermah et al., 2018). Legumes are therefore widely recommended as an organic N source for low-input, resource-limited agroecosystems in SSA where they can supply N critical to both healthy soil functioning and crop production and potentially replenish SOM in degraded soils (Snapp et al., 1998, 2018; Giller, 2001). Importantly, legumes are also critical for human health, nutrition, and dietary diversity as a key source of protein, diverse amino acids, micronutrients, dietary fiber, and phytochemicals (Messina, 1999; Foyer et al., 2016). Indeed, poorer households in SSA rely on legumes for a large proportion of their dietary protein (Akibode and Maredia, 2012) and because of their importance, legumes can often be sold for high prices at local and international markets, generating substantial income for resource-poor households (Snapp et al., 2018). Because of their many potential benefits, legumes are recommended as part of ecological nutrient management and conservation agriculture schemes in SSA with the ultimate goal of improving soil health, and thus the sustainability and resiliency of low-input agroecosystems (Thierfelder et al., 2013; Drinkwater et al., 2017).

Across SSA, farmers grow grain legumes for provision of food and income, in addition to BNF benefits. The two most widely grown grain legumes in SSA and in Uganda are common bean and groundnut (Arachis hypogaea L.) (UBOS, 2014; Snapp et al., 2018). Because common bean often has low rates of BNF, supplying limited amounts of N in rotation with cereals, we chose to focus on groundnuts. Groundnuts are capable of fixing substantial amounts of N and have a moderate-to-low harvest index, and so can supply a relatively high quantity of N in rotation with cereals (Giller et al., 1997; Ojiem et al., 2014; Franke et al., 2018). Despite N-rich grain removal with harvest, grain legumes with a relatively low harvest index can deliver substantial N benefits to soil; groundnut residues have been found to provide up to 139 kg N ha−1 (Ojiem et al., 2014). However, N credits or gains from legumes are notoriously challenging to determine in the field (Cadisch et al., 2000; Unkovich and Pate, 2000). Fixation efficiency and total quantity of N fixed can vary dramatically depending on legume variety, agroecological conditions (e.g., site, climate, weather, soil type, and fertility), and management practices (e.g., cropping patterns, fertilization) (Peoples and Craswell, 1992; Wani et al., 1995; Dakora and Keya, 1997; Mokgehle et al., 2014). Because legume N fixation is highly variable across cultivar, agroecology, and management, legume N credits are almost always an estimation of potential legume N contributions. In order to fully understand the potential for legume N credits on smallholder farms, we need more long-term data and site and context specific information, including farmer residue management practices, which are key to maximizing both N and C contributions of legume residues to soil (Wani et al., 1995; Giller et al., 1997; Kermah et al., 2018).

Within these agroecosystem contexts, including soil fertility, climate, and management practices, nutrient balances that calculate the N inputs and outputs of a farming system can serve to estimate or quantify legume N benefits (Tully et al., 2015b). Nutrient balances help to highlight the advantages and/or disadvantages of inputs, outputs, and/or management practices in terms of economic, agricultural, and ecological sustainability (Nkonya et al., 2005; Haileslassie et al., 2007). In conjunction with nutrient balances, examination of the relationships among household demographic/socioeconomic characteristics and management practices can elucidate the factors driving farmer decision-making and further contextualize and assess the sustainability of agroecosystems (Nkonya et al., 2005; Ebanyat et al., 2010a). Socioeconomic and demographic factors such as gender of the household head or crop planner (Nijuki et al., 2008; Tanellari et al., 2014; Mugisa et al., 2015), land tenure (Place and Otsuka, 2002; Kassie et al., 2015), ethnic group (Naughton-Treves, 1997; Kirner, 2010), and field distance from the homestead (Tittonell et al., 2005, 2013; Zingore et al., 2007a) have been shown to drive farmer practices and affect farmer access to, use, and decisions regarding resources like residues (Barrett and Bevis, 2015).

Few studies have examined the potential N benefit from grain legumes in SSA while simultaneously adjusting and accounting for legume crop management practices and different fates of legume residues. We present a case study of farm management and residue practices with a focus on groundnuts within smallholder agroecosystems in western Uganda. We collected soils, GIS, socioeconomic and management data and estimated three levels of potential N addition via groundnut BNF. Our objectives were: (1) to assess differences in groundnut residue management; (2) to estimate the potential N benefit from groundnut residues based on their management; (3) to determine if groundnut residue management impacts SOC and TN; and (4) to explore soil and socioeconomic factors driving groundnut residue management practices. We hypothesized that groundnut residue retention in fields had the potential to deliver positive N balances at the field-scale. We expected TN to be greater and soil C:N to be narrower in fields in which groundnut residues were consistently retained vs. fields in which groundnut residues were continually removed. Lastly, we predicted that socioeconomic factors previously identified in the literature as drivers of farmer practices would also be linked to groundnut residue management practices.



MATERIALS AND METHODS


Study Area

Research was conducted along the western border of Kibale National Park (KNP) in Burahya County, Kabarole district, western Uganda (Figure 1). KNP and the surrounding area fall within the Albertine Rift, a biodiversity hotspot that is part of Africa's Rift Valley (Lepp and Holland, 2006). KNP received its national park designation in 1993, but it has existed as a forest preserve since 1932 (Struhsaker, 1997). The park is a remnant of transitional forest isolated within a densely populated agricultural landscape; in 2006, the population density within 5 km of the park boundary was estimated to be ~300 individuals km−2 (Hartter and Southworth, 2009). Outside KNP, the hilly landscape is dominated by small-scale agriculture, tea plantations, grassland, and fuelwood plantations (Chapman and Lambert, 2000; Majaliwa et al., 2010). Smallholder farms adjacent to the park are impacted by crop raiding by park animals and subsequent crop losses are fairly common, though it mainly impacts those within 1 km of the boundary (Hartter, 2010). The main regional cash crops are banana (Musa spp.), tea (Camellia sinensis L.), coffee (Coffea arabica and Coffea canephora), and maize, but smallholder farmers grow over 20 species of subsistence crops (Hartter and Southworth, 2009). Kabarole district is characterized as an area of “high agricultural potential” (de Jager et al., 2004), and ~84% of households engage in crop growing or livestock agriculture (UBOS, 2014). The district had the highest maize production in the western region (UBOS, 2010). Kabarole district lies within the Lake Albert Crescent zone, which has good to moderate soils (FAO, 2010). Related to the high population density, the western region has the smallest average landholdings at 0.8 ha compared to the national average of 1.1 ha (UBOS, 2010). The small landholdings and high population density are driven in part by limited land (Hartter and Southworth, 2009).
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FIGURE 1. Map of study area, with a focus on areas surrounding six villages along the western border of Kibale National Park in Kabarole district, western Uganda. The inset photo shows a surveyed field in which groundnut is planted as a ground cover with maize sparsely interplanted within a hilly terrain, representative of the majority of fields surveyed for this study.


The study area covered the villages of Kanyawara, Kyakabuzi, Isunga, Iruhuura, Nyabweya, and Kajumiro, which fall along an ~22-km north-south transect along the edge of the KNP's western boundary (Figure 1). The study area is located between latitude 0.57–0.39°N and longitude 30.35–30.32°E and lies along an elevational gradient north to south from 1,550 to 1,100 m above sea level. The climate is tropical with an average daily temperature range of 15–23°C (Struhsaker, 1997). Rainfall in the region is bimodal with two rainy seasons separated by two dry seasons. The first dry season from early December to late February is followed by a rainy season occurring from approximately early March through mid-to-late May. A second dry season extends until early September followed by a rainy season from September through November (Hartter et al., 2012). Planting commences at the start of each rainy season, allowing for two growing seasons each year. Mean annual rainfall ranges from 1,100 to 1,700 mm with rainfall decreasing and temperature increasing when moving from north to south along the elevational gradient (Struhsaker, 1997). Soils are classified as eutrophic volcanic ash and ferralitic sandy clay loams. Study area soils were previously established to be inherently medium to highly fertile (Jameson, 1970).



Surveys and Data Collection

We conducted a survey and soil sampling within the six village areas in July 2015, coinciding with the final growing stage and harvest of groundnuts and maize (July harvest for groundnut and July to early August harvest for maize) planted at the start of the first rainy season (March–April planting for groundnut and February–March for maize). The study comprised 100 households that had actively been growing groundnuts (Kanyawara n = 9, Kyakabuzi n = 9, Isunga n = 21, Iruhuura n = 18, Nyabweya n = 16, Kajumiro n = 27). All households were located within ~1.6 km from the closest park boundary. Ugandan field assistants translated survey questions and responses from English into Rutooro and Rukiga, the respective languages of the resident Batooro and Bakiga ethnic groups. Households within each village were approached at random and asked if they grew groundnuts and were willing to participate in a survey. A two-part survey instrument was used: (1) a household socioeconomic and overall farm survey, which collected information on family size and composition, education level, ownership status and size of agricultural fields, livestock ownership, crop planting and harvesting dates, crop yields, crop use, income received for specific crops, perceived causes for declines in crop yields, land management decisions, and resource concerns; and (2) a survey of farmer management for the farmer-identified primary groundnut field, which provided information on any and all inputs and outputs into that field, field preparation, any steps taken or practices used to increase or maintain soil fertility, the field's cropping history for the two previous seasons (September 2014–February 2015 and March–August 2014), and detailed information on all crops grown in the field that season (March–August 2015), including planting and harvesting dates and methods, yields, or expected yields for that season, crop use (household, saved, or sale), and detailed residue management with reasons for specific practices. The residue management practices described by respondents were categorized into four main practices: (1) “remove” included residues removed from the field and transported to another location, (2) “burn” included residues burned within the field, (3) “spread” comprised residues that were kept on the field as mulch and spread on the field surface, and (4) “incorporate” constituted residues that were retained and buried into the soil. A simple relative wealth ranking of the study area farms was constructed by assigning a value to assets of homestead dwelling construction and livestock ownership (“yes” and “no” responses to whether they owned cattle, pigs, goats, chickens, other; Hockett and Richardson, 2018); values were summed and then categorized into “below average,” “average,” and “above average” based on the interquartile range.

The first part of the survey instrument (the household and whole farm survey) had previously been implemented with 14 households in July 2013 and eight households in June 2014. We used these prior responses in our analysis. In July 2015, these households participated in the second part of the survey instrument, the field survey.

The survey was administered at the homestead and at the field. The homestead and the corresponding field were marked as waypoints on a handheld Garmin GPS 62s unit. Respondents or a capable household member walked us around or clearly indicated the perimeter of the groundnut field, which was saved as a track to the GPS unit. The GPS data was retrieved from each unit and read into ArcGIS 10.4 software. A map of the household locations, field locations, and field perimeter tracks was created using ArcGIS. We calculated the area within the perimeter track to determine the size of each surveyed field and determined the Euclidean distance between the homestead and groundnut field. Fields within 50 m of the homestead were categorized as “homefields,” and fields further than 50 m were categorized as “outfields” (Zingore et al., 2007b).

Within each surveyed field, we used quadrats and total plant counts to measure plant density for groundnut and any other crop present. In each field, we measured the groundnut crop by counting the number of individual plants within four 50 × 50 cm quadrats; the location of each of the four quadrats was randomly determined along a diagonal field transect. The large variation in the density of crops interplanted in a groundnut field necessitated different measurement techniques according to intercrop species and/or field size. Intercrop plant density was measured either by counting plants within four 50 × 50 cm quadrats (beans) or three 3 × 3 m quadrats (all other crops except banana and coffee) or by counting the total number of plants in the field (coffee, banana, or intercrops in fields smaller than ~0.03 ha). If groundnut or an intercrop had already been fully harvested, we asked respondents to provide an estimate of the crop density by indicating the plant layout within a quadrat.



Soil Sampling and Analysis

In each groundnut field, three soil samples were taken at random to a depth of 15 cm using a 2-inch diameter soil probe and composited to represent each field. We used a set of KNP reference soils (n = 12) collected from uncultivated forest areas (Tiemann, unpublished data) proximal to each village in the study area as a baseline comparison to groundnut field SOC and N values. All fields were within 4 km of the proximal reference soils, and in prior exploratory analyses there were no significant differences in texture between field and park soils. It is likely soils were from the same parent material, and oxalate extractions of these soils show no significant differences in the iron and aluminum oxides between field and proximal park soils (Tiemann, unpublished data). Soils were air-dried in Uganda and shipped to Michigan State University (MSU) in East Lansing, MI, USA, for analysis.

Soil samples were passed through a 2 mm mesh sieve and 5 g placed into 20 ml scintillation vials to oven-dry at 60°C for 24 h. Oven-dried soils were ground on a roller mill and subsamples weighing ~20 mg were packed into tins to measure SOC and TN on an elemental analyzer (ECS 4010, Costech Analytical Technologies, Inc., Valencia, CA, USA).



Partial N Balance

To construct partial N balances, we first used the literature to determine a harvest index for groundnut of 0.23 (Phoomthaisong et al., 2003; Ncube et al., 2007; Kermah et al., 2018). Using the farmer reported yields and field size calculated from the collected GPS data, we calculated total groundnut aboveground productivity (ANPP, kg biomass ha−1). Next, we subtracted the harvested grain amount (grain, kg groundnuts ha−1) from the total biomass and converted this remaining aboveground residue biomass to biomass N (stover N, kg N ha−1) assuming groundnut residues contain 2% N (Kanmegne et al., 2006; Ncube et al., 2007). Assuming a grain N content of 3.8% N (Kanmegne et al., 2006; Ncube et al., 2007) we converted total grain yield to grain N (grain N, kg ha−1). We summed the stover N and grain N to determine the total crop N (crop N, kg N ha−1).

Because the proportion of N derived from BNF can be highly variable, we conducted a sensitivity analysis whereby we adjusted the proportion of total plant N from fixation, or what we term the BNF efficiency, to 30, 50, and 70%. In other words, we assumed 70, 50, or 30% of total plant N was mined from the soil rather than obtained via BNF. These proportions of N derived via BNF fall within the range of published groundnut N and fixation values for SSA (Kanmegne et al., 2006; Ncube et al., 2007; Ojiem et al., 2007; Ebanyat et al., 2010b; Nyemba and Dakora, 2010; Mokgehle et al., 2014; Franke et al., 2018; Kermah et al., 2018; Oteng-Frimpong and Dakora, 2018). We multiplied the crop N by the proportion of N derived via BNF to find the fixed N (fixed N, kg N ha−1). Our final calculations then accounted for farmer reported management of stover (proportion stover retained %). When farmers reported removing or burning all groundnut residue, we estimated that residues would provide 5% (incomplete burning or removal) of their total potential N benefit to soils, or if farmers provided an estimated percentage of residues remaining, this value was used instead. For groundnut residues that were reported incorporated into the soil or spread on the field surface, we estimated that 100% of the potential N benefit could be delivered. We calculated N mined from soil as:

[image: image]

Finally, the partial N balance is the difference between N mined from soil and removed in grain harvest vs. retained in stover as based on management and calculated as:

[image: image]

Additionally, to explore the total amount of N potentially conferred by a groundnut crop we calculated a second partial N balance assuming that 30% of fixed N was present belowground (Unkovich et al., 2008). Including the 30% fixed N contribution from roots (fixed N/0.70; Kermah et al., 2018), the total N mined from soil was calculated as:

[image: image]

And the season N balance plus belowground contributions (Total season N balance, kg N ha−1 season−1) as:

[image: image]

We calculated the partial, single season, field-level N balance for 77 groundnut fields; out of the 100 fields, 12 were missing field area measurements because of an error with the handheld GPS, four were missing groundnut plant density measurements, and seven fields were excluded because the reported groundnut yield weights were extreme outliers (>3,000 kg ha−1, more than 1.5 times interquartile range).



Data Analysis

Descriptive statistics, Pearson's chi-square tests, Wilcoxon rank-sum test, and analysis of variance (ANOVA) were performed with STATA/IC 14.2 statistical software (StataCorp, College Station, TX).

Pearson's chi-square test of independence was used to measure the strength of relationships between the four residue management practices and socioeconomic factors, including ethnicity, village, gender of the household head, crop planner, land tenure, wealth ranking, distance from the field to the homestead, and factors related to a household's valuation of groundnut. The factors related to valuation of groundnut were derived from three different survey questions asking: “which crop do you sell the most of?;” “which crop do you make the most profit on?,” and “which crop is the best to plant if you want to improve crop yields/soil fertility?” Because data were not normally distributed, we applied the Wilcoxon rank sum test to test for differences between groundnut field soils and KNP reference soils (Corder and Foreman, 2009).

Groundnut field SOC and TN values were normalized by calculating the difference from proximal KNP baseline soils. We performed a one-way analysis of variance (ANOVA) on the normalized C and N values by groundnut residue management practice.




RESULTS


Household and Farm-Level Characteristics

Household demographic and socioeconomic characteristics are presented in Table 1. Households ranged in size from 1 to 20 people with a mean of 6.3 members (sd = 3.30), with 61% of members under the age of 15. Most respondents identified as belonging to the Bakiga ethnic group (72%) and 25% identified as Batooro. Households were predominately designated as male-headed (74%). Despite this, 44% identified a woman as the crop planner, i.e., the person responsible for planning the planting and harvesting schedule (29% of male-headed households had a female crop planner), 26% identified a man, and 29% identified multiple planners.


Table 1. Demographic and socioeconomic characteristics of the 100 surveyed groundnut-growing households along the western edge of Kibale National Park in western Uganda.
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Land ownership was high with 75% of households owning all their land and 24% of households renting a portion of their land. Mean, farmer-estimated, household land use was 3.3 ha. The majority (57%) of households had similar, average wealth, while 24% were below average and 19% were above average. The above average wealth ranking includes households that owned cattle (12%) in addition to other livestock and had a dwelling constructed of concrete (10%); average households owned goats, pigs, and/or chickens and had homes with mud-wattle construction and an iron-sheet roof; and below average households owned chickens or no livestock and had traditional thatch-roofed homes or homes with dirt floors.

In addition to groundnuts, households grew a large diversity of crops at the farm-level with, in order of frequency, maize, common bean, banana, cassava, potato, and sweet potato grown by over half the households (Table 2). Crop production at the farm-level was strongly characterized by intercropping (99%) and crop rotation (82%). Maize was often intercropped with groundnut (68%), and of the 70% of farms that reported practicing a set, planned crop rotation, 77% reported that they included groundnut in the rotation. The top three reasons for intercropping were limited land (45%), greater harvest (22%), and greater profit (16%). When asked which crop(s) were best to plant for improving soil fertility, 57% included groundnut, though 30% of respondents also listed at least one non-legume crop (sorghum, maize, potato, millet, rice, and bananas were also mentioned).


Table 2. Frequency of each crop grown at the household level with normal seasonal yields and the frequency of each crop grown in the groundnut field surveyed during the 2015 study season (crops other than groundnut indicate intercrops) and for the two prior growing seasons.

[image: Table 2]

Maize was reported as the most sold crop (48%) with groundnut the second most sold crop (22% of households). Groundnut was reported to be the most profitable crop in 34% of households, followed closely by maize (31%), then rice (14%) and potato (10%). Most households (77%) categorized themselves as “very much” dependent on income from crop sales.

The large majority of farmers (93%) reported seeing year-to-year declines in crop yields with declines most often reported in maize (68%), followed by groundnut (48%), common bean (46%), and potato (27%); 6% of farmers reported declines in all crops. The reasons cited for declining crop yields included factors relating to soil fertility (soil fertility loss, old soils, poor soils, 43%), climate (heavy rains, drought, delayed rains, climate change, 34%), crop management (poor seeds, crop type, delayed planting, 5%), and a combination of soil, crop, and climate factors (11%); 7% said they did not know the reason.



Groundnut Field Characteristics: Production and Use

Groundnut fields ranged from 0.01 up to 0.58 ha with a mean area of 0.095 ha (Table 3). The distance between the surveyed groundnut fields and the homestead was at minimum 5 m and maximum of 1.7 km. The distance was <50 m for 40% of households thereby characterized as homefields and >50 m for 60%, which were classified as outfields.


Table 3. Groundnut field characteristics and agronomic data across 100 smallholder farms along the western edge of Kibale National Park in western Uganda.

[image: Table 3]

All fields were rainfed and were prepared and worked manually with a hand hoe. Only 14 fields had received any kind of external input; seven fields had manure added, four had herbicide applications, and application of chemical fertilizer, household waste, or residues from another source occurred in single fields. The remaining 86 fields did not receive any external inputs other than seeds or starts at planting. Weed biomass was retained on 96% of fields, and 93% of fields were weeded 1–2 times per season with the remainder weeded more frequently.

Of the three seasons surveyed, all fields were planted to groundnut during the 2015 survey season, but only 10% of households reported planting groundnut in the surveyed fields during the two prior seasons. This is contextualized by the fact that groundnut was included every third season in 83% of reported rotations. Approximately 52% of households grew maize and 50% grew common bean at least once during the two prior seasons. In 66% of surveyed fields, farmers reported using crop rotations with a variety of crops, including groundnut (79%), common bean (74%), maize (56%), potato (56%), rice (36%), cassava (21%), and sweet potato (21%; Table 2). Crop combinations, densities and rotations in these groundnut fields were highly variable. We found anywhere from one to five different intercrops planted with groundnuts in a variety of combinations, the most common of which was groundnut-maize-cassava in 21% of fields. On average, farmers had planted groundnut in the surveyed field for ~4 seasons total out of seven years in crop production.

For the surveyed groundnut field, household consumption accounted for around half of the groundnut harvest (48%), while 26% of the harvestwas sold and 25% was saved for seed. All households except for one intended a portion of the groundnut yield for household use, 80% of households saved part of the harvest for seed and 58% sold a portion of the groundnut harvest.

Bunch-type groundnut was found in all fields with varieties identified as local. The mean planting density for groundnut was 29 plants m−2 (Table 3), with 43% of households planting 30 or more groundnut plants m−2. In all surveyed fields, groundnut was planted as a ground cover over the entire field. Maize and cassava were interplanted at much lower densities and widely dispersed with respective mean planting densities of 0.44 (SEM = 0.62) and 0.18 (SEM = 0.04) m−2. Planting density for the other less common intercrops (Table 2) was also low, ranging from <0.01 to 0.63 plants m−2 with a mean of 0.136 m−2 (SEM = 0.03). Regression of groundnut yield on groundnut planting density indicated no linear relationship (R2 = 0.015) between the two; the exclusion of outliers did not increase the R2 above 0.1.

All farmers harvested groundnuts by pulling the entire plant out of the ground. Of the 100 groundnut-producing households, 49% removed or burned groundnut residues and 51% retained groundnut residues on fields, either incorporating or spreading the stover as a mulch (Table 2). Groundnut residues were removed from 19% of fields, burned in 30%, spread on the surface for 31%, and incorporated into the soil in 20%. Residues from maize, the most common intercrop, were removed to mulch bananas in 46% of fields, surface spread in 32%, incorporated in 11%, and burned in 11%. Approximately 41% of cassava residues were removed to use as firewood or animal feed, and 59% of residues were replanted as stem cuttings or remained in the fields.

Respondents provided a variety of reasons and explanations for residue management practices for groundnut and other crops planted in the field over the course of the three seasons (Figure 2). However, of all the different crop residues, only groundnut residues were described as having potentially negative impacts on the soil or crop yields (Figure 2). A total of 18 respondents said they burned or removed groundnut residues because the residues were either bad for the soil or caused infertility. Conversely, residues were described as adding fertility by 26 respondents who spread, incorporated, or removed residues to use as mulch in other fields. Residue decomposition was mentioned often with 10 respondents stating that they burned or removed groundnut residues because they did not easily decompose, whereas 11 respondents said they spread or incorporated residues so they would decompose.
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FIGURE 2. Tree diagram illustrating potential fates of groundnut residues on smallholder farms in Kabarole district, western Uganda, with farmer provided explanations for each of the five practices. Number of farmer responses for each management practice or explanation are in parentheses.




Soil Fertility

Study area soils are high in organic matter with relatively high SOC and TN values and low C:N (Table 4). In comparison to uncultivated reference soils from KNP that represent total potential soil nutrient stocks, the cultivated groundnut field soils contained 24% less total SOC, 44% less TN, and had a 35% wider C:N ratio. In two of the villages, Kyakabuzi and Isunga, mean SOC values were higher than proximal KNP reference soils, but TN values were lower and C:N ratios wider. An analysis of variance on the normalized groundnut field SOC and TN values found that groundnut residue practices did not significantly alter SOC (P = 0.695) or TN (P = 0.742) (Figure 3).


Table 4. SOC, TN, and soil C:N ratios in soils collected from groundnut fields and corresponding, proximal reference soils from Kibale National Park (KNP).

[image: Table 4]


[image: Figure 3]
FIGURE 3. Mean groundnut field (n = 100) SOC and TN as a percentage of uncultivated Kibale National Park (KNP) reference soils (n = 12) (A) and groundnut field soil C:N ratios compared to the C:N ratio of KNP soils (B). Across all groundnut fields, SOC (P = 0.044) and TN (P = 0.000) were significantly reduced compared to KNP soils. By residue management practice, there were no significant differences between KNP and groundnut fields in SOC, TN or soil C:N ratios. Data are means ± one standard error.




Groundnut Field N Balance

The partial N balance scenarios showed there were N benefits at 50 and 70% BNF efficiency but only if residues were retained, i.e., spread or incorporated, in which case, mean BNF efficiency benefits ranged from ~8 up to 27 kg N ha−1 (Figure 4). Removal and burning of groundnut residues resulted in N loss at all levels of BNF efficiency with the greatest losses of 76 and 60 kg N ha−1, respectively, at 30% BNF efficiency (Figure 4). Although belowground biomass estimates for groundnut are not well-characterized, using values reported in the literature, and assuming 30% N fixed was allocated to belowground productivity, at the highest level of BNF efficiency (70%) root N could balance N lost through residue removal (Supplementary Figure 1).
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FIGURE 4. Potential single-season N balances for groundnut fields (n = 77) surveyed in 2015 in Kabarole district, western Uganda. N balances account for N removal through grain harvest calculated at three BNF efficiencies, i.e., percentage groundnut plant N from BNF relative to total plant N demands, and grouped by residue management practice. Data are means ± one standard error.




Determinants of Groundnut Residue Management

Household socioeconomic characteristics were not strongly related to groundnut residue management practices, but variables related to valuation of groundnut were. Pearson's chi-square measures of association did not find significant relationships between groundnut residue management and the ethnicity of respondent, gender of the household head, crop planner, land tenure, wealth ranking, distance from the field to the homestead, or if groundnut was the most sold crop (Table 5). There was a significant relationship between the removal of groundnut residues and village with more respondents than expected removing residues in Kanyawara, and fewer than expected in the remaining villages, except for Isunga (P < 0.05).


Table 5. Relationships between demographic and socioeconomic characteristics, farmer preferences, and groundnut residue management practices in smallholder farm fields along the western border of Kibale National Park (n = 100).
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Households that considered groundnut as one of the best crops for improving soil fertility were significantly associated with residue incorporation and residue spread (P < 0.05) (Table 5). Households that designated groundnut as the most profitable crop were significantly associated with burning (Table 5). Finally, farmers who perceived groundnut residues as “bad” for soil or crop fertility were significantly associated with burning (P < 0.0001) and were not associated with spreading (P < 0.01) or incorporating residues (P < 0.05).




DISCUSSION

In this study we took an agroecological approach, integrating biophysical, social, and economic data, to determine the extent and drivers of SOC and TN relative to groundnut management within smallholder farm fields in western Uganda. We documented the smallholder household, farm and groundnut field characteristics in the western region, an agroecosystem that is not well-profiled in the literature. We found that SOC and especially TN have been depleted relative to uncultivated soils. Despite groundnut appearing to be the most promising source of N for these fields, contrary to our hypothesis there were no discernible significant differences by groundnut residue management practice on SOC, TN, or C:N. It appears that groundnut residues have not had a large impact on soil C and N, which could be due to: residue application methods (timing, location, quantity, etc.); limited impact of aboveground residues compared to belowground contributions throughout the season; cropping system heterogeneity, including a complex variety of intercropped and rotated crops and planting densities. Estimated partial N balances supported our hypothesis that groundnut residues could deliver positive N balances at the field-scale. Residues could make up for grain N losses and deliver considerable N in these low input fields at close to 70% BNF. Importantly, only half of surveyed farmers retained groundnut stover in their fields, and removal or burning of residues resulted in N losses at all levels of BNF. Residue management practices were not clearly linked to socioeconomic factors related to gender and wealth, but rather highly driven by perception and valuation of groundnut residues as either good or bad for soil fertility or crop yields. We identify important knowledge gaps with respect to groundnut management, residue management and SOM or N benefits from legumes in SSA, as well as the importance of including information about residue management and variety selection to maximize BNF efficiency when legumes are recommended as a component of ecological nutrient management.


Current Soil Fertility

On average, the cultivated groundnut field soils are degraded compared to the uncultivated KNP reference soils. However, the mean difference in SOC (24%) is less than the reported C decline in other studies comparing tropical forest soils to cultivated fields (Tiessen et al., 1994; Moebius-Clune et al., 2011). Time of conversion from forest to field is unknown and likely variable for these fields as pockets of remnant forest outside the park boundary were cleared for agriculture over a broad time frame. However, it is likely that most fields were cleared by the 1970s when large waves of migrants settled in the region (Ryan and Hartter, 2012). A global meta-analysis examining SOC stocks after land use change found that conversion from native forest to crop resulted in a decline of ~50% in the top 30 cm (Guo and Gifford, 2002). A chronosequence in a region of Kenya with similar bimodal precipitation found that the degree of soil degradation in cultivated fields vs. primary forest was highly influenced by soil parent material (Moebius-Clune et al., 2011). The andic soils in our study area have relatively young overlays or rift volcanics that exhibit inherently high levels of fertility, renewed through mineral weathering, and characterized by amorphous mineral colloids with large active surfaces to which organic matter readily binds (Young, 1976). The soils have low bulk density, high water holding capacity, and good drainage, making them optimal for plant growth (Shoji et al., 1993). These properties have likely buffered the soils against degradation and C loss in the surveyed fields.

Farmer field management may also have contributed to maintaining or even recouping SOC lost due to forest conversion as farmers intercrop and/or rotate a large diversity of crops (Table 2). According to a review of SOC change after adoption of different management practices in tropical croplands, the strongest predictors of C change were quantity of C inputs, experiment duration, and management practices; soil, and climate variables did not have an effect (Fujisaki et al., 2018). The review determined that the management practice that resulted in the highest SOC was diversified crop rotation. In the current study, farmers practiced diversified crop rotation, but high rates of crop residue removal (Table 2) diminished the quantity of organic matter inputs. Removal of groundnut stover, relatively high in N content, not only removes important organic matter from the system but also a prime N source. The wider C:N ratio found in groundnut fields compared to uncultivated KNP soils is indicative of high N demands that are not being met by organic matter inputs. Instead, competition for N would tend to be high, which may result in microbial N mining of extant SOM (Craine et al., 2007). The addition of high-quality groundnut residues could provide N and help to narrow the C:N ratio of SOM in farmer fields.



Impact of Groundnuts on SOC and TN

The potential N contribution from groundnut stover if efficiently recycled to soil could increase N availability and thus boost yields and biomass of following crops, creating a positive cycle for C and N additions to the soil (Figure 4). However, we did not detect evidence of positive benefits of groundnut residue retention to SOM (Figure 3). SOC, TN, and C:N ratios did not differ significantly from uncultivated KNP soils across groundnut fields based on groundnut residue management practices. While these results are somewhat surprising, there are several potential explanations. First, higher biomass and yields of other intercrops or rotated crops with subsequent removal of their residues may reduce or cancel out potential benefits of groundnuts to the soil. For example, we found that 57% of farmers consistently removed maize residues, either through removal to the banana plantation as mulch or through burning (Table 2). For other commonly planted crops like common bean, cassava, and sweet potato, residue removal was also high at 58, 40, and 37%, respectively (Table 2). Without residual biomass retention from maize, common bean, and other crops within these fields, potential for SOM gains from groundnut stover are severely limited.

Second, groundnut residues alone may not be enough to influence SOM and TN, though they may positively impact crop fertility. The N inputs from groundnut would be expected to be relatively short-lived in the soil with residue N being mineralized and then immobilized by microbes and/or taken up by plants. The N provided by groundnut residue has the potential to stimulate productivity of intercropped or rotated crops such that residue inputs are increased with positive impacts on SOM and TN. Approximately 43% of farmers reported rotating groundnut every third season (i.e., every other year, similar to legume-maize rotations in tropical systems with unimodal precipitation) on the surveyed groundnut field. However, in this case, the N inputs from groundnut stover retention vs. non-retention were possibly not great enough, frequent enough, or available at the necessary time or place to significantly impact productivity and residue inputs from other crops.

Finally, the lack of a detectable effect of retention vs. removal of groundnut residues is also surprising given that in the study area, groundnut was planted at a density higher than the official recommendation by Uganda's National Agricultural Research Organization (NARO) of 15 plants m−2 for unirrigated production and closer to the recommended 30 plants m−2 for irrigated fields (Okello et al., 2013). Also, all farmers planted groundnut over the whole field rather than the recommended spacing of 30–45 cm rows (Okello et al., 2013); broad field coverage has many possible advantages including reduced soil erosion and weed competition. “Square spacing,” or the equal spacing of groundnut plants over the growing area, has been shown to have positive benefits and to maximize both total plant biomass and groundnut yield (Jaaffar and Gardner, 1988; Gardner and Auma, 1989). Results in the literature are mixed regarding groundnut plant population density and its effect on grain yield and stover production, groundnut variety, and growth habit (bunch vs. runner). Environmental conditions are critical to the density at which yields and biomass are maximized; maximum density values ranged from 20 to 50 plants m−2 (Bell et al., 1987; Bell and Wright, 1998; Tarimo and Blarney, 1999). Aboveground biomass has been shown to increase with increasing plant density, while pod yield has been shown to be less responsive and to decline at densities >25 plants m−2 (Bell et al., 1987; Tarimo and Blarney, 1999). Documentation of on-farm (vs. researcher-managed) groundnut planting density and spacing is scant in the literature (e.g., Nyemba and Dakora, 2010), and our study documents relatively high plant densities with yields equivalent to on-farm trial yields in similar agroecological zones in western Kenya where somewhat lower planting densities were employed (Ojiem et al., 2007). If the high planting density equated to a large volume of aboveground biomass with correspondingly moderate-to-low grain yield as suggested by previous studies (Bell et al., 1987; Tarimo and Blarney, 1999), the potential net C and N input should be sizable, yet we saw no evidence of this potential benefit in SOC and TN.



Groundnut Residue Management Practices

If aboveground residues are retained on fields, farmers can maximize the full N benefits from groundnut BNF but, in the current study, we found that 49% of farmers did not retain groundnut residues, although almost two thirds of farmers were using residues as some sort of soil amendment across their farm (Figure 2). The assumption that legumes like groundnuts can improve soil fertility, increase crop yields, and produce high-protein, more nutrient dense crops is largely based on best management practices. Studies that specifically address smallholder farmer management of groundnut residues are rare in the literature, and the existing research often does not represent smallholder contexts well. Several studies in Thailand present what may be considered an optimal potential N credit from groundnut residues as the groundnut crop was seeded, fertilized, and managed according to recommended best practices (McDonagh et al., 1993; Toomsan et al., 1995, 2000; Phoomthaisong et al., 2003; Srichantawong et al., 2005). In these studies, groundnut residues were chopped to 10 cm lengths, which would greatly impact rates of decomposition and timing of N availability to a subsequent crop, and is a labor-intensive step that the majority of smallholder farmers are unlikely to take (McDonagh et al., 1993; Toomsan et al., 1995, 2000; Phoomthaisong et al., 2003; Srichantawong et al., 2005). While groundnut residues retained on fields could contribute N to a following crop, another potential hurdle is the timing of N release from residues, and the N demand by a following crop is difficult to predict and synchronize (Robertson et al., 1997). Two studies that looked at the time gap between the planting of the next crop and the post-harvest surface-application or incorporation of groundnut residues found no significant differences in N delivery from surface-applied vs. incorporated residues, although trends suggested higher residue N conservation in soil and efficiency of N recycling, as well as slightly higher yields, with incorporation (Promsakha Na Sakonnakhon et al., 2005; Srichantawong et al., 2005). One study also tested removing and storing the groundnut residues before incorporating them just prior to maize planting and found that this significantly boosted maize yield compared to immediate post-harvest residue incorporation, surface application, and removal; however, the authors concluded that the storage facility and labor requirements made this practice difficult for smallholder farmers to implement (Promsakha Na Sakonnakhon et al., 2005). These studies emphasize the value of keeping residues in the system irrespective of application method. Overall, there is a lack of studies on groundnut residue contributions to soil N and none seem to fully replicate resource-limited, smallholder farmer management practices.



Factors Driving Groundnut Residue Management Practices

In the study area, groundnut residue management practices appear to be driven by perceptions and valuation of groundnut stover. Respondents gave various explanations for groundnut residue management decisions, and these decisions seem to be largely based on the perception of groundnut residue fertility or utility, and human values and behaviors that are part of the social context (Figure 2). Most farmers explained that they incorporated or spread groundnut residues in the field or as mulch in the banana plantation because residues added fertility. Bananas are the main staple food crop, and the transfer of residues to the banana plantation to boost yields through the benefits of added fertility, trapped soil moisture or weed prevention, makes sense in these resource-limited agroecosystems. On the contrary, most farmers who burned residues in the field, or removed residues and burned them elsewhere, perceived groundnut residues as “bad” for the soil, causing soil infertility or not benefiting soil fertility (Figure 2). Respondents were often not able to explain their reason for believing groundnut stover was “bad,” but several farmers mentioned burning had been recommended in the past as means to eradicate disease and/or pests (e.g., rats), which are noted concerns with residue retention (Erenstein, 2002). The basis for the negative perception of groundnut residue within the study area warrants further investigation.

We found no strong relationships between groundnut residue management practices and social and economic factors that have previously been shown in the literature to be drivers of farmer management decisions in SSA (e.g., gender of the household head, crop planner, ethnic group, land ownership, wealth rank, field distance from the homestead). Perhaps, in this region of Uganda, these socioeconomic drivers are less important than those related to farmer perception of groundnut fertility or there are other factors related to farmer resources that are more important determinants of residue management practices (Table 5). A commonly identified tradeoff in the literature is the use of residues as livestock feed (Tittonell et al., 2015; Valbuena et al., 2015), but livestock holdings are low in the study area and no household indicated that groundnut residues were used to feed livestock; only sweet potato and cassava residues were distinguished as animal feed. Respondents who listed groundnut as their most profitable crop were more likely to burn the residues, which is a relationship that requires further exploration as it could be linked to various different drivers, such as time and labor availability, residue biomass amount, and management at farm-scale.

In order to make effective recommendations and to enhance adoption of beneficial practices it is important for any extension or agricultural development agency working within the region to know and understand drivers of management practice. This knowledge is necessary for devising and implementing local or regional policy, for example residue burning regulations.



Groundnut Residue Management Impacts on Soil N Balance

The groundnut field N balances were calculated using estimated N input from groundnut residues minus the N exported by groundnut grain while also factoring in residue management practices (i.e., spreading, incorporating, removing, or burning). The N input from fully-retained, i.e., incorporated or spread, groundnut residues could provide a substantial N credit at 70% BNF (Figure 4). The maximum N benefit from groundnut residues at 70% BNF is ~27 kg N ha−1 season−1, which is considerable in a no-to-low-input system. Giller and Cadisch (1995) estimated that to offset N losses in SSA, a legume crop needed to fix an average of 30 kg N ha−1 year−1, and with retained residues and belowground inputs groundnut could likely achieve this at close to 70% BNF efficiency (Supplementary Figure 1). However, there are a number of factors that combine to determine the N provisioning potential of groundnut stover, most of which have been inadequately researched, including: stover quantities and N concentrations under different climates and soil types; roots and rhizodeposition; BNF efficiencies across varieties and environmental conditions and intercrop arrangements; and management of residues (e.g., timing of addition, spreading vs. burying, etc.).

We performed a sensitivity analysis to examine a span of BNF efficiencies, not only to reflect the fact that BNF can fluctuate by variety and season-to-season (Mokgehle et al., 2014; Oteng-Frimpong and Dakora, 2019), but also because there is no precedent for groundnut BNF on soils with such high TN, where legume nodulation and BNF may be suppressed by large pools of available soil N (Giller and Cadisch, 1995). Studies in SSA have contrasting conclusions about the impact of soil N on BNF efficiencies, for example, one determined that high endogenous levels of soil N led to lower N fixation (Mokgehle et al., 2014), while another found that BNF was lower in low fertility vs. high fertility fields and BNF generally decreased with soil fertility levels (Ojiem et al., 2007). Intercropping legumes with cereals and other non-N fixing crops, as was the case in 88% of the groundnut fields we surveyed, can lead to reductions in soil N concentrations that then promote greater nodulation and BNF (Giller and Cadisch, 1995), but only if BNF is not limited by other nutrients.

Residue management is also critical to achieving an N benefit and if groundnut stover were removed, groundnut would be a heavy miner of soil N at <70% BNF efficiency (Figure 4). Even our simplified N balances confirm the importance of management in combination with BNF as field balances were only positive when residues were spread and incorporated (Figure 4). We chose to use the maximum of 100% N delivery for residues that were spread or incorporated to help illustrate the full potential N benefit of groundnut stover. If there was loss of retained residue (e.g., through livestock grazing or pests) or loss of retained residue N (e.g., through ammonia volatilization, denitrification, or nitrate leaching), which is likely, then nutrient balances would be reduced (Figure 4). Further, we chose to use a minimum of 5% N delivery for residues that were burned or removed, though it is probable that the total combustion of residues is inconsistent, as is the proportion of residue material left in the field. Importantly, the field-scale partial N balance establishes reference points for farmers, extension agents, and policymakers when estimating a potential N credit from groundnut residues within the context of management practices.

While the partial N balances do not account for the N loss from the diverse number of additional crops grown at the field-scale and other potential inputs and outputs, the estimated N inputs suggest that full retention of residues at the higher levels of BNF could reduce or counter additional N exports over a full cropping cycle. The average seasonal maize yield for western Uganda is ~2,600 kg ha−1 season−1 (UBOS, 2010), which would remove about 41 kg N ha−1 season−1 at a maize grain N concentration of 1.57% (Kaizzi et al., 2012). This output could be balanced by groundnut N inputs if BNF efficiency was close to or >70% and residues were retained (Figure 4; Supplementary Figure 1). Notably, when a second set of N balances were calculated considering the belowground N inputs from unrecovered roots and nodules and rhizodeposition contributions, which have been estimated to account for 30 to 50% of plant N (Giller et al., 1997; Unkovich and Pate, 2000; Herridge et al., 2008), we see that there is potential for even greater N input from groundnut (Supplementary Figure 1). Additionally, there could be N contributions from the other legume crops grown on these farms (i.e., common bean and pea), but relative to groundnut their N contributions are likely far less as common bean has been shown to be poor at BNF and pea is not widely grown (Herridge et al., 2008; Franke et al., 2018).

With fields planted to groundnut receiving the only substantial N inputs (through BNF), our results suggest that overall N balances at the farm-level would be negative considering the mean yields and diversity of other crops, and the lack of other N inputs (fertilizer or manure) to these crops (Table 2). Negative farm-level N balances would be in line with previously published nutrient balances in Uganda which found negative or near zero N, P, and K values at all levels of scale across all regions of the country, with few exceptions (Stoorvogel and Smaling, 1990; Wortmann and Kaizzi, 1998; Briggs and Twomlow, 2002; Bekunda and Manzi, 2003; de Jager et al., 2004; Sheldrick and Lingard, 2004; Nkonya et al., 2005; Ebanyat et al., 2010a; Mubiru et al., 2011; Lederer et al., 2015). More positive farm-level N balances might be achieved through an increase in groundnut production, or inclusion of non-harvested legumes such as those in cover crops or agroforestry species.

Increasing groundnut grown through more frequent rotations or land planted to groundnut could contribute to greater N inputs, but after household groundnut needs are met, there would need to be market opportunities to support greater production. Planting groundnut more frequently could lead to greater incidences of pest and disease, and advice from Uganda's NARO is to plant groundnut every three years or more to prevent such buildups (Okello et al., 2014). Households are already planting groundnut more frequently than this recommendation as ~43% reported rotating groundnut every third season on the surveyed field. Farmers in the study area are land-limited as evidenced by the small field sizes, and 45% of farmers who intercropped said they did so because of limited land. Thus, expanding the area cropped to groundnut may not be feasible or meet household needs.

Groundnut yield increases are challenged by the fact that an estimated 80% of the groundnut seed is saved, may be of lower quality, and it is overwhelmingly from traditional, low-yielding varieties (Okello et al., 2010). However, there is a tradeoff between grain production and soil inputs because yield increases can lead to larger amounts of N exported in grain resulting in lower soil N balances, thus, in this regard, low-yielding varieties, and those that offer both moderate yields and abundant biomass, could be considered advantageous for soil fertility (Ojiem et al., 2007; Kermah et al., 2018). Crop yields and BNF are affected by climate and water availability, and within the study region, rainfall has been shown to be highly variable in its timing, and, while total rainfall has not changed significantly, the intra-seasonal distribution has (Hartter et al., 2012). Climate change and changes to the timing and distribution of rainfall heighten the uncertainty for all crop production, including groundnut, which in turn heightens the impact and importance of farmer management decisions and practices that can affect factors like soil moisture retention and nutrient availability.




CONCLUSIONS

Grain legumes like groundnut have the potential to contribute N-rich residues to boost SOC and TN and increase N available to other crops. Here, we estimated groundnut residue N delivery within minimal input, smallholder fields and found that there was a potentially substantial net N input at 70% BNF efficiency, but only if farmers retained residues on fields. However, after normalizing surveyed field soils using uncultivated reference soils from KNP, we did not find any evidence of differences in SOC or TN from fields where groundnut residues were retained vs. fields where they were removed. The high soil fertility inherent to the study area and the prevalence of diverse crop rotations, intercropping, and residue practices may have masked effects of residue management.

While our study focused on groundnut contributions to soil health, sustainability, and agricultural productivity, groundnut also provides essential nutrition and generates crucial income to support the health and well-being of smallholder farmers. Approximately half of the groundnut harvest in the surveyed fields was intended for household consumption, while ~25% of the harvest was sold. Nutrient-rich groundnuts increase food security and diversify diets by providing protein, micronutrients, and phytochemicals to resource-poor households. Sale of groundnuts can generate high profits and bring in important income that may also contribute to food security. Though groundnut was second to maize in terms of household crop sales, households identified groundnut as the most profitable crop (34%) with maize a close second (31%). The majority of households (77%) categorized themselves as “very much” dependent on income from crop sales, thus groundnut generates vital income for these smallholder households.

Our study presents a valuable snapshot of a growing season, but multi-year studies are needed to fully assess the impact of legumes such as intercropped or rotated groundnut, as well as similar ecological nutrient management practices, on SOC and TN. There is a dearth of long-term studies examining the effects of grain legume rotations on SOM and soil properties in SSA. We recognize that there is a need to move beyond examination of legumes' potential benefits to soil and to institute trials to document changes over the long-term, including trials that collaborate with farmers to compare practices side-by-side on the same soils. Studies have mainly focused on changes in SOC and TN, as we did here, but we recommend quantification and analysis of more management sensitive, early indicators of SOC and N change, such as C and N within aggregates, and dissolved organic C and N. We used literature values to construct the N balance, and, in the process, we found few studies that examined groundnut plant total N, plant N partitioning, and N derived via BNF in farmer fields. We also did not find studies examining high plant population density and spacing effects on groundnut N uptake and BNF. Similarly, few studies examine the effects of farmer practices like removal, burning, incorporation, and surface spreading of groundnut residues on N retention in soil and N availability. Future research is needed to address these knowledge gaps, to gain a better understanding of groundnut's impact on soil fertility and to elucidate residue management practices that maximize short-term and long-term benefits to soils, human nutrition, and food systems within these smallholder contexts.
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Supplementary Figure 1. Potential single-season N balances for groundnut fields (n = 77) surveyed in 2015 in Kabarole district, western Uganda, accounting for belowground N input and N removal through grain harvest calculated at three BNF efficiencies, i.e., percentage groundnut plant N from BNF relative to total plant N demands, and grouped by residue management practice. Data are means ± one standard error.
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Land Tenure, own all land 75
Ethnicity of respondent
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Other® 3
Household head gender

Female 25

Male 74
Crop planner

Woman a4

Man 2

Muliple 29
Wealth ranking®

Below average 24

Average 57

Above average 19
Household livestock holdings

Cattle =2

Pigs 60

Goats 73
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None 8
Intercrop maize with groundnut )
Rotate maize with groundnut 54
Groundnut most sold crop 22
Groundnut most profitable 34
Groundnut best for soil fertiity 57
“Very much” dependent on crop sales 77

“Other includes Bakonyo, lteso, and Munyankole.

OWealth ranking is based on the assignation of numerical values to housing materials and
livestock assets. The assets were summed to create a continuous variable representative
of wealth (Hockett and Richardson, 2018).
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Groundnut field crop frequency

Crops Farm production frequency Mean yield® Study season®  Previous season  Two seasons prior  Residues removed®
% kg farm~" season™" % % % %
Groundnut 100 189 100 3 7 49
Maize 100 963 73 46 44 57
Common bean 9% 134 2 31 31 58
Cassava 92 54 7 3 4
Banana 89 314 bunches 11 3 2 0
Potato 82 499 4 16 7 0
Sweet Potato 75 374 0 5 12 0
Millet 41 0 4 8 13
Rice a7 490 0 20 10 20
Soyabean 15 2 2 0 50
Sorghum 14 2 1 2 40
Pea 14 4 5 1 40
Coffee 12 6 2 1 0
Taro 10 6 0 0 50
Tomato 7 0 1 1 0
Onion 6 0 1 1 50
Fruits® 5 0 0 0 na
Other® 10 6 2 1 11

@Farm level yield data collected for select crops; values reported per farm, total farm area not measured.

©Study growing season March-Aug 2015, previous season Sept 2014-Feb 2015, two seasons prior March-Aug 2014.
“Percentage of fields from which over half the residues were consistently removed or burned over the span of three seasons.
IFruits include avocado, jackfruit, mango, guava, pineapple.

©Tea, cabbage, pumpkin, sugarcane, hot pepper, eggplant, eucalyptus.
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100 (n=19) (n=30) (n=20) (n=31)
Ethnicity Batooro 2 24 2 12 g
Bakiga 72 17 32 24 28
Other 3 33 33 0 33
P-value 0.59 0.75 0.31 0.52
Village Inuhuura 18 6 39 22 33
Isunga 21 29 33 14 24
Kajumiro 27 15 2 33 2
Kanyawara 9 56 11 0 33
Kyakabuzi 9 11 2 22 44
Nyabweya 16 13 38 13 38
Pvalue 003" 067 028 085
Household head gender Female 2 20 28 28 24
Male 74 19 31 18 32
P-value 0.88 0.77 0.47 0.24
Crop planner Worman 44 14 39 20 27
Man 2 31 15 12 42
Muliple 29 17 31 28 24
P-value 0.33 0.43 0.48 0.20
Land tenure, own allland Yes 75 20 31 16 33
No 24 17 29 33 21
P-value 083 0.80 0.16 017
Wealth ranking Below average 24 17 29 13 a2
Average 57 16 28 2 32
Above average 19 32 37 16 16
Prvalue 03 077 041 0.19
Distance from homestead Homefields Y 15 30 23 33
Outfelds 60 22 30 18 30
P-value 0.41 1.00 0.61 0.79
Groundnut most sold Yes 22 18 36 14 32
No 78 19 28 22 3t
P-value 091 0.46 0.40 093
Groundnut most profitable Yes 34 15 47 15 24
No 66 21 21 23 35
P-value 043 001" 034 025
Groundnut best for soll fertiity Yes 57 21 28 28 23
No a3 16 33 9 42
P-value 055 063 002" 004"
Groundnut residue *bad” for fertiity Yes 18 17 83 0 0
No 82 20 18 24 38
Pvalue 078 000" 002" 0,00

Data from surveys conduicted in July 2015.
“Significant at P < 0.05.

Significant at P < 0.01.
‘Significant at P < 0.001.
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Groundnut field soils by village

Kanyawara
Kyakabuzi
Isunga
Iruhuura
Nyabweya
Kajumiro
Mean

c
gkg™!

4362 (6.48)
62.67(5.53)
52.19(2.38)
54.12 (2.77)
4235 (1.67)
33.22(2.22)
4603 (1.52)a

N
gkg™'

3.11(0.42)
4.46(0.36)
3.24(0.16)
3.38(0.18)
2.89(0.10)
2.16(0.13)
302(0.10)a

C:N

13.89 (0.87)
13.95 (0.25)
16.25 (0.57)
16.11(0.32)
14.65 0.29)
16.25 (0.27)
1527 (0.17)a

KNP reference soils
c

gkg™

87.28(30.04)
52.79 (8.87)
52,61 (2.84)
52,61 (2.84)
48.77 (3.46)
48.77 (3.46)
60.36 (8.22) b

N
gkg™'

7.78(1.90)
5.66(0.63)
3.69(0.25)
3.69(0.25)
4.15(025)
4.15(0.25)
532(0.65)b

C:N

10.70 (1.09)
921 0.51)
14.32(0.52)
14.32 (0.62)
11.75 (0.41)
11.75 (0.41)
11,50 (0.63) b

Isunga and lruhuura share a reference soil as do Nyabweya and Kejumiro. Values are means followed by one standard error of the mean (SEM; in parentheses) and letters, where
dferent, indicate significant differences between groundnut culivated soil compared to KNP soits.
P-values for comparison of KNP to groundnut fields: SOC P

.044; TN

0.000; C:N P = 0.000.
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